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Abstract

Frontotemporal lobar degeneration (FTLD) represents a heterogeneous group of neurode-
generative disorders with overlapping clinical, pathological, and genetic characteristics.
Increasing evidence indicates that disease mechanisms begin decades before the appearance
of clinical symptoms, highlighting the importance of identifying preclinical and prodromal
stages. This review provides a comprehensive synthesis of current knowledge on the
complexity of FTLD, emphasizing early detection and intervention strategies. It integrates
findings from neuropathological, neuroimaging, fluid biomarker, genetic, and clinical stud-
ies in both familial and sporadic forms, with particular attention to gene-specific trajectories,
biomarker evolution, and emerging therapeutic approaches targeting presymptomatic and
prodromal phases. Recent advances in biomarker discovery and neuroimaging are enabling
earlier diagnosis and intervention, offering the potential to delay phenoconversion and
preserve brain function.

Keywords: preclinical frontotemporal dementia; prodromal frontotemporal dementia;
presymptomatic frontotemporal dementia; pathology of frontotemporal dementia; genetic
of frontotemporal dementia; FTLD-TDP; FLTD-Tau; FTLD-FET; FTLD-UPS; DPRs

1. Introduction
The integrity of large-scale brain network dynamics is essential for the normal func-

tioning of the human brain and is markedly compromised in neurodegenerative dementias.
Recent research emphasizes the importance of detecting and targeting disease processes at
their earliest stages, prior to overt network disruption, as a means of optimizing therapeutic
efficacy and prolonging the asymptomatic phase of disease progression [1].

Traditionally, clinical focus has centred on manifest dementia syndromes rather than on
their preclinical and prodromal stages, while disease classification has primarily relied on
clinical phenotypes rather than molecular aetiology. However, there is a growing scientific
and ethical impetus to shift both clinical and research paradigms toward early, informed,
molecular diagnosis. This approach aims to accurately identify neuropathological processes
during the presymptomatic stages, before neural networks are significantly affected and
while only minimal neuronal loss or synaptic dysfunction is present, thereby opening
potential therapeutic strategies targeted toward disease biology and potentially preventing
the phenotypic manifestation of the underlying pathology [2].

This shift is particularly relevant in frontotemporal dementia (FTD), the most prevalent
clinical form of early-onset neurodegenerative dementia, which now surpasses Alzheimer’s
disease in incidence among individuals under 60 years of age [3,4]. This demographic
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overlap with peak working and caregiving years exacerbates the social and economic
burden of FTD, particularly given the complexity of its clinical management and the high
likelihood of genetic inheritance [5–7].

The term FTD defines a clinically, pathologically, and genetically heterogeneous
group of neurodegenerative disorders characterized by predominant degeneration of
the frontal and/or temporal lobes, with neuropathological hallmarks including Tau, TAR
DNA-binding protein 43 (TDP-43), and fused in sarcoma (FUS) proteinopathies, followed
in incidence by dipeptide repeat proteins (DPR) and proteins altered in frontotemporal
lobar degeneration–ubiquitin proteasome system (UPS).

The clinical spectrum of FTD is multifaceted, encompassing progressive changes in
behaviour, social conduct, and emotional regulation, and/or language, often accompa-
nied by motor impairments involving either the pyramidal or extrapyramidal systems [8].
The traditional classification into clinical phenotypes includes: behavioural variant FTD
(bvFTD), characterized by progressive deterioration in social conduct and personality
changes (apathy or disinhibition, loss of empathy, poor judgment and compulsive or
repetitive behaviours) [9]; semantic variant of primary progressive aphasia (svPPA), char-
acterized by progressive loss of semantic knowledge and naming, non-fluent/agrammatic
variant of PPA (nfvPPA), marked by impaired grammar and motor speech deficits and
word output [10]; right temporal variant FTD (rtvFTD), associated with loss of empathy,
behavioural changes and prosopagnosia [11–16]. A significant proportion of patients that
have associated extrapyramidal symptoms form part of either a progressive supranuclear
palsy or Richardson syndrome (PSP), characterized by supranuclear gaze palsy, postural
instability, axial rigidity, bradykinesia, dysarthria and dysphagia [17], and corticobasal
syndrome (CBS), characterized by limb apraxia, cortical sensory loss, alien limb, asymmet-
ric rigidity, apraxia, dystonia, myoclonus, and cognitive/behavioural signs. [18]. Clinical
overlap involving the pyramidal system is notably observed with amyotrophic lateral scle-
rosis (ALS) [19], forming the so-called motor neuron disease–FTD continuum, where ALS
and FTD represent the phenotypic extremes. Besides the multiform variability within the
FTD-spectrum, clinical diagnosis is further complicated by the overlap of features in bvFTD
or svPPA with those seen in Alzheimer’s disease or primary psychiatric disorders [20–23].

The clinical heterogeneity of FTD parallels its underpinning neuropathological com-
plexity, characterized by neuronal and glial inclusions leading to neurodegeneration, then
damage to frontal and/or temporal lobes, and finally to a more global network dysfunction.
Microscopically, this neuropathological substrate is collectively referred to as the umbrella
term frontotemporal lobar degeneration (FTLD) [24], defined by the abnormal accumula-
tion of pathogenic protein aggregates within the cells of the frontal and/or temporal lobes,
including: (i) hyperphosphorylated tau with three- or four-repeat microtubule-binding
domains (3R or 4R), underlying FTLD-tau pathologies such as Pick’s disease (predomi-
nantly 3R), corticobasal degeneration (4R), PSP (4R), globular glial tauopathy (4R), and
FTLD-tau/MAPT (3R or 4R); (ii) TAR DNA-binding protein 43 (TDP-43) inclusions, charac-
terizing FTLD-TDP, further subclassified into subtypes A–E; (iii) Fused in sarcoma–Ewing
sarcoma–TATA-binding protein associated factor 2N [FUS-EWS-TAF15] (FET) family pro-
teinopathies, underlying FTLD-FET pathologies including basophilic inclusion body dis-
ease (BIBD), atypical FTLD-U (aFTLD-U), neuronal intermediate filament inclusion disease
(NIFID), and FUS not otherwise specified (FUS-NOS); (iv) dipeptide repeat proteins (DPR),
differentiated in poly-GA (glycine-alanine), poly-GP (glycine-proline), poly-GR (glycine-
arginine), poly-PR (proline-arginine), poly-PA (proline-alanine); and (v) altered proteins
within the ubiquitin proteasome system (UPS), characterizing FTLD-UPS pathology.

The complexity of FTD is further compounded by the variable relationship between
clinical phenotype and underlying pathology, wherein a single pathological subtype tends
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to occur in isolation in early onset dementia and may manifest across multiple clinical
syndromes, but a given clinical syndrome may result from diverse pathological mecha-
nisms in different individuals [25]. While certain clinicopathological correlations have
been established, such as FTLD-TDP C in svPPA [26], and FTLD-TDP B in bvFTD-ALS
patients [9,27,28], the accurate prediction of underlying FTLD pathology in clinically diag-
nosed FTD remains a significant diagnostic challenge.

FTLD complexity is further implemented by genetic risk [29]. In fact, familial ag-
gregation, due to monogenic mutations, is reported in up to 30–40% of FTLD cases, with
nearly complete penetrance by age 80. Major causative mutations include (i) MAPT, encod-
ing the microtubule-associated protein tau and affecting tau protein [30], (II) GRN gene,
encoding progranulin (PGRN) [31], (III) C9orf72, encoding chromosome 9 open reading
frame 72 [32,33]. There is significant variability in age at onset, both across and within mu-
tation classes, particularly with GRN and C9orf72 mutations [27], with emerging evidence
of genetic and environmental modifiers [34]. Additionally, even in sporadic FTD (50–70%
of cases), genetic factors contribute to disease liability to the pathology [35].

The above complexity across clinical presentation, neuropathology, and genetic predis-
position appears to be consistent across all stages of disease. Theoretically, if the degenera-
tion of specific brain regions, whether due to local accumulation of pathological proteins
or long-distance network dysfunction associated with such proteinopathies, results in
defined clinical symptoms, it follows that the extent of neuropathological burden correlates
with the severity and heterogeneity of the clinical phenotype. This perspective calls for
a paradigm shift in the classification and understanding of the syndrome, emphasizing
pathology from its earliest stages, including the presymptomatic phases. Conceptually,
pathology initiates with a transition from a susceptibility phase (characterized by the ab-
sence of symptoms, signs, or biomarker changes) to a presymptomatic phase, defined as the
period between the cellular or molecular onset of disease, which is currently undetectable,
and phenoconversion to clinically manifest disease. This presymptomatic phase can be
subdivided by phenotransition into a “preclinical stage,” characterized by biochemical
abnormalities such as proteinopathy, neuronal dysfunction and neurodegeneration without
clinical symptoms, and a “prodromal stage,” marked by the emergence of clinical symp-
toms that do not yet meet criteria for a formal FTD diagnosis. The gradual accumulation of
biological (preclinical) and then clinical (prodromal) changes precedes phenoconversion,
defined as the onset of detectable and predictable dementia [36]. During these phases,
targeted neuropsychological evaluation, multimodal neuroimaging assessment (including
magnetic resonance imaging (MRI) [37] and positron emission tomography (PET) [38]), and
established and emerging fluid biomarkers [39] in multiple matrices can provide valuable
information to (i) define the sequence of pathophysiological changes occurring in FTD,
dissecting disease heterogeneity and (ii) predict phenoconversion.

In this narrative review, we will first analyse the complexity of the FTD spectrum and
disease terminology. We will then review current evidence and controversies regarding
the genetics, imaging, and fluid biomarkers associated with the presymptomatic stages of
FTLD, with a focus on proposed diagnostic criteria [40,41] and future perspectives. Our
aim is to provide a framework for clinical and research applications and to encourage
therapeutic trials targeting the prodromal and preclinical stages of FTD within large-scale,
multicentre collaborative studies.

2. Complexity of the FTD Spectrum
2.1. Complexity of the FTD Spectrum: A Multiform Phenotype

The clinical spectrum with which FTD can present is extraordinarily broad, ranging
from behavioural disturbances to motor symptoms (Figure 1B). The symptom marking
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the disease onset, or the principal symptom dominating the clinical presentation, typically
determines the categorization within the phenotypic classification. However, multiple
symptoms frequently coexist, with many emerging simultaneously in the more advanced
stages of the disease. Indeed, the clinical phenotypes include (Figure 1A superior part):

(I) Behavioural variant FTD (bvFTD), characterized by progressive deterioration in social
conduct and personality, including apathy or disinhibition, loss of empathy, poor
judgment and compulsive or repetitive behaviours [9]. This variant primarily involves
the bilateral frontal cortex (dorsolateral prefrontal cortex which mediates executive
functions; orbitofrontal cortex, regulating social behaviour, inhibition, and emotional
responses; and medial prefrontal cortex, important for motivation and social cognition)
and anterior temporal regions (including the amygdala and temporal pole, involved
in emotional processing, social understanding, and semantic memory).

(II) Primary progressive aphasia (PPA), comprising [10,42]:

a. Semantic variant (svPPA), characterized by progressive loss of semantic knowl-
edge and naming, with involvement of the anterior temporal region.

b. Non fluent/agrammatic variant (nfvPPA), characterized by impaired grammar
and motor speech deficits, involving left posterior frontal and insular regions.

(III) Right temporal variant FTD (rtvFTD), characterized by loss of empathy, behavioural
changes (disinhibition or apathy, compulsive or ritualistic behaviour), mood changes
(irritability, anxiety, or suspiciousness), and prosopagnosia, associated with degen-
eration in the right anterior temporal lobe, potentially extending into the right or-
bitofrontal cortex [43,44].

(IV) Extrapyramidal motor syndromes, including:

a. Progressive supranuclear palsy–Richardson syndrome (PSP-RS) characterized
by supranuclear gaze palsy, postural instability, axial rigidity, bradykinesia,
dysarthria and dysphagia, cognitive impairment (executive dysfunction, ap-
athy, and reduced verbal fluency), facial expression changes with a “staring”
facial appearance due to reduced blinking and facial rigidity. PSP-RS primarily
involves the tectum and tegmentum of the midbrain (causing vertical gaze
palsy and postural instability), the subthalamic nucleus, globus pallidus, den-
tate nucleus of the cerebellum, and substantia nigra (motor symptoms), as well
as the frontal cortex (executive dysfunction and apathy) [17,45].

b. Corticobasal syndrome (CBS), characterized by cortical signs (limb apraxia,
cortical sensory loss, alien limb), motor signs (asymmetric rigidity, apraxia,
dystonia, myoclonus) and cognitive/behavioural signs (executive dysfunc-
tion; aphasia; visuospatial dysfunction; behavioural changes). CBS typically
involves the frontoparietal lobes asymmetrically [18].

(V) Pyramidal motor disorders, most notably amyotrophic lateral sclerosis (ALS) [19].
Traditionally, ALS and FTD are wider considered the two phenotypic extremes on the
so called motor neuron disease–FTD continuum, where (i) about half of all patients
exhibit pure motor involvement with preserved cognition during the disease course
(classical ALS), (ii) up to half of ALS patients display some degree of cognitive impair-
ment or behavioural changes, without fulfilling the diagnostic criteria for FTD (ALS
with executive dysfunction [ALS-eci], ALS with no executive dysfunction but impair-
ment in other cognitive domains [ALS-neci], e.g., memory, or ALS with behavioural
changes [ALS-bi]), and (iii) about 5–10% of patients firstly presenting FTD (most
frequently bvFTD, occasionally PPA) while developing motor neuron involvement
without full ALS manifestation [46]. Pathologically, ALS-FTD involves the primary
motor cortex, corticospinal tracts, and brainstem motor nuclei (motor dysfunction), as
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well as the frontal lobes (orbitofrontal, medial prefrontal, anterior cingulate), anterior
temporal lobes, insular cortex (cognitive/behavioural impairment), and occasionally
the striatum and hippocampus [47,48].

Reasonably, changes in clinical manifestations correspond closely to the anatomical
distribution of misfolded pathological proteins within the brain.

 

Figure 1. (A) Phenotypic and neuropathological complexity of FTLD. From bottom to top, the
progression from neuropathology to clinical phenotypic manifestation is illustrated. The lower part
of the iceberg represents neuropathology, with colour code and band thickness proportional to the
frequency of each proteinopathy: blue indicates tauopathies, further subdivided into Pick’s disease,
CBD, PSP, FTLD-tau/MAPT, and GGT; purple indicates TDP-43 proteinopathy, further classified
into Types A–E; yellow indicates FTLD-FET pathology, including BIBD, aFTLD-U, NIFID/NIBD,
and FUS-NOS; green indicates DPR pathology; red indicates UPS pathology, including FTLD-UPS
and FTLD-UPS NOS. The upper part represents clinical FTD syndromes, outlined by a blue line
and color-coded according to the proportion associated with a specific pathology and its subtypes.
(B) Proposed framework for addressing clinical complexity: symptoms are divided into phenotypic
axes (behavioural, cognitive, cortical motor [pyramidal], and subcortical motor [extrapyramidal])
which, as the disease progresses, converge into a single spectrum of pathology. (C–E) Strategies to
lower the detection threshold. (C) Fluid biomarkers. Biofluid abnormalities are dysregulated either
across broad FTD groups (right panel) or within a specific FTLD subtype (left panel), in either blood
or CSF. The DPR image illustrates the five dipeptide repeat (DPR) protein subtypes — poly(GP),
poly(PA), poly(GA), poly(PR), and poly(GR) — composed respectively of glycine–proline, proline–
alanine, glycine–alanine, proline–arginine, and glycine–arginine repeats. Glycine is shown in yellow,
alanine in violet, proline in light blue, and arginine in red. (D) MRI progression patterns in familial
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FTLD. Solid-dot arrows indicate white matter involvement; open-dot arrows indicate gray matter
involvement; dashed arrows represent networks with altered functional connectivity; dashed open-
dot arrows indicate regions of hypoperfusion identified using ASL. (E) PET-FDG progression patterns
in familial FTLD. Abbreviations: ACC, anterior corpus callosum; aFTLD-U, atypical frontotemporal
lobar degeneration with ubiquitin-positive inclusions; Aβ, amyloid beta; BIBD, basophilic inclusion
body disease; bvFTD, behavioural variant frontotemporal dementia; C, cingulate; CBD, corticobasal
degeneration; CSF, cerebrospinal fluid; DAN, dorsal attention network; DFM, default mode network;
DPR, dipeptide repeat proteins; FET, family of RNA-binding proteins including FUS, Ewing sarcoma,
and TAF15; FL, frontal lobes; FPN, frontoparietal network; FTD-FUS, frontotemporal dementia
fused in sarcoma variant; FTD-ALS, frontotemporal dementia with concomitant amyotrophic lateral
sclerosis; FTLD, frontotemporal lobar degeneration; GFAP, glial fibrillary acidic protein; GGT, globular
glial tauopathy; IL-1α, interleukin-1 alpha; ILF, inferior longitudinal fasciculus; L, left; NIFID,
neuronal intermediate filament inclusion disease; NfL, neuro-filament light chain; nfv, non-fluent
variant; NOS, not otherwise specified; PiD, Pick’s disease; PL, parietal lobe; PPA, primary progressive
aphasia; PSP-RS, progressive supranuclear palsy–Richardson’s syndrome; p-tau, phosphorylated tau;
SCC, splenium of the corpus callosum; R, right; SMN, sensorimotor network; SN, salience network;
STG, superior temporal gyrus; sv, semantic variant; TDP-43, TAR DNA-binding protein 43; Thal,
thalamus; TL, temporal lobes; TP, temporal pole; UF, uncinate fasciculus; UPS, ubiquitin–proteasome
system; VN, visual network.

2.2. Complexity of the FTD Spectrum: Underpinning Neuropathology

The neuropathological complexity of FTLD is underpinned by the abnormal accumula-
tion of tau, TDP-43, FET family proteins, dipeptide repeat proteins (DPRs), and alterations
in the ubiquitin-proteasome system (UPS). Figure 1A inferior part.

2.2.1. Tau Pathology

Tau is a neuronal proteins that can physiologically localize in dendrites, where it plays
a role in dendrite and spine maturation, synaptic activity, and microtubule dynamics; or in
the nucleus, where it protects DNA/RNA, regulates rDNA transcription, and stabilizes
heterochromatin; or in synapses, where it assists in synapse formation, axonal outgrowth,
growth cone dynamics, and synaptic transmission; or in the cytoplasm, where it protects
RNA and supports translation; or in axons, where it regulates microtubule dynamics and
axonal transport. Tau has six brain-specific isoforms based on alternative splicing of exons
2, 3, and 10 of the MAPT gene and is structured into four different domains: the N-terminal
projection domain, which projects away from microtubules (MTs), acts as a spacer, and
interacts with plasma membrane components; the proline-rich region, which is involved
in cellular signalling; the MT-binding domain, which mediates MT polymerization and
stability; and the C-terminal region, which also contributes to MT polymerization and tau’s
interaction with the plasma membrane. In disease, MAPT mutations, often centred around
exons 9–12 or found within intronic regions, frequently lead to impaired splicing of exon 10.
Tau with 3R MT-binding domains lacks exon 10, while tau with 4R MT-binding domains
includes exon 10. This disruption results in an imbalance between 3R and 4R Tau isoforms.
Other missense mutations or deletions diminish tau’s MT-binding affinity, reduce its ability
to promote MT assembly, enhance its aggregation propensity, disrupt its interactions with
other proteins, or alter its phosphorylation pattern [49–51]. Moreover, the dysfunction
of other proteins has been associated with the misregulation of tau splicing in sporadic
tauopathies, leading to elevated inclusion of exon 10 and resulting in higher expression of
4R tau isoforms. Therefore, hyperphosphorylated tau (3R or 4R) gives rise to the so-called
FTLD-tau pathologies (about 45% of FTLD patients), which encompass:

a. Pick’s disease (PiD), with 3R >> 4R tau, forming Pick bodies (intracytoplasmic,
eosinophilic, round or oval, strongly argyrophilic neuronal inclusions) in association
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with ubiquitin. They mainly affect layers II–III of the frontal and temporal cortices and
the hippocampus, with a phenotype mostly corresponding to bvFTD and PPA [52,53].

b. Corticobasal degeneration (CBD) with 4R tau aggregating in neurons and glia (as-
trocytes and oligodendrocytes). 4R tau forms astrocytic plaques, coiled bodies (cyto-
plasmic inclusions within oligodendrocytes), tau-positive threads (thin, thread-like
structures in neurites and neuropil) in grey matter (GM) and white matter (WM), and
neuronal cytoplasmic tau inclusions. They mainly aggregate in layers V–VI of the
frontal and parietal cortices, particularly in motor and premotor cortices, but also
in the basal ganglia (especially the subthalamic nucleus and globus pallidus) and
subcortical WM [18,54]. Typical phenotype corresponds to CBS, PSP-RS, nfvPPA,
frontobehavioural spatial syndrome (FBS) [18].

c. Progressive supranuclear palsy (PSP), with 4R tau forming tufted astrocytes (star-like
inclusions in proximal astrocytic processes, pathognomonic for PSP), coiled bodies,
globose neurofibrillary tangles (NFTs) (round/oval, eosinophilic, silver-positive, in-
traneuronal inclusions), and tau-positive threads [55,56]. Cortical involvement mainly
affects layers V–VI of the frontal and parietal cortices. Typical phenotype corresponds
to PSP-RS, PSP-Parkinson’s (PSP-P), Pure akinesia with gait freezing (PAGF), CBS,
nfvPPA, bvFTD [17].

d. Globular glial tauopathy (GGT), with 4R tau forming globular oligodendroglial inclu-
sions (GOIs), globular astrocytic inclusions (GAIs), and tau-positive threads in WM,
primarily in the frontotemporal cortex, basal ganglia, and brainstem. The clinical pre-
sentation often includes bvFTD, parkinsonism, or pyramidal motor disorders [57,58].

e. FTLD-tau/MAPT, with 3R or 4R tau preferentially localizing in von Economo neu-
rons and fork cells, aggregating in globose NFTs. FTLD-tau/MAPT is linked to
genetic causes (familial cases) and presents features resembling PSP, CBD, or Pick’s
disease [59].

Characteristic phenotypes include bvFTD, PPA, CBS, and PSP. Almost half of bvFTD
cases have underlying FTLD-tau pathology, including PiD and, to a lesser extent, CBD
and PSP. FTLD-tau has also been reported in patients with PPA and CBS phenotypes.
The clinical syndrome of PSP highly correlates with PSP tau pathology. Additionally,
parkinsonism associated with bvFTD or PPA has been demonstrated as a predictor of tau
pathology [60].

2.2.2. TDP-43 Pathology

TDP-43, i.e., transactive response (TAR) DNA-binding protein 43 (TDP-43), is a nuclear
major protein component within ubiquitin-positive inclusions, involved in transcription
and splicing by RNA processing and transport, comprising two RNA-recognition motifs
(RRM1-RRM2) and a glycine-rich C-terminal domain [61,62]. In disease, it mislocalizes
from the nucleus to the cytoplasm in neurons and glia and undergoes aggregation regulated
by both N-terminal and C-terminal regions, as well as modifications such as truncation
(mainly in RRM2), ubiquitination, phosphorylation (primarily at serine residues near the
C-terminal) [63,64], simulation [65], cysteine oxidation [66,67], finally forming pathological
inclusions. This mislocalization, leading to apparent nuclear loss of function and toxic cyto-
plasmic accumulation, underpins pathology. TDP-43 forms various pathological inclusions:
(i) neuronal cytoplasmic inclusions (NCIs), dense, round, or crescent-shaped; (ii) neuronal
intranuclear inclusions (NIIs), round or lentiform (less common), (iii) dystrophic neu-
rites (DNs), which are abnormal TDP-43-positive thin, tortuous, or swollen neurites; and
(iv) glial cytoplasmic inclusions (GCIs), round or granular TDP-43 inclusions in astro-
cytes and oligodendrocytes. TDP-43 proteinopathy leads to FTLD-TDP pathologies
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(approximately 50% of FTLD patients), further classified into five subtypes based on their
cortical distribution [27,68,69]:

a. FTLD-TDP subtype A, characterized by moderate to numerous NCIs, numerous short
DNs, and occasional NIIs, mainly in upper cortical layers II/III. It also has thread
pathology in the subcortical WM, delicate wispy threads in hippocampal CA1, and a
predominance of DN and occasional NII in striatum and other subcortical GM regions.
Subtype A is often associated with bvFTD (apathy and social withdrawal) and nfvPPA.
Executive dysfunction, some degree of memory impairment, and neuropsychiatric
manifestations (delusions, hallucinations or obsessive behaviours) are not uncommon.

b. FTLD-TDP subtype B, with moderate to numerous NCIs, sparse DNs, and rare NIIs
across all cortical layers. It is also characterized by the presence of glial cytoplasmic
inclusions in the subcortical WM, a predominance of diffuse NCIs in subcortical
GM, and NCI in lower motor neurons of the medulla and spinal cord. Subtype B is
typically linked to the FTD-MND spectrum and to a lesser extent to bvFTD, nfvPPA.
Neuropsychiatric manifestation (psychosis) is particularly frequent.

c. FTLD-TDP subtype C, with long, tortuous DNs and infrequent NCIs, primarily in
upper cortices. It also has compact “Pick body-like” NCI in dentate granule cells of
the hippocampus and striatum. Subtype C is frequently seen in svPPA and sometimes
in rtvFTD.

d. FTLD-TDP subtype D, with numerous NIIs, fewer NCIs and DNs concentrated in
superficial laminae. Modest numbers of DN and NII are also present in the amygdala,
basal ganglia, nucleus basalis, thalamus and midbrain. It is exclusively seen in
inclusion body myopathy with Paget disease of bone and frontotemporal dementia
(IBMPFD) and FTD-MND spectrum linked to valosin-containing protein (VCP) gene
mutations [70].

e. FTLD-TDP subtype E, with weakly staining granulofilamentous neuronal cytoplasmic
inclusions (GFNI) set in a background of very fine grain-like deposits throughout the
neocortex sparing only of the occipital neocortex and cerebellum [68]. Motor neuron
involvement was a typical feature, although only sometimes associated with clinical
features of ALS. FTLD-TDP type E is consistently associated with a rapid clinical
course of one to three years duration.

FTLD-TDP is commonly associated with genetic causes such as GRN mutations,
C9orf72 expansions, and VCP mutations. Characteristic phenotypes include bvFTD, svPPA,
CBS, and ALS [60,71]. Recent studies suggest that psychiatric symptoms in FTD patients
are associated with underlying TDP pathology [72].

2.2.3. FET Family Pathology

FET proteins are nuclear multifunctional RNA-binding proteins containing RNA
recognition motifs (RRMs), glycine-rich domains, nuclear localization signals (NLS), and
prion-like domains. Physiologically, FUS is involved in DNA repair, transcription regula-
tion, RNA splicing, and RNA transport; EWS in transcription regulation, RNA splicing,
and DNA repair; TAF15, as part of the TFIID complex, in transcription initiation, RNA
splicing, and RNA transport. In pathology, FET proteins mislocalize from the nucleus to
the cytoplasm and aggregate as hyperphosphorylated, ubiquitinated, and insoluble NCIs,
NIIs, and DNs. FET family proteins characterize FTLD-FET pathology (less than 5% of
FTLD patients), which includes:

a. Basophilic inclusion body disease (BIBD), characterized by basophilic NCIs, dense,
round-to-oval accumulations of FET proteins (mainly FUS) and ubiquitinated proteins
within neuronal cytoplasm.

b. Atypical FTLD (aFTLD-U), characterized by FUS positive NCIs, DNs, and rarely NIIs.
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c. Neuronal intermediate filament inclusion disease (NIFID/NIBD), characterized by
neuronal intermediate filament aggregates, forming NCIs, NIIs, and DNs inclusions.

d. FUS not otherwise specified (FUS NOS), with variably shaped FUS-positive NCIs,
NIIs, and DNs.

Characteristic phenotypes associated with FET pathology include ALS, bvFTD, and
PPA. Patients with FTLD-FUS pathology often fulfil diagnostic criteria for bvFTD [73] and
are typically characterized by disease onset before age 40, negative family history, and
primarily caudate affection by pathology.

2.2.4. DPR Pathology

DPR are neurotoxic dipeptide aggregates in neurons, generated via RAN transla-
tion (repeat-associated non-AUG translation, i.e., without an AUG start codon), of ex-
panded GGGGCC repeats in the C9orf72 gene, in both sense (G4C2) and antisense (C2G4)
directions [74]. Physiologically, a hexanucleotide repeat expansion, consisting of GGGGCC
(G4C2) repeats, can be found in the first intron in the reading frame 72 of chromosome 9
(C9orf72) in the non-coding region between exons 1 and 1b [32,33]. Healthy individuals
harbour less than 30 of these G4C2 repeats, while FTLD patients with C9orf72 mutations
carry 400 to several thousand G4C2 repeats [75]. The types of DPRs produced are poly-GA
(glycine-alanine), poly-GP (glycine-proline), poly-GR (glycine-arginine), poly-PR (proline-
arginine), poly-PA (proline-alanine). Among the different types of DPRs, GA and GR are
generated from the sense strand of the expanded repeat, PA and PR from the antisense
strand, while GP can be produced from both the sense and antisense strands [74]. DPRs
vary in aggregation patterns, structures, solubility (e.g., soluble like GP and insoluble like
GA), and toxicity [76]. Although the exact contribution of each DPR to disease remains
unclear, proposed pathogenic mechanisms include nucleolar dysfunction, altered splicing,
impaired nucleocytoplasmic transport, altered RNA granule dynamics, disrupted intracel-
lular transport, and impaired proteasome function. DPRs accumulate as NCIs, NIIs, and
DNs, mainly in the neocortex, hippocampus, cerebellum, and spinal cord motor neurons,
often coexisting with TDP-43 pathology [77–79]. Characteristic phenotypes include bvFTD,
FTD-MND, and occasionally nfvPPA [26,80,81].

2.2.5. UPS Pathology

The UPS is the major intracellular protein degradation system, responsible for tagging
misfolded, damaged, or short-lived proteins with ubiquitin, regulating protein turnover
for cellular homeostasis, and removing abnormal proteins to prevent toxic aggregation. In
pathology, the UPS may become overwhelmed or impaired, leading to the accumulation of
polyubiquitinated proteins and ubiquitin-positive inclusions. FTLD-UPS has subtypes:

a. FTLD-UPS (FTLD-3 or CHMP2B), characterized by ubiquitin inclusions, mainly local-
ized in the hippocampal dentate gyrus and frontal cortex.

b. FTLD-UPS not otherwise specified (FTLD-UPS NOS), with ubiquitin-immunoreactive
NCIs and DNs localized in the frontal and temporal cortices.

Characteristic phenotypes include atypical bvFTD (slowly progressive) with rare
motor involvement [82,83].

Beyond the broad clinical and neuropathological variability, the complexity of FTLD
is further highlighted by the, albeit not frequent, yet possible dissociation between clini-
cal phenotype and underlying pathology. Clinicopathological studies have consistently
demonstrated that identical clinical presentations can arise from distinct molecular sub-
strates, and conversely, that a single pathological entity may manifest through multiple
clinical syndromes. For instance, while most cases of bvFTD are associated with FTLD-TDP
or FTLD-tau pathology, up to 10–15% of patients exhibit non-FTLD pathology, including
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Alzheimer’s disease or Lewy body disease [84]. Similarly, PPA variants display substantial
overlap, with the nfvPPA and svPPA subtypes often associated with TDP-43 or tau inclu-
sions, and the lvPPA variant typically linked to Alzheimer-type pathology [85]. Moreover,
within the FTLD spectrum itself, phenotypic heterogeneity among TDP-43, tau, and FUS
subtypes underscores the need for a biologically informed classification system integrat-
ing genetic, neuroimaging, and biomarker evidence to refine diagnosis and strengthen
clinicopathological correlations [5].

2.3. Complexity of the FTD Spectrum: Genetic Underpinnings

The reason why different genes, each associated with distinct molecular pathways,
converge to cause a neurodegenerative process predominantly affecting the frontotemporal
lobes remains under debate, and the shared mechanisms underlying selective frontal and
temporal degeneration are yet to be fully elucidated. The major recognised monogenic
mutations, inherited as discrete Mendelian traits, include those in the MAPT [30] and GRN
genes [31,86], as well as pathogenic expansions in the C9orf72 gene [32,33]. A less frequent
but noteworthy mutation also occurs in the valosin-containing protein (VCP) gene [70].
Mutations in MAPT lead to abnormal tau accumulation, whereas pathogenic variations
in GRN and C9orf72 are associated with TDP-43 deposition. Although these autosomal
dominant mutations generally exhibit poor genotype–phenotype correlations, they are
highly predictive of the underlying neuropathology [87,88]. Specifically:

(I) MAPT is essential for neuronal integrity and axonal transport. Mutations in MAPT, in-
cluding both missense and splicing mutations, alter tau function, resulting in either a
loss of function, via reduced microtubule-binding affinity or impaired microtubule as-
sembly, or a toxic gain of function, characterized by increased aggregation propensity.
These mechanisms ultimately lead to aberrant tau aggregation and seeding [89,90].
Nearly 100 MAPT variants have been linked to FTLD-spectrum disorders, accounting
for up to 20% of familial cases (Alzforum database, 08/2025) [91–93]. Common genetic
variants within the major MAPT haplotypes (H1 and H2) are also associated with an
increased risk of sporadic tauopathies [94]. These mutations are frequently associated
with PSP and CBD pathology [95–97], and genotype–phenotype correlations indicate
that MAPT mutation carriers predominantly present with bvFTD, PPA, or FTD with
parkinsonism [98]. The median age at onset is approximately 50 years, indicating an
early onset and rapid progression [99].

(II) Over 70 pathogenic mutations in GRN have been identified, most of which result in
loss of function due to defective transcription or translational inhibition, leading to
GRN haploinsufficiency and a reduction in progranulin levels in serum, blood and CSF
to less than 50% of normal [100]. Loss of progranulin, particularly in lysosomes, results
in lysosomal storage disorders characterized by neuronal ceroid lipofuscinosis [101].
Autosomal dominant loss-of-function mutations in GRN account for 10–15% of FTLD-
TDP cases and are specifically associated with FTLD-TDP type A pathology [31,86,102].
Clinically, GRN mutation carriers often exhibit a bvFTD phenotype, although PPA
has also been observed [98]. The median age at onset is about 61 years, reflecting
an intermediate onset, incomplete penetrance, and rapid clinical deterioration once
symptoms emerge [99].

(III) The C9orf72 gene product plays several critical roles: (i) it is involved in RNA
metabolism; (ii) it facilitates the accumulation of sense and antisense RNA tran-
scripts of expanded repeats, which serve as templates for the synthesis of dipeptide
repeat proteins (DPRs) through repeat-associated non-ATG translation; and (iii) it
participates in the autophagy–lysosome pathway. The hexanucleotide repeat expan-
sion (GGGGCC) in the non-coding region of C9orf72 causes disease via multiple
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mechanisms: (i) reduced gene expression, which disrupts endosomal trafficking
and autophagy [103]; (ii) (ii) toxicity from RNA foci and DPRs generated through
non-canonical translation [104]; (iii) nucleolar stress; (iv) RNA dysregulation; and
(v) defects in nucleocytoplasmic transport and protein degradation [105]. Repeat
expansions in C9orf72 account for about 25% of FTLD-TDP cases, primarily involving
FTLD-TDP type A and B pathology, and occasionally type C pathology [70,96,97].
Although C9orf72 repeat expansions are typically inherited, they are detected in up
to 10% of individuals with apparently sporadic disease. These expansions are twice
as common in familial ALS compared to SOD1 mutations, the first gene linked to
ALS [32]. Clinically, C9orf72 expansion carriers with FTD commonly present with
bvFTD, and in some cases, with PPA [98]. The median age at onset is approximately
58 years, and disease expression is marked by wide variability and a prolonged
preclinical phase [99].

(IV) The VCP gene encodes the valosin-containing protein, an enzyme involved in diverse
cellular processes such as intracellular trafficking, proteasomal degradation, and
programmed cell death. VCP mutations: (i) alter TDP-43 localization between the
nucleus and cytoplasm; (ii) impair proteasome activity; (iii) induce endoplasmic
reticulum stress; (iv) increase apoptotic markers; and (v) reduce cell viability. These
mutations are associated with FTLD-TDP type D pathology.

In addition to these Mendelian forms, a genetic component also contributes to the risk
of developing pathology in sporadic FTD, which accounts for 50–70% of cases [35,106]. In
fact, the determination of this complex disease follows the liability threshold model, where
in sporadic FTD inheritance is non-Mendelian but still follows a binary outcome relative
to a threshold on a graded liability scale, above which individuals manifest the disease.
Here, liability encompasses both innate susceptibility and the combination of external
circumstances that modulate the likelihood of disease development, with genetic factors
constituting part of this burden. Therefore, while familial FTD (monogenic forms) can be
attributed to risk genes with large effects and clear binary outcomes, sporadic FTD forms
are influenced by many factors, among which gene variants act as susceptibility alleles,
increasing liability and nudging individuals towards disease manifestation. Genome-wide
association studies (GWAS) have identified susceptibility gene variants in FTLD-TDP.
UNC13A has emerged as the strongest overall risk factor, while TNIP1 represents a novel
risk locus. Additional genome-wide significant loci associated with specific FTLD-TDP
subtypes include: FARP2, TINAG, MZT1, and GRN in subtype A; TNIP1, RCL1, PDS5B, and
UNC13A in subtype B; and C9orf72, TRPC4, TMEM135, LRP1B, and COL22A1 in subtype
C. Other genes, such as TBK1, C3AR1, SMG8, VIPR1, RBPJL, L3MBTL1, and ANO9, have
also been identified as subtype-specific risk genes, reinforcing the involvement of immune
pathways and Notch signalling in FTLD-TDP pathogenesis [107,108]. A few additional rare
genetic causes of FTD (e.g., TARDBP, CHCHD10, OPTN, SQSTM1) have been reported with
TDP-43 pathology, but insufficient data exist to characterize their specific patterns [109].
Genes that confer an increased risk of FTLD-tau include MOBP, STX6, EIF2AK3, and
TRIM11, as they play a role in tau misfolding, impaired protein clearance and repair, and
dysmyelination [110].

Beyond risk and susceptibility genes, additional factors influence disease manifesta-
tion, including (i) penetrance, the probability that a genotype results in a phenotype (in
C9orf72, penetrance is age-related, i.e., 0% at age 35, ~50% at 58, and almost fully penetrant
by age 80 [111], in MAPT, it is nearly complete; in GRN, it is estimated around 71%);
(ii) pleiotropy, where a gene variant contributes to different pathologies, such as ALS and
FTD; (iii) oligogenic inheritance, the combined effect of two or three genes producing
a trait, as seen in approximately 6% of ALS cases; (iv) long non-coding RNAs, which
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are ~200 bp transcripts that modulate gene expression, recruiting chromatin-modifying
complex and acting as scaffolds for histone-modifying enzymes; and (v) epistasis, where
a variant at one locus interacts with another locus, potentially switching from benefi-
cial to deleterious effects depending on the genetic background, as exemplified by the
TMEM106B gene. The TMEM106B rs1990622 polymorphism has been shown to modulate
plasma progranulin levels, thereby influencing the age of symptom onset in GRN mutation
carriers [112–114]. Specifically, individuals with prodromal FTD due to GRN mutations
who carry the TMEM106B TT genotype exhibit more extensive functional brain damage
compared to those with the CT or CC genotypes [115]. In contrast, among individuals with
prodromal FTD associated with C9orf72 expansions, TMEM106B may influence disease
pathology in an opposite manner [116,117]. Finally, the risk of disease progression and the
natural history of FTD may also be influenced by various modifiable factors [118], such
as cognitive reserve, comprising educational attainment, and bilingualism, and an active
lifestyle. In fact, higher educational levels have been associated with increased GM volumes,
suggesting that individuals with greater educational attainment may better withstand the
effects of pathogenic mutations [119]. Bilingualism has been linked to a delayed onset of
dementia in individuals with bvFTD [120]. These factors are considered protective against
disease progression, as they may enhance both brain reserve and brain maintenance during
the prodromal stages of genetic FTD, thereby conferring greater clinical resilience, even in
autosomal dominant forms [119,121]. Among the modifiable factors that may contribute to
disease development, particularly in tauopathies, are annonacin, chemical agents, metals,
and pesticides, which exacerbate mitochondrial dysfunction, as well as certain medications
(such as glucocorticoids and beta-blockers) that ultimately promote tau aggregation, either
directly or indirectly.

3. Pathophysiological Mechanisms
To date, the mechanisms that trigger the initial conversion of normally soluble proteins

into pathological filamentous polymers remain unresolved. According to the template-
directed misfolding hypothesis, a misfolded version of a protein directly interacts with
its native counterpart, inducing a conformational change that converts it into a misfolded
replica. This process promotes the formation of fibrillar ultrastructures composed of
misfolded proteins, which ultimately aggregate into neurotoxic oligomers. The precise
mechanisms through which these oligomers propagate between neurons remain to be fully
elucidated. Evidence suggests that FTLD-associated pathological proteins which form
intracellular aggregates (particularly tau and TDP-43), require release from the originating
neuron or glial cell and subsequent uptake by neighbouring neurons or glial cells to
propagate. This intercellular transfer necessitates crossing cell membranes, which can occur
through extracellular release and uptake as fibrils or via trans-synaptic mechanisms, such
as exosomes, tunnelling nanotubes, or synaptic vesicles, in non-fibrillar forms.

This postulated neurobiological mechanism possibly underlying the progression of the
disease therefore comprises the spreading of disease proteins from cell to cell, mimicking
the prions diffusion. However, the chained events that begin with misfolding and continue
with cell–cell propagation, culminate with spreading of disease proteins within targeted
brain regions [122]. In fact, disease progression is not random but follows the architecture
of structural and functional brain networks [123,124]. Highly connected hubs (regions with
elevated connectivity and metabolic activity) are particularly vulnerable and serve as critical
nodes for the propagation of pathology [123]. These hubs are especially susceptible due
to: (i) high baseline activity and metabolic demands, increasing vulnerability to oxidative
stress; (ii) extensive connectivity, heightening the probability of acquiring and transmitting
pathological proteins; and (iii) their central role in cognitive and motor processing, such that
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damage results in widespread network dysfunction. Distinct pathological proteins exhibit
stereotypical patterns of progression across connected brain regions, with lesions forming
sequentially at specific CNS sites. As disease advances, there is an increase both in the size
of protein aggregates and in the number of affected cells displaying pathological inclusions.

Tau pathology follows a predictable progression pattern, with a consistent predilection
for neurons of the pallido–nigro–luysian axis, although progression varies substantially
across major subtypes (Pick’s disease, PSP, CBD, and GGT) correlating with clinical man-
ifestations (Figure 2A). In Pick’s disease, pathology begins in the frontal cortex, anterior
temporal lobes, and hippocampus (particularly CA1 and subiculum), before extending to
the posterior temporal and parietal cortices, and ultimately involving the basal ganglia and
brainstem nuclei [53] (Figure 2(A.1)). In PSP, early pathological involvement includes the
globus pallidus, subthalamic nucleus, substantia nigra, dentate nucleus of the cerebellum,
and midbrain tectum, with subsequent spread to the prefrontal, premotor, and parietal
cortices, as well as deeper structures such as the superior colliculus, pontine tegmentum,
and spinal cord at later stages [56] (Figure 2(A.2)). In CBD, early pathology involves the
motor and premotor cortices, supplementary motor area, superior frontal gyrus, and basal
ganglia (putamen and globus pallidus), progressing later to the parietal cortex, brainstem
nuclei, and WM tracts (e.g., corona radiata) [54] (Figure 2(A.3)). GGT typically involves
the frontal and temporal cortex, pyramidal tracts, subcortical WM, and brainstem [57]
(Figure 2(A.4)). However, although prion-like spreading across connected neurons is well
established, explanations of tau propagation in tauopathies must also account for tau
accumulation in astroglial and oligodendroglial cells.

Figure 2. Proteinopathy neuropathology and progression, colour-code. Darker colours indicate the
anatomical regions affected first, with progressively lighter shades representing later involvement.
(A) blue indicates tauopathies. further subdivided into Pick’s disease (A.1), PSP (A.2), CBD (A.3), and
GGT (A.4). (B) Purple indicates TDP-43 proteinopathy further classified into FTLD-TDP (B.1)—and
FTLD-subtype B/ALS (B.2). (C) Yellow indicates FTLD-FET pathology. (D) Green indicates DPR
pathology. (E) red indicates UPS pathology.
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TDP-43 pathology also follows a stereotyped progression, spreading via corticofugal
pathways with regional involvement that parallels the development of cognitive and motor
symptoms (Figure 2B). It predominantly affects cortical layers in the frontal, temporal,
and motor cortices, as well as the spinal cord, hippocampus (especially the dentate gyrus),
and subcortical WM. In FTLD-TDP, pathology typically follows the Mackenzie staging
system, beginning in the amygdala and hippocampus, then extending to the frontal and
temporal neocortex, and ultimately reaching the motor cortex, basal ganglia, and brainstem
in advanced stages (Figure 2(B.1)). In ALS (FTLD-TDP type B), the Brettschneider staging
system applies: Stage 1 involves the agranular motor cortex, brainstem motor nuclei, and
anterior horn cells of the spinal cord; stage 2 includes the prefrontal neocortex and reticular
formation; stage 3 adds the postcentral gyrus and striatum; stage 4 involves temporal lobe
structures, including the hippocampus [125,126] (Figure 2(B.2)). Therefore, the pattern of
progression may vary according to the clinical phenotype.

Although the stereotypical patterns of pathology progression for FUS, DPRs, and
FTLD-UPS are less well established compared to tau and TDP-43, certain patterns have
emerged from neuropathological studies.

FET pathology is primarily localized to frontotemporal regions rather than motor or
pyramidal tracts. The initial sites of pathology include the frontal and temporal neocortex,
hippocampus, amygdala, and in some cases, the caudate and putamen [127], especially
in basophilic inclusion body disease (BIBD) [128]. Pathology can later spread to cortico-
striatal circuits and, in certain cases such as neuronal intermediate filament inclusion
disease (NIFID), to brainstem nuclei like the substantia nigra (Figure 2C).

DPR pathology, associated with C9orf72 expansions, follows a stereotyped distribu-
tion pattern, initially affecting the neocortex (particularly frontal and temporal lobes),
hippocampus, cerebellum (notably the dentate gyrus), thalamus, striatum, and brainstem
nucle (Figure 2D) [129]. Notably, DPR inclusions have been found in clinically unaf-
fected individuals with C9orf72 expansions, indicating early, possibly pre-symptomatic,
accumulation [130]. Importantly, the extent of DPR pathology does not correlate strongly
with the severity of neurodegeneration, suggesting that DPRs may act more as disease
triggers rather than direct markers of symptom progression. Among DPR species, poly-GA
is the most abundant and widely distributed, while poly-GR and poly-PR are considered
more toxic due to their effects on nucleolar function and RNA metabolism [131].

FTLD-UPS pathology, although rare, most commonly initiates in the frontal and
temporal cortices, with variable patterns of subsequent spread [132,133] (Figure 2E).

Because FTLD pathology typically begins focally and progresses through anatomi-
cally connected cortical and subcortical networks, defining cell-specific stages of protein
aggregation is crucial for identifying preclinical or early-stage disease. This knowledge
enhances our understanding of the earliest pathogenic events, provides insights into the
subtype-specific dynamics of disease propagation, and informs protein-neuroimaging
research aimed at characterizing spatial distribution patterns [40].

But when does the pathology truly begin? Although FTD is traditionally considered a
mid- to late-onset disorder, with most patients presenting symptoms or receiving diagnoses
in their 50s or 60s (and occasionally in their 30s or 40s), recent findings suggest that
disease pathology may emerge much earlier. Some studies have detected evidence of
pathological changes as early as the mid-30s, or even mid-20s. These observations raise
the question of whether the pathogenesis of FTLD, particularly in genetic forms, might
actually begin during neurodevelopment. The concept that a neurodegenerative disorder
manifesting in mid-life may have developmental origins is supported by evidence that
genetic mutations exert neurodevelopmental effects on brain structure and function [134].
While these effects may initially confer compensatory advantages, they may later lead to
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selective vulnerability in the neural networks targeted by FTLD pathology. In vitro studies
have demonstrated that C9orf72 expansion carriers exhibit early reductions in thalamic
volume and cortical thickness [135]; GRN mutation carriers display altered dendritic spine
morphology and impaired synaptic plasticity [136]; MAPT mutation carriers show delays
in neuronal migration during prenatal development. These findings support the hypothesis
that FTD-related mutations initiate subtle yet measurable changes during childhood and
adolescence, potentially establishing the substrate for later neurodegeneration [137].

4. Defining Preclinical and Prodromal FTD
The theoretical course of the disease begins with a “no disease-stage”, switches to a

“preclinical stage”, advances through a “prodromal stage”, and ultimately phenoconverts
to “clinically manifest stage”. This timeline of the natural history of FTLD conceptually
includes an initial healthy phase, characterized by the absence of clinical symptoms and
neuropathological abnormalities. However, as abovementioned, in monogenic subtypes,
this conceptualization may be challenged by the observation that certain biomarkers
are already altered from birth and remain abnormal throughout young adulthood in
individuals carrying pathogenic mutations. Indeed, it may be more appropriate to define
the period preceding disease onset as a “susceptibility phase,” reflecting a state of biological
vulnerability to environmental or intrinsic disease-triggering factors.

From a biological standpoint, disease onset is conceptually marked by the occurrence
of first signs of protein misfolding, which defines the beginning of the preclinical stage.
This phase involves an active, ongoing neuropathological process but ever without clinical
abnormalities. The gradual accumulation of misfolded proteins leads to neuronal dysfunc-
tion via multiple cellular mechanisms, including impaired mitochondrial function, stress
granule dysregulation, defective autophagy, and altered transcriptional processes. This
progressive dysfunction ultimately culminates in neuronal loss, i.e., neurodegeneration.
Therefore, the sequence of protein misfolding, cellular dysfunction, and neuronal death
constitutes the successive phases of the preclinical stage, preceding the emergence of clinical
symptoms. The subsequent prodromal stage is defined by the onset and gradual progres-
sion of subtle clinical changes, resulting from the ongoing accumulation of toxic protein
aggregates, neuronal dysfunction, and neurodegeneration, particularly in disease-specific
brain regions. These symptoms, although observable by patients, caregivers, or clinicians
as significant deviations from prior functioning, do not yet fulfil the diagnostic criteria
for a formal FTLD diagnosis [2]. Finally, phenoconversion denotes the transition to the
clinically manifest stage, characterized by the onset of mild cognitive, behavioral, or motor
symptoms (MCBMI) that meet established diagnostic thresholds.

Regarding the presymptomatic stage, which encompasses the preclinical and pro-
dromal stages, current research efforts aim to identify the earliest biological hallmarks
of disease. Although protein misfolding and the formation of neurotoxic oligomers are
conceptually considered the first pathophysiological events, the most detectable feature
remains the intracellular accumulation of pathogenic protein aggregates. However, reliable
In vivo biomarkers capable of quantifying FTLD-related proteinopathies at this early stage
are not yet available. Consequently, another major research goal is to detect and quantify
the earliest signs of neuronal dysfunction and to track the subsequent progression of neu-
rodegeneration. Moreover, given the complex clinical presentation of FTD, which can be
heralded by different phenotypes, defining the prodromal stage of FTD is fraught with
difficulties. Recent efforts have focused on characterizing early cognitive and behavioural
symptoms under the frameworks of mild cognitive impairment (MCI) [138–142] and mild
behavioural impairment (MBI) [143]. However, the more inclusive term “mild cognitive
and/or behavioural and/or motor impairment” (MCBMI) has been proposed to encompass
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the full spectrum of early manifestations under a single, unified classification [36]. For
bvFTD specifically, research criteria have been proposed to delineate the prodromal stage
and harmonize early-case identification [41].

The unification of FTLD’s pleiotropic clinical manifestations into parallel phenotypic
axes, including frontotemporal (encompassing behavioural, and cognitive features), and
motor (extrapyramidal and pyramidal), would offer a more precise framework than the
traditional unitary approach of combining all symptoms into a single diagnostic category.
This phenotypic axis model, like the “Miami Framework” proposed for ALS [144], would
facilitate more subtle understanding of disease progression and symptomatology. Such a
shift in classification also demands standardization of the terminology used to describe
these domains, both in terms of the domains themselves and the degree of deviation
from normal functioning. Throughout the disease course, individuals may present a
variety of signs and symptoms to varying extents, meaning that a patient may fall at
different points along each of the three axes. For instance, individuals with clinically
manifest motor impairment often also exhibit mild cognitive and behavioural symptoms.
Identifying group-level differences can guide the prediction of domain-specific impairments
in individual patients, but it is equally important to capture sub-threshold abnormalities.
These may represent the earliest clinical indicators during the prodromal stage or reflect
subtle longitudinal variations throughout FTLD progression.

From a pathological perspective, this shift toward early detection underscores the need
for robust biomarkers that reflect distinct aspects of the underlying pathology and biology of
neurodegeneration. With this shift toward earlier detection and intervention, the evolving
clinical and diagnostic framework must centre on biomarkers. These will be essential for
identifying disease in its presymptomatic and prodromal stages, and for reflecting the
underlying biology and pathology of neurodegeneration with increasing precision.

5. Clinical Characterization and Early Symptomatology
According to the proposed unifying framework of frontotemporal lobar degeneration,

which conceptualizes the disease along parallel phenotypic axes, namely, the frontotempo-
ral axis (encompassing cognitive and behavioural features) and the motor axis (including
extrapyramidal and pyramidal signs), specific signs and symptoms should be analysed
in relation to clinical characterization and early presentation (Figure 1B). In this context,
genetic forms of FTD provide a unique opportunity to investigate the pathophysiological
mechanisms underlying the disease.

Analysis of the frontotemporal axis highlights cognition and behaviour as key domains,
with particular emphasis on neuropsychiatric manifestations. The cognitive prodromal
phase of FTD typically begins with gradual and progressive executive dysfunction, which
may occur in isolation or alongside other subtle cognitive changes, such as impairments in
social cognition or language [145]. However, comprehensive neuropsychological assess-
ments have demonstrated that a more global cognitive decline may already be present
during the asymptomatic and prodromal phases of genetic FTD. Specifically, standard-
ized tests assessing attention, executive function, language, and memory have revealed
clear baseline differences between mutation carriers and non-carriers, although the rate of
cognitive decline varies depending on the specific genetic mutation and stage of disease.
Cross-sectional analyses of individuals carrying FTD-related mutations at baseline have
revealed intergroup differences, suggesting that during the prodromal stage C9orf72 expan-
sion carriers may be more severely affected. These individuals exhibit notable deficits in
cognitive and behavioural functions compared to non-carriers, particularly in the domains
of attention, executive function, and verbal fluency [146]. During the prodromal phase,
also episodic memory deficits are relatively common, with gene-specific patterns: MAPT
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mutation carriers demonstrate poorer performance in list recall, recognition memory, and
both nonverbal and semantic memory tasks; C9orf72 carriers show reduced psychomotor
speed; while GRN carriers display more variable cognitive profiles [147,148]. Language
impairment is present across all three major genetic forms of FTD, with overlapping
but distinct characteristics. Reduced letter fluency often emerges first, followed by diffi-
culties in planning, judgment, cognitive flexibility, and increasing perseveration. Word
retrieval deficits are observed in all three genetic groups, whereas significant impairments
in grammar and syntax are more prominent in C9orf72 and GRN carriers. Articulatory
deficits are specific to C9orf72. Category fluency impairment is seen in both C9orf72 and
MAPT carriers, though only the latter group exhibits significantly reduced performance on
naming tasks [149,150]. In the subsequent stage, corresponding to mild cognitive impair-
ment, C9orf72 and GRN carriers often show deficits in social cognition. GRN carriers also
experience executive dysfunction, while MAPT carriers predominantly exhibit memory
deficits [145,146]. Longitudinal studies have identified gene-specific cognitive trajecto-
ries: during MCI, GRN carriers show declines in verbal fluency and visuoconstruction,
while MAPT carriers experience progressive language deterioration. At the dementia
stage, attention and language impairments are common across all mutation groups. Verbal
fluency remains affected in C9orf72 and GRN carriers, social cognition in GRN carriers,
and executive function in MAPT carriers [146]. Executive dysfunction emerges very early
in individuals with C9orf72 mutations and worsens with disease progression, whereas
similar impairments typically appear only in the later stages in GRN and MAPT mutation
carriers [151].

The behavioural prodromal phase may include symptoms such as inertia and apathy,
disinhibition and asocial behaviour, loss of empathy, compulsiveness with perseveration
and stereotypies, and changes in eating habits (e.g., hyperorality, hyperphagia, stereotyped
eating patterns) [41,147,152–156]. Additional commonly observed features include irritabil-
ity, loss of insight, and, in some cases, psychosis. Interestingly, early conceptualizations of
FTD, such as those proposed by the Lund–Manchester group, included so-called “early
and evanescent” symptoms like depression, anxiety, suicidality, sentimentality, delusions,
hypochondriasis, and somatic preoccupation, which were observed to evolve into emo-
tional blunting [157]. Although not formal diagnostic criteria, these early symptoms may
reflect the initial phase of a broader neuropsychiatric evolution [158]. FTD can present
subtly and may initially resemble primary psychiatric disorders. Symptoms such as anhe-
donia, psychomotor slowing, low motivation, and fatigue are commonly seen in depression;
logorrhoea, distractibility, and impulsivity may mimic mania; compulsions can resemble
obsessive–compulsive disorder; and disorganized speech, affective flattening, logopenia,
and lack of motivation are reminiscent of schizophrenia-like syndromes [159]. Genotype–
phenotype correlations have elucidated specific patterns of neuropsychiatric symptoms
across the genetic subtypes. Apathy and depression are prevalent across C9orf72, GRN, and
MAPT mutations. Disinhibition and compulsive behaviours are more prominent in MAPT
carriers, psychosis is characteristic of C9orf72, and irritability is particularly frequent in
GRN carriers. These findings support a tentative chronology of neuropsychiatric symp-
tomatology for each genotype: C9orf72 carriers may progress through psychosis, apathy,
anxiety, and depression; GRN carriers through apathy, depression, and irritability; and
MAPT carriers through anxiety, compulsions, and disinhibition [152,160–164]. Prospective
cohorts of prodromal FTD identify baseline clinical features that predict progression and
conversion to dementia [165]. The behavioral domain represents a predominant compo-
nent of the clinical spectrum of FTLD, to the extent that the bvFTD is the most frequent
clinical phenotype in both sporadic and genetic forms of the disease. This has led to recent
efforts to develop research diagnostic criteria for prodromal bvFTD in a cohort of early
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symptomatic (“prodromal”) individuals carrying a pathogenic MAPT, GRN, or C9orf72 mu-
tation who subsequently progressed to overt bvFTD, compared to healthy control subjects,
defined here as non-mutation carrier family members. A diagnosis of possible MBCI-FTD
requires the presence of either three core features, or two core features plus one supportive
feature; a diagnosis of probable MBCI-FTD additionally requires imaging or biomarker
evidence, or the presence of a pathogenic genetic mutation. Seven core features have
been identified: apathy without moderate-to-severe dysphoria, behavioral disinhibition,
irritability/agitation, reduced empathy/sympathy, repetitive behaviours (simple and/or
complex), joviality/gregariousness, and appetite changes/hyperorality. Supportive fea-
tures include a neuropsychological profile showing impaired executive function or naming
ability with preserved orientation and visuospatial skills, reduced awareness of cognitive or
behavioral changes, and poor social cognition. The proposed MBCI-FTD criteria correctly
classified 95% of the prodromal bvFTD Development Group and 74% of the prodromal
bvFTD Validation Group, with a false positive rate of <10% among healthy controls [41].

Regarding motor axes, pyramidal and extrapyramidal motor symptoms are essential
components to be looked at. Motor symptoms are common in genetic FTD, affecting C9orf72
(31.7%) more than MAPT (19.3%) or GRN (18.8%) mutation carriers. Within the genetic
mutation groups, C9orf72 expansion carriers present features mostly suggestive of ALS,
including both limb and bulbar features, whereas GRN and MAPT mutation carriers are
more likely to exhibit parkinsonian features, with minimal bulbar involvement.

During the prodromal stage, the most frequently reported motor impairments in-
clude weakness, gait disturbances, and functional difficulties using the hands. However,
slowness and gait abnormalities are the most consistent motor features, both across and
within genetic groups, and their frequency increases with disease progression, rising from
6% in asymptomatic individuals to 21% during the prodromal phase, and up to 63% at
the symptomatic stage. These motor deficits may reflect extrapyramidal pathology (e.g.,
bradykinesia) or pyramidal involvement (e.g., weakness, rigidity), as well as overlap with
motor neuron disease. Other observed symptoms include dysarthria, dysphagia, tremor,
and falls [166].

Beyond the genetic forms, where the clinical spectrum, although complex, is more
amenable to systematic investigation and standardization of onset and phenotypic progres-
sion, FTD remains a type of dementia characterized by a markedly heterogeneous clinical
presentation [6,106]. This extensive variability makes the identification and definition
of prodromal symptoms particularly challenging and highly dependent on the specific
FTD subtype.

While the availability of large genetic cohorts such as GENFI and ALLFTD has sub-
stantially advanced our understanding of early disease trajectories, current prodromal FTD
definitions remain largely derived from these familial populations, potentially introducing
diagnostic and selection bias. This reliance may limit generalizability to sporadic cases,
which often present with more heterogeneous onset profiles, variable comorbidities, and
environmental influences [2]. Comparative studies directly contrasting sporadic and ge-
netic FTD remain scarce, though recent evidence suggests overlapping neuropsychological
signatures but divergent biomarker trajectories between the two groups [106]. Addressing
this imbalance will be critical to refining prodromal staging frameworks and ensuring
applicability across the full FTLD spectrum.

Accurate and early diagnosis of FTD requires not only a refined clinical framework
but also the systematic implementation of validated and standardized assessment tools.

Given the clinical and genetic heterogeneity of FTD phenotypes, it is essential to
employ cognitive, behavioural, and motor assessments that are sensitive to the subtle
prodromal manifestations of both familial and sporadic variants.
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From a methodological standpoint, many existing cognitive and functional rating
instruments were originally developed for Alzheimer’s disease and thus fail to capture the
distinct behavioral, language, and social cognition changes characteristic of FTD.

Harmonization of testing protocols and interpretive criteria is critical to enable com-
parability across studies and clinical settings. This includes aligning severity descriptors
with the actual degree of functional and pathological involvement, as determined by
normative reference data. Standardization of test batteries and scoring methods will sup-
port early detection, longitudinal tracking, and phenotypic stratification across the FTLD
spectrum [167–169].

To date, the CDR scale remains the most widely used tool to assess dementia severity.
However, it is not well-suited for capturing the clinical subtleties of FTD. As such, modified
versions like the CDR plus NACC FTLD [170–172] and the FTD rating scale have been
introduced to improve sensitivity to FTD-specific domains. The Clinical Dementia Rating
(CDR) and its FTLD-modified version offer useful staging metrics, yet their sensitivity in
the prodromal phase remains suboptimal, particularly for non-amnestic and behavioral
presentations [172]. Recent psychometric analyses have highlighted a potential ceiling
effect in early disease and a limited capacity to differentiate mild bvFTD from psychi-
atric phenocopies. Novel multidomain tools, such as the Amsterdam IADL Questionnaire
(A-IADL-Q) [173], the MiND-SET battery for social and emotional cognition, the Global
Assessment of Functioning (GAF) [174] and digital behavioral monitoring platforms, show
promise in capturing subtle, ecologically valid manifestations [175]. A comprehensive
cognitive assessment should encompass evaluation of multiple domains. Language testing
should include object naming, conversational abilities, comprehension, repetition, fluency,
reading, and writing. Executive functions should be assessed through tasks evaluating plan-
ning, organization, working memory, verbal fluency, and symbol-digit substitution. Social
cognition measures should address theory of mind, empathy, perspective-taking, mental
flexibility, apathy, self-awareness, and emotional recognition, with additional neuropsy-
chological testing when needed. Visuoperceptual and spatial skills should be examined
through figure copying and angle discrimination. Episodic memory evaluation should
include both verbal and visual learning tasks. Attention should be assessed using sustained
attention paradigms, such as responding selectively to specific stimuli within a time-limited
sequence [176]. The Wechsler Memory Scale-Revised (WMS-R) Digit Span Backwards (DSB)
can be employed to measure auditory working memory and attention [177], the Wechsler
Adult Intelligence Scale-Revised Digit Symbol task to assess processing speed and visual
attention, the Trail Making Test (Parts A & B) to evaluate visual attention, processing speed,
and cognitive flexibility [178], and the Delis-Kaplan Executive Function System Color
Word Interference Test to examine cognitive flexibility and inhibitory control [179]. The
A-IADL-Q, available in both 70- and 30-item versions, benefits from strong psychometric
properties and accounts for the functional impact of motor symptoms, though it is not
specific to FTD. The GAF, currently used in psychiatric settings, could be adapted to incor-
porate anchors for motor, cognitive/behavioural, and functional dimensions. Cognitive
assessment should rely on standardized tools that minimize the confounding influence
of motor impairments [155,167]. Instruments such as the Edinburgh Cognitive and Be-
havioural ALS Screen (ECAS) and the ALS Cognitive Behavioural Screen (ALS-CBS) have
proven effective in ALS and may serve as useful models for FTD, particularly during the
prodromal phase. Nevertheless, overlapping cognitive domains complicate interpretation.
For instance, impaired performance on memory tasks may stem from executive dysfunction
rather than primary memory deficits. This underscores the need for consensus-driven,
domain-specific definitions and validated outcome measures applicable across both clinical
and research settings. Clarifying the temporal dynamics and hierarchical involvement of



Int. J. Transl. Med. 2025, 5, 52 20 of 54

cognitive domains is critical for improving diagnostic specificity and establishing reliable
clinical trial endpoints. Although memory impairments have been reported in FTLD, these
findings must be interpreted cautiously, as many memory tests also engage executive
processes. A refined cognitive taxonomy is therefore needed to distinguish primary deficits
from secondary effects and to better characterize disease progression.

The scales used to assess the behavioural domain include behavioural and neuropsy-
chiatric questionnaires. The Neuropsychiatric Inventory Questionnaire (NPI-Q) [180] com-
prises items such as apathy/indifference, depression/dysphoria, delusions, hallucinations,
disinhibition, irritability/lability, agitation/aggression, anxiety, night-time behaviours,
elation/euphoria, motor disturbances, and appetite/eating changes. Each feature was
rated as present (mild, moderate, or severe) or absent. The 15-item version of the Geri-
atric Depression Scale (GDS) [181] was employed as a measure of depressive symptoms,
particularly dysphoria. Self-awareness represents a key aspect for patient management
and caregiver support. This dimension was investigated using the Interpersonal Reactiv-
ity Index (IRI), specifically the Empathic Concern and Perspective Taking subscales, as a
measure of informant-reported empathy [182].

Assessment of motor function would also benefit from integration of digital biomark-
ers and wearable sensor technologies capable of detecting subtle, early motor changes
in real-world settings. These tools could provide ecologically valid, continuous data to
support longitudinal tracking of disease evolution from the prodromal phase onward.

Despite recent progress, defining the prodromal stage of FTD remains challenging.
Current diagnostic frameworks, particularly the Barker [41] and Benussi [40] criteria,
represent an important step toward operationalizing early disease stages but also have
notable limitations. Their reliance on the FTLD-CDR plus NACC FTLD score of 0.5 may
restrict sensitivity and specificity for detecting the earliest subclinical manifestations and
introduces a potential cohort bias, as most validation studies were conducted in familial or
research-based populations.

Recent research efforts have therefore focused on integrating multimodal and longitu-
dinal indicators, including subtle changes in social cognition, apathy, executive function,
and digital or ecological behavioral metrics, to refine the delineation of the prodromal
phase. Incorporating biomarker-supported staging models and neuroimaging markers of
network dysfunction (e.g., salience and default-mode connectivity) could further enhance
early diagnostic precision and allow for the identification of preclinical conversion markers.

In this context, the tri-axial model, encompassing the frontotemporal (cognitive–
behavioral), motor (pyramidal and extrapyramidal), and neuropsychiatric axes, offers
a comprehensive perspective to capture the heterogeneity of prodromal manifestations
and to align clinical characterization with underlying pathophysiological mechanisms.
However, harmonized methodologies that integrate both familial and sporadic cases are
still lacking. Future validation efforts should systematically compare genetic and sporadic
cohorts using standardized behavioral, cognitive, and biomarker endpoints, to delineate
shared versus divergent prodromal trajectories. This approach would not only mitigate
cohort bias but also facilitate the cross-validation of staging instruments. Developing FTD-
specific composite indices that integrate cognitive, behavioural, and functional measures,
analogous to AD composite scores, may ultimately enhance diagnostic granularity and
trial readiness.

In conclusion, the development and validation of harmonized, domain-specific, and
disease-sensitive assessment tools, along with standardized terminology and scoring sys-
tems, are imperative for advancing diagnostic precision, enhancing longitudinal phenotyp-
ing, and guiding targeted therapeutic strategies across the FTLD disease spectrum.
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6. Biomarkers for Preclinical and Prodromal FTD
Diagnosing FTLD pathology and differentiating it from related diseases that often

co-exist in co-pathology, such as sporadic AD [95] or the non-neurodegenerative primary
psychiatric disorders [183], as well as identifying prodromal cases within the FTLD spec-
trum and monitoring disease progression, represent key goals for improving diagnostic
precision. Specifically, Neuroimaging and fluid biomarkers represent pivotal tools for both
research and clinical practice FTLD. Beyond their role in early and differential diagnosis,
these modalities provide unique In vivo insights into the pathophysiological processes
underlying disease progression. Structural and functional imaging techniques enable the
detection of subtle regional brain changes long before clinical onset, while advanced fluid
biomarkers, including neurofilament light chain (NfL) and emerging markers of synaptic
and glial dysfunction, offer sensitive indicators of neuronal injury and disease activity.

Importantly, the integration of multimodal biomarker data is transforming the clinical
management of FTLD, from improving diagnostic accuracy and staging to monitoring
disease progression and evaluating therapeutic efficacy in clinical trials. As the field moves
toward precision medicine, neuroimaging and fluid biomarkers are becoming indispensable
for defining individualized disease trajectories and identifying windows of therapeutic
opportunity during the preclinical and prodromal phases.

6.1. Fluid Biomarkers (Figure 1C)
6.1.1. Tauopathy

FTLD has been included as a contrast group in many AD studies of tau and amy-
loid beta (Aβ) fluid biomarkers providing relevant information. CSF biomarkers have
shown potentiality both differentiating FTLD from other dementias and non-degenerative
disorders and utility in distinguish among FTLD spectrum.

Tau-associated FTLD subtypes do not typically show elevated cerebrospinal fluid
(CSF) levels of total tau (t-tau) or phosphorylated tau at residues 181 or 217 (p-tau181 and
p-tau217, respectively), unlike AD, where these markers are significantly increased and
disease-specific [184–188]. In FTLD, CSF t-tau and p-tau181 levels have been inconsistently
reported as either elevated or reduced [189,190]. Accordingly, an increased CSF tau/Aβ42
ratio is a useful tool to distinguish AD from FTLD, showing high diagnostic accuracy
(specificity of 70% in AD vs. bvFTD, and 86% in AD vs. svPPA) [191–193]. In FTLD,
CSF levels of Aβ species (Aβ38, Aβ40, Aβ42) and soluble amyloid precursor protein-β
(sAPPβ) are generally reduced compared to controls [194,195], but the CSF Aβ42/Aβ40
ratio remains within normal range in FTLD, differentiating it from AD, which typically
shows a selective reduction in Aβ42 [195].

Among FTLD spectrum, lower CSF p-tau levels may help discriminate FTLD-TDP
from FTLD-tau in sporadic, pure FTLD cases after excluding AD [196]. The CSF p-
tau/t-tau ratio is decreased in FTLD-TDP, distinguishing it from FTLD-tau with sensi-
tivity and specificity around 82% and 62%, respectively, particularly in cases without
co-pathology [184,197–201]. Specific tau isoforms such as 4R tau species (MTBR-tau275
and MTBR-tau282) have shown potential in differentiating CBD from PSP [202].

As regards plasma biomarkers some help arrives for the two previous goals. Plasma
biomarkers such as p-tau181, p-tau217, and the p-tau181/NfL ratio are decreased in CBS,
PSP, bvFTD, nfvPPA, and svPPA [186,203,204]. The discrepancy about plasma p-tau181,
p-tau217 and p-tau231 rate that is high in AD, relative to controls, but not in FTD allow to
differentiate the two diseases with close to 100% accuracy using a simple blood test [205,206].
Interestingly, plasma p-tau181 and p-tau217 may be elevated in ALS [207–209].

Emerging evidence supports the use of 4R tau seed amplification assays (SAA) from
skin biopsy specimens for PSP diagnosis. The accuracy of this method depends on
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anatomical site and biopsy count, with a reported specificity of 93% and sensitivity of
87.5%) [210,211].

6.1.2. TDP-43 Proteinopathy

Despite efforts to develop fluid biomarkers for TDP-43, their specificity for FTLD
pathology remains limited [212]. Most antibodies target phosphorylated C-terminal TDP-
43, a hallmark of pathological aggregates. Phosphorylated TDP-43 detection and CSF-based
RT-QuIC assays may improve specificity, though further validation is needed [213,214]. It
is necessary to keep in mind that since TDP-43 aggregates may be found in copathology
(i.e., in AD patients, in Limbic-predominant age-related TDP-43 encephalopathy [LATE], in
other neurodegenerative disorders, or in some aged people) lack of specificity for TDP-43
biomarkers persists yet. However, these markers have shown promise in distinguishing
FTLD and ALS from controls with >80% sensitivity and 80% specificity [213,215,216].
In familial FTLD-TDP due to GRN mutations, both CSF and plasma PGRN levels are
markedly reduced, with nearly 100% diagnostic accuracy [217–219]. Glial fibrillary acidic
protein (GFAP) levels are increased in blood. In C9orf72 expansion carriers, CSF poly-GP
levels are elevated [220]. It is worth of mention that TDP-43 regulates UNC13A cryptic
exon (CE) splicing; its dysfunction results in stable CE protein accumulation detectable
in FTLD/ALS and AD postmortem tissue and CSF [221]. Moreover, A novel candidate
biomarker, hepatoma-derived growth factor-like protein 2 (HDGFL2-CE) that is a protein
encoded by some CE, accumulates in the amygdala of FTLD-TDP patients and correlates
with earlier disease onset.

6.1.3. FET Proteinopathy

There are currently no reliable fluid biomarkers for FET pathologies due to their rarity
and lack of consistent CSF/plasma detectability. CSF FUS levels have been preliminarily
investigated in ALS but not in FTLD, with inconclusive outcomes [222].

No markers exist for ubiquitinated protein aggregates [186,223]. Ideally, a combined
panel measuring markers of tau, TDP-43, and FUS would allow for accurate pathologic
diagnosis of FTD, but these have so far posed important challenges.

6.1.4. DPR Proteinopathy

In C9orf72 expansion carriers, CSF poly-GP is detectable in both symptomatic and
pre-symptomatic stages. Levels are stable and correlate with mutation status, though not
with disease progression [219,224].

CSF poly-GA, poly-GR, and poly-PR lack reliability due to insolubility and poor
detectability [81]. No approved plasma biomarkers for DPRs currently exist [81,219].

Although cerebrospinal fluid poly-GP has emerged as a promising biomarker of target
engagement in therapeutic trials, the analytical sensitivity and translational feasibility
of assays for DPR remain limited. Quantification is challenged by the insolubility and
conformational heterogeneity of DPR aggregates, leading to variability across assay plat-
forms. Standardization of detection methods and cross-validation among laboratories are
therefore essential steps toward the clinical implementation of DPR-based biomarkers in
C9orf72-related FTLD [225].

Regardless of FTLD subtype group, both CSF and blood NfL, a general biomarker for
neurodegeneration, levels are elevated in CBS, PSP, bvFTD, nfvPPA and svPPA, and are
extremely high in ALS. In fact, NfL are emerging as markers in the differential diagnosis of
ALS (extremely high), FTD (very high), and atypical Parkinson’s syndrome (discretely high),
AD (high). Thus, high levels of NfL in combination with negative AD biomarkers strongly
suggest a non-AD neurodegenerative disease [217,226,227]. Moreover, neurofilament
light chain (NfL) shows promise as a blood-based biomarker for symptomatic genetic FTD
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carriers. It demonstrates moderate accuracy in distinguishing primary psychiatric disorders
(PPD) from mild or early forms of FTD, including C9orf72 mutation carriers. Blood NfL
levels are elevated in all symptomatic genetic mutations (MAPT, C9orf72, and GRN). An
optimal NfL cutoff of 22.1 pg/mL (J = 0.647) distinguishes symptomatic genetic FTD from
PPD with 78.5% sensitivity and 86.2% specificity, whereas a lower cutoff of 16.2 pg/mL for
mildly symptomatic individuals provides 86.7% sensitivity and 73.5% specificity. These
findings highlight NfL as a valuable tool for early detection and differential diagnosis
within the FTLD spectrum [228].

Other biomarkers include increased CSF levels of YKL-40 (CHI3L1) and GFAP, and
reduced levels of CSF Aβ38, Aβ40, Aβ42, and sAPPβ [108,220,229].

Therefore, these multiple findings suggest that the assessment of CSF and blood t-Tau,
pTau (281/217/231), Aβ42, Aβ40, Aβ42/Aβ40 ratio, and the assessment of serum neuro-
filament (NfL) in co-evaluation of other biomarkers improves FTLD vs. AD differential
diagnosis, although FTLD-specific biomarkers are still lacking.

Recent studies suggest that combining CSF NfL, YKL-40, and sAPPβ may discriminate
FTLD syndromes from controls [230,231], since YKL40 is elevated also in other neurode-
generative disorders including AD, while sAPPβ concentrations were specifically lower
in FTLD syndromes [230,232], with similarity of results in an autopsy-confirmed FTLD
cohort [233,234]. Moreover, plasma pTau181 and pTau2017 are close to clinical application
and CSF poly-GP may reflect target engagement in therapeutic trials. Recent findings sug-
gest that candidates next to NfL, phosphorylated neurofilament heavy chain (pNfH), GFAP
and PGRN are chitinase 1 (CHIT-1), aquaporin-4 (AQP4), pentraxins, synaptic markers
(e.g., neurogranin, SNAP-25, beta-synuclein) [235]. CSF samples from 238 participants
of the GENFI cohort, including 107 presymptomatic (44 C9orf72, 38 GRN, and 25 MAPT)
and 55 symptomatic (27 C9orf72, 17 GRN, and 11 MAPT) mutation carriers, as well as
76 mutation-negative controls, were analysed using tandem mass tag proteomics, an un-
targeted mass spectrometric approach, to identify proteomic signatures in genetic FTLD.
Among the proteins consistently altered across all three genetic forms, neuronal pentraxin
2 and fatty acid binding protein 3 were prominently affected. Notably, lysosomal proteins
exhibited a marked decrease exclusively in MAPT mutation carriers, whereas other genetic
groups did not show such changes. Importantly, proteomic alterations were detectable
even in presymptomatic mutation carriers, underscoring the potential of CSF proteomic
profiling for the early identification of biomarkers in genetic FTLD.

In addition to these pathology-biomarkers, plasma profiling of inflammatory factors,
including cytokines and chemokines, has highlighted the central role of neuroinflamma-
tion in FTLD pathogenesis, particularly in genetic forms [236]. GRN haploinsufficiency
leads—among others—to PGRN deficits, resulting in complement activation, neuroinflam-
mation, astrogliosis, and microglial alterations, which exacerbate lysosomal dysfunction
and synaptic pruning [237,238]. MAPT mutations, by disrupting the balance between
protein phosphatase 2A (PP2A) and glycogen synthase kinase-3β (GSK-3β), similarly
drive neuroinflammation, oxidative stress, and cognitive decline, while evidence suggests
C9orf72 mutations contribute to inflammatory mechanisms [239]. Circulating microRNAs
and long non-coding RNAs in GRN and C9orf72 carriers further modulate cytokine and
chemokine expression [240]. A profiling study on a well-characterized genetic GENFI
cohort revealed widespread upregulation of TNF-α, IL-7, IL-15, IL-16, and IL-17A in MAPT
and GRN carriers, with additional inflammatory mediators, including IL-1α, IL-6, IL-10,
IL-12/IL-23p40, eotaxin, eotaxin-3, IP-10, and MCP-4, specifically elevated in GRN carriers.
Notably, IL-1α was downregulated even in presymptomatic carriers, suggesting its early
reduction may serve as a longitudinal biomarker preceding clinical symptom onset [241].
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6.2. Neuroimaging Biomarkers
6.2.1. Magnetic Resonance Imaging (MRI)

The diagnostic value of anatomical MRI in frontotemporal lobar degeneration (FTLD)
is well established and is incorporated into current diagnostic criteria. The location of
maximal atrophy within behavioral and/or language-related neural networks appears to
determine the clinical phenotypes of FTLD variants [242]. Structural MRI and diffusion
tensor imaging (DTI) provide detailed insights into brain anatomy, allowing measurement
of GM thickness and WM tract integrity. Importantly, MRI can detect neuroanatomical
changes up to 10 years before symptom onset. Atrophy typically begins in the insular
and temporal cortices (approximately 10 years before expected symptom onset), followed
by the frontal cortex and subcortical areas (about 5 years before onset), the parietal and
cingulate cortices (around onset), and, finally, the occipital cortex (5 years after onset)
and the cerebellum (10 years after onset) [152]. MRI thus plays a central role in the
diagnostic evaluation of FTLD, enabling both syndrome-level differentiation and inference
of underlying pathology.

Across FTLD syndromes, group-level analyses of brain volume loss have revealed char-
acteristic and relatively syndrome-specific atrophy patterns when compared with healthy
controls. In bvFTD, atrophy involves the prefrontal cortex, insula, and anterior temporal
lobes bilaterally. Indeed, frontal, insular, or anterior temporal atrophy (or hypometabolism
on FDG-PET) is a mandatory criterion for a “probable” bvFTD diagnosis [243]. Within
bvFTD, the subgroup of patients presenting socially maladaptive behaviours, including
criminal conduct, and who tend to exhibit higher rates of disinhibition, lower levels of
apathy, and better performance in verbal fluency, show reduced GM density and cortical
thickness in the temporal lobe, predominantly in the left hemisphere. Structural brain dam-
age associated with disinhibition appears to localize to the superior temporal gyrus and is
accompanied by functional disconnection, as demonstrated by resting-state fMRI, between
the left anterior superior temporal gyrus and widely distributed cortical regions, including
the precentral sulcus and inferior frontal junction, associated with executive control [244].
From a network perspective, brain organization is thought to follow a developmental tra-
jectory of increasing differentiation, while aging and disease promote “de-differentiation.”
Supporting this framework, a DTI study on 90 bvFTD patients and 71 cognitively normal
controls generated probabilistic tractography maps and calculated system segregation, a
metric quantifying the balance of within- versus between-network connectivity. Patients
with bvFTD who exhibited greater executive dysfunction showed significantly lower segre-
gation in both the salience network and the global brain network. These findings suggest
that salience network de-differentiation contributes to executive impairment in bvFTD,
and more broadly, that reduced neural specialization may underlie executive dysfunction
in this disorder [245]. In nfvPPA, atrophy predominantly involves the left inferior frontal
gyrus (Broca’s area), with potential extension into the left middle and superior premotor
cortices and their right-hemisphere homologues as the disease progresses. Predominant
left posterior fronto-insular atrophy is considered supportive evidence for the diagnosis
of nfvPPA [10]. In svPPA, degeneration initially affects the left anteromedial temporal
lobe, subsequently extending to the right anteromedial temporal lobe and left orbitofrontal
cortex. Predominant anterior temporal lobe atrophy provides strong imaging support for
the diagnosis of semantic dementia [10]. The chronological anatomical progression of the
more common sporadic FTD variants (bvFTD, nfvPPA, svPPA) from the preclinical stage
to death has been investigated using large-scale neuroimaging data sharing combined
with lifespan modeling of brain volume changes [246] (brain charts) [247]. This analysis
included 8022 quality-controlled MRIs from multiple databases, encompassing 107 bvFTD,
44 svPPA, and 38 nfvPPA cases [248]. Examination of the sequential divergence of
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volumetric trajectories between normal aging and FTD variants revealed that subcortical
atrophy antedates focal cortical atrophy within specific behavioral and language networks,
with a “radiological” prodromal phase lasting 8–10 years, defined as the interval between
the first detectable structural alteration and canonical cortical atrophy. Five major stages
of atrophy progression were identified for each variant. In bvFTD, these stages progres-
sively involve: (1) bilateral amygdala; (2) bilateral striatum; (3) bilateral anterior insula;
(4) bilateral hippocampus and thalamus; and (5) right temporal pole and middle temporal
gyrus, bilateral prefrontal cortex (gyrus rectus, inferior frontal gyrus), orbital gyri, and
frontal poles. In svPPA: (1) bilateral amygdala; (2) left temporal pole, left hippocampus,
and left anterior insula; (3) left middle temporal gyrus and striatum; (4) other left tem-
poral structures; and (5) right-lateralized temporal atrophy. In nfvPPA: (1) left striatum;
(2) bilateral anterior insula; (3) left thalamus; (4) left (and subsequently right) operculum;
and (5) left precuneus and cuneus. The prodromal phase lasted approximately 8 years
in bvFTD (from right amygdala to right insular atrophy), 10 years in svPPA (from left
amygdala to left temporal pole atrophy), and 8 years in nfvPPA (from left putamen to
left insular atrophy). Across the disease course, the most severely affected structures
were subcortical regions, underscoring their central role in FTLD pathophysiology. In
bvFTD, the right caudate, right nucleus accumbens, and left nucleus accumbens were the
most affected (divergence from healthy aging trajectories at 90 years: 9.2, 8.8, and 8.4,
respectively). In svPPA, the most affected regions were the left inferior temporal gyrus,
left accumbens, and left hippocampus (8.1, 7.1, and 6.5). In nfvPPA, the left accumbens,
right accumbens, and left anterior insula were the most affected [248]. Other FTLD-related
syndromes also demonstrate characteristic atrophy patterns. PSP is associated with atrophy
along the dentatorubrothalamic WM pathway, extending from the dentate nucleus of the
cerebellum through the superior cerebellar peduncle to the midbrain and thalamus, with
occasional mild frontal involvement. CBS typically presents with asymmetric degeneration
of the frontoparietal lobes, while FTD-ALS most often presents with mild frontal lobe
atrophy [176].

Distinct patterns of atrophy have also been identified across genetic FTLD groups,
reflecting the selective vulnerability of large-scale neural networks and the progressive
spread of pathological proteins through these networks as the disease advances [123]
(Figure 1D).

MAPT mutation carriers exhibit greater medial temporal lobe (MTL) atrophy than
controls in the preclinical stage [249], with early involvement of the hippocampus
and amygdala, followed by the temporal lobe and, later, the insula in the prodromal
phase [152,250–256]. A recent study in a large GENFI cohort of MAPT mutation carri-
ers, stratified into asymptomatic, prodromal, and symptomatic groups, applied linear
mixed models to measures of cortical thickness, WM integrity, and functional connectiv-
ity (FC) [257]. This study demonstrated that disease propagation follows a progressive,
staged trajectory of structural and functional alterations, with distinct patterns at each
stage. In asymptomatic carriers, early FC changes were detected in the salience network
(reduced eigenvector centrality, degree, and strength) and in the visual network (increased
connectivity), associated with only subtle cortical thinning in the left anterior cingulate
gyrus, while WM integrity remained preserved. In the prodromal stage, FC alterations
were accompanied by structural damage and WM tract disruptions in regions directly con-
nected to early-affected networks. Cortical atrophy was observed in the left cingulate and
left temporal pole with medium effect sizes. WM alterations included reduced fractional
anisotropy in the rostrum of the corpus callosum, bilateral uncinate fasciculus, and left
cingulum, as well as increased radial diffusivity in the left uncinate fasciculus. FC changes
largely mirrored the asymptomatic-stage pattern, with additional eigenvector reductions
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in the frontoparietal network, increased connectivity in the sensorimotor network, and
higher degree centrality in the default mode network. In symptomatic carriers, cortical
thinning extended to the bilateral temporal lobes (both lateral and mesial), left cingulate,
and bilateral frontal lobes, with large effect sizes. WM integrity was reduced in the ante-
rior corpus callosum (rostrum, genu, rostral body, anterior midbody) and splenium, as
well as in the bilateral uncinate and inferior longitudinal fasciculi and left cingulum. FC
alterations at this stage included reduced eigenvector centrality in the dorsal attention
network. The early occurrence of FC changes in the absence of structural abnormalities, as
observed in the preclinical stage, may reflect both pathological processes and compensatory
mechanisms. The former aligns with the concept of connectomal diaschisis, where a focal
“lesion” induces distal network changes, either reductions due to pathological disruption or
increases resulting from network overexcitation secondary to diminished inhibitory control.
Conversely, compensatory mechanisms may involve pathology-driven disruptions in some
networks that promote increased connectivity in others, highlighting the dynamic balance
between resilience and vulnerability in early MAPT-related neurodegeneration. These
findings align with the close pathology–phenotype correspondence: the first structural
changes in the prodromal stage occur in regions and tracts associated with the earliest
cognitive symptoms in MAPT carriers, including anomia and semantic or episodic memory
impairment. WM integrity becomes compromised in the prodromal phase, when subtle
clinical symptoms may emerge but remain insufficient for a definitive diagnosis. This pat-
tern supports the hypothesis that tau pathology propagates along WM tracts in a prion-like
manner, spreading through connected networks. Thus, the sequential progression from FC
alterations to structural degeneration, consistent with the hypothesis of tau propagation
along axonal pathways, provides a potential theoretical model for the development of
early biomarkers. Functional networks may therefore sustain long-term compensation for
a genetically determined disease, with clinical symptoms emerging only when structural
damage exceeds a critical threshold [257].

In GRN mutation carriers, the preclinical stage is not marked by the characteristic
asymmetry observed in later phases [249]. During the prodromal stage, the insula is the first
region affected, followed by the temporal and parietal lobes, and subsequently the striatum,
typically with asymmetric involvement [152,250–256]. The asymmetric involvement of
cerebral hemispheres gives rise to two distinct anatomical asymmetry patterns depending
on the side of disease onset, each associated with differences in clinical presentation,
baseline severity, and disease progression. Specifically, right-sided onset is associated with
more severe baseline disease but slower progression, while left-sided onset predicts faster
decline. This anatomical asymmetry is detectable in GRN carriers up to 10.4 years before
symptom onset, highlighting its potential utility as a prodromal biomarker for predicting
conversion in these individuals [258].

C9orf72 expansion carriers show early involvement of subcortical, insular, and oc-
cipital regions, followed by progressive degeneration of the frontal and temporal lobes
and, ultimately, the cerebellum [152,250–256]. As C9orf72 gene expansion represents the
principal genetic cause of the FTD-ALS phenotype, making the assessment of corticospinal
tract WM volumes a relevant neuroimaging biomarker for disease monitoring. A consistent
reduction in the volumetric proportion of WM across all brainstem subregions has been
observed in symptomatic carriers. Among these, patients with ALS phenotype exhibited
lower WM ratios in the pons and medulla compared to patients with FTD phenotype.
Clinical severity was negatively associated with WM ratios. Furthermore, C9orf72 carriers
demonstrated a more pronounced age-related loss of WM compared to non-carriers, with
MND patients showing significantly greater atrophy in the pons and medulla.
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Patterns of atrophy in MAPT mutation carriers resemble those of FTLD-tauopathy,
whereas those in GRN and C9orf72 carriers parallel FTLD-TDP-43 proteinopathy. No
single visual rating scale can optimally distinguish FTLD subtypes, but frontal scales (or-
bitofrontal, anterior cingulate, frontoinsular) are most effective for differentiating FTLD-tau,
while temporal scales (anterior and medial temporal) best identify FTLD-TDP [259–262].
WM changes tend to be more severe and widespread in FTLD-TDP-43 proteinopathies
(particularly in GRN mutations), whereas FTLD-tau typically produces more localized WM
involvement [263,264].

The recent development of lifespan brain charts has enabled the modelling of anatom-
ical progression in genetic FTLD, combining 37,532 MRIs from healthy controls spanning
the entire lifespan with 1341 MRIs from carriers of pathogenic FTLD mutations aged
18–86 years [265]. In C9orf72 and MAPT mutation carriers, the first significant regional
brain volume differences were detected on average at 27 years of age, whereas in GRN car-
riers they appeared at 42 years. The presymptomatic phase, defined as the interval between
the onset of anatomical changes and the average age of symptom onset, was estimated
at 13 years for MAPT, 17 years for GRN, and 34 years for C9orf72 carriers. Cumulative
atrophy across the lifespan was approximately twice as severe in affected regions in MAPT
compared with GRN or C9orf72 carriers. However, the spatial extent of neurodegenera-
tion was greatest in C9orf72 carriers (35 of 61 brain regions affected), compared to GRN
(25 regions) and MAPT (18 regions). Chronological staging revealed that in C9orf72 carriers,
atrophy begins in the thalamus and progresses to frontotemporo-insular regions, striatum,
and amygdala. In GRN carriers, atrophy first involves fronto-insular areas before extend-
ing to subcortical structures. In MAPT carriers, degeneration originates in the anterior
temporal pole, amygdala, and hippocampus, and subsequently progresses to fronto-insular
regions and the striatum. Overall, these findings highlight that C9orf72-related FTLD is
the most spatially diffuse yet slowest to emerge, MAPT-related FTLD is more focal but
aggressive, and GRN-related FTLD is also rapidly progressive but with a later onset of the
presymptomatic phase.

Given the need for longitudinal biomarkers to monitor disease progression, cere-
bral perfusion has been evaluated in presymptomatic genetic FTD. Longitudinal arterial
spin labelling (ASL) MRI in 47 C9orf72, 70 GRN, and 31 MAPT carriers, compared with
158 non-carriers, revealed distinct patterns of decline. All genetic subgroups exhibited
greater global GM perfusion reduction, detectable from year 1 in GRN and MAPT car-
riers and from year 2 in C9orf72 carriers. Regional analyses showed subgroup-specific
profiles: C9orf72 carriers showed predominant right frontal hypoperfusion (pars oper-
cularis, orbitalis, triangularis, orbitofrontal cortex) with additional involvement of right
superior temporal gyrus, caudate, putamen, hippocampus, and thalamus; GRN carriers
displayed more widespread, left-lateralized decline; and MAPT carriers exhibited selective
hypoperfusion in the left thalamus, a region also affected in GRN and C9orf72, suggesting
a shared vulnerability. These findings implicate early perfusion decline in C9orf72 and
GRN carriers involved core salience network nodes (insula, anterior cingulate, posterior
orbitofrontal cortex), crucial for behavioural regulation and attention, consistent with the
behavioral variant FTD phenotype most frequently associated with these mutations. This
vulnerability may reflect selective susceptibility of von Economo neurons, where TDP-43
pathology (the hallmark inclusion of C9orf72 and GRN FTD) has been identified in the
right frontoinsular region and linked to salience network atrophy. Importantly, converters
to symptomatic FTD showed greater perfusion decline than non-converters, particularly in
right frontal regions, reinforcing cerebral perfusion as a potential prodromal biomarker of
disease progression.
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6.2.2. Positron Emission Tomography (PET) Imaging

Despite significant advances in PET imaging, proteinopathy-specific tracers for FTLD
remain lacking. Tau PET ligands face several limitations, including non-specific binding
and poor affinity for 3R and 4R tau isoforms. While existing tracers reliably detect AD-type
tau deposits, only a few exhibit reactivity with non-AD tau pathologies. Cryo-electron mi-
croscopy has further revealed at least two distinct binding modes of these compounds to tau
protofibrils, explaining their selective affinity for AD versus non-AD tau [266]. Several radi-
oligands have been investigated, including ˆ18F-flortaucipir (ˆ18F-AV1451), ˆ18F-MK6240,
ˆ18F-THK5351, and ˆ18F-THK5317. These ligands can capture neuronal somatodendritic
tau inclusions composed of all six isoforms observed in AD, but in vivo detection of 3R tau
isoforms remains challenging due to low signal, off-target binding, and the lack of robust
postmortem validation for non-AD tau aggregates. For instance, ˆ18F-AV1451 shows lim-
ited utility in FTLD because of its low sensitivity to 3R and 4R tau [267,268]; in PiD, despite
AT8 immunohistochemistry–confirmed high tau burden in the temporal and parietal lobes,
uptake remained relatively uniform across brain regions [269]. By contrast, ˆ18F-PI-2620
demonstrates higher affinity for 4R tau in the putamen and greater binding in PSP-RS and
CBS compared with ˆ18F-AV1451, though its ability to detect 3R tauopathies has yet to be es-
tablished [270]. A promising advance is ˆ18F-florzolotau (ˆ18F-APN-1607, ˆ18F-PM-PBB3),
a next-generation tau radioligand enabling high-contrast imaging of tau fibrils in both
AD and non-AD tauopathies, including 3R and 4R isoforms. It has shown capacity to
identify a broad spectrum of tau aggregates in vitro and in vivo and may stratify patients
with clinical FTD into neuropathology-based subgroups on visual and quantitative PET
assessments: 3R-like (predominant frontotemporal and frontolimbic accumulation), 4R-like
(posterior cortical and subcortical accumulation), AD-like (both amyloid and tau), and
tau-negative (absence of overt tau/amyloid pathology) [271]. However, neuropathological
correlation remains limited, with only one study demonstrating significant concordance
between ˆ18F-florzolotau PET signals and Pick body density (AT8 immunochemistry) in
PiD, particularly in frontotemporal regions (most prominent the orbital and inferior frontal,
superior frontal and inferior temporal cortices). [272]. To date, no PET tracers targeting
TDP-43, FET, or UPS proteinopathies are available, though ongoing research is attempting
to overcome these challenges [266].

Despite remarkable progress, current in vivo tools remain limited in their ability to
detect early protein misfolding events, particularly during preclinical and prodromal stages.
The specificity of tau PET ligands for non-AD tau isoforms (3R and 4R) remains subop-
timal due to low binding affinity, off-target signals, and limited postmortem validation.
Similarly, the lack of reliable in vivo markers for TDP-43 and FET proteinopathies contin-
ues to represent a major barrier to accurate molecular classification and early therapeutic
targeting [273].

In contrast, FDG-PET is a well-established marker of neuronal dysfunction, detecting
glucose hypometabolism early in the disease course. The correspondence between neural
dysfunction and hypometabolism on PET FDG has allowed to correlate specifical pattern
to the phenotype. In bvFTD, FDG-PET typically demonstrates bilateral hypometabolism
in the prefrontal and anterior temporal lobes, accompanied by reduced structural and
functional connectivity within and between frontotemporal regions. Several regions are
almost universally involved, including the anterior cingulate cortex, anterior insula, or-
bital and medial frontal cortices, and the temporal poles, consistent with the concept of
disease epicentres. Degeneration of basal and limbic networks is a hallmark feature of
bvFTD [274,275]. Early phase of bvFTD typically shows frontoinsular, anterior cingulate,
and orbitofrontal hypometabolism, which can be present when MRI is normal or equivocal,
useful for ruling in neurodegeneration and excluding “phenocopy” cases.
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In svPPA, hypometabolism predominantly affects the left anteromedial temporal
lobe in early phase, with posterior spread within the same hemisphere and eventual
extension to the right anteromedial temporal lobe, insula, and orbitofrontal cortex [276].
The nfvPPA exhibits firstly marked hypometabolism in the left posterior–inferior frontal
regions, including Broca’s area (linked to agrammatism) and the superior premotor cortex
(associated with apraxia of speech), with then progression into the prefrontal cortex, basal
ganglia, and posterior motor cortex [274].

CBS is associated with asymmetric hypometabolism involving the posterior frontal
and anterior parietal lobes, in addition to basal ganglia involvement [277].

In PSP-RS, mild frontal hypometabolism may be present, but the dominant features
include metabolic and connectivity disruption along the dentatorubrothalamic tract, encom-
passing the midbrain and superior cerebellar peduncle [278]. Converging evidence suggests
that these regional patterns of hypometabolism reflect the brain’s intrinsic functional con-
nectivity, with disease spread occurring from epicentres through highly interconnected
cortical and subcortical networks.

In regard to underlying proteinopathy (Figure 1E), FTLD-Tauopathy is typically char-
acterized by glucose hypometabolism predominantly in frontal and temporal lobes, often
symmetric, whereas FTLD-TDP proteinopathy shows more asymmetric hypometabolism,
sometimes more posterior (e.g., parietal), especially in GRN mutations. Presymptomatic
C9orf72 carriers show hypometabolism in frontotemporal, insular, basal ganglia, and thala-
mic regions [279,280].

Additional tools include dopaminergic imaging with ˆ123I-FP-CIT SPECT (DaTScan)
or ˆ11C-DOPA PET, useful in FTLD-tau syndromes with parkinsonism (PSP, CBD), and
[ˆ11C]UCB-J PET, which quantifies synaptic density and reveals early synaptic loss. In
C9orf72 carriers, [ˆ11C]UCB-J detects thalamic synaptic loss in presymptomatic stages, with
widespread frontotemporal involvement in symptomatic phases [281].

Neurotransmitter pathway alterations represent also an emerging imaging biomarker
in prodromal FTD. While post-mortem studies have shown dopaminergic, serotonergic,
GABAergic, and glutamatergic deficits [282], a recent study employing JuSpace toolbox
has allowed in vivo mapping of grey matter atrophy patterns against neurotransmitter
system distribution [283]. In prodromal stages, atrophy co-localizes with specific pathways,
dopaminergic and cholinergic in C9orf72 carriers, dopaminergic and serotonergic in MAPT
carriers, with no significant changes in GRN carriers, whereas symptomatic stages show
widespread involvement of dopaminergic, serotonergic, and cholinergic systems across all
genetic subtypes. These imaging findings align with clinical phenotypes: dopaminergic
and serotonergic dysfunction contribute to impaired social cognition and empathy [284],
dopamine additionally to reward and emotion processing [285], and serotonin to emotion
regulation and social behaviour [286,287].

It is increasingly evident that a relationship exists between the regional burden of
proteinopathy and the clinical manifestations of disease, as well as a substantial correlation
between the spatial progression of proteinopathy and the functional connections originating
from salient pathological epicentres. The study of these relationships provides a crucial
opportunity to investigate the universality of connectivity as a scaffold for the propagation
of proteinopathy.

Nevertheless, despite these advances, capturing the earliest molecular events underly-
ing protein misfolding and aggregation in vivo remains a major challenge. The transition
from physiological to pathological protein states often occurs below the detection threshold
of current imaging and biochemical tools, underscoring the need for next-generation assays
capable of tracking these processes at preclinical stages [288].
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A comprehensive evaluation of multiple biomarkers currently represents the most
effective approach for improving the overall understanding of FTLD [289]. This strat-
egy aids in differential diagnosis, staging disease severity, and estimating survival
probability [190,290]. In the largest observational cohort study of genetic forms of FTLD,
incorporating families from the GENFI and ALLFTD consortia, MRI and NfL have emerged
as sensitive indicators in the presymptomatic stages [227,291]. In particular, temporal
patterns and the sequence of biomarker alterations vary significantly across genetic sub-
groups. In carriers of the C9orf72 repeat expansion, MRI appears to be the earliest detectable
biomarker, with brain volumes diverging from control values up to 40 years before the
expected onset of symptoms [292]. Between −40 and −10 years before phenoconversion,
widespread reductions in brain volume were observed across several regions of interest
(ROIs), with the thalamus demonstrating the most pronounced effect [250]. Between −10
and 0 years from expected onset, the temporal lobe showed the greatest volumetric decline,
followed by the parietal and frontal lobes. Notably, the rate of volume loss in C9orf72
carriers appears to remain relatively stable over time compared with other genetic subtypes.
Plasma NfL levels begin to diverge from those of healthy controls approximately 30 years
before symptom onset. In GRN mutation carriers, the earliest detectable biomarker is an
elevation in plasma NfL levels, which occurs around 15 years before the expected onset of
symptoms. These levels remain significantly elevated across all time intervals and show a
steep increase during the symptomatic phase. MRI-detected morphometric changes follow,
becoming evident approximately 5 to 10 years prior to symptom onset. These changes affect
nearly all brain regions except the striatum. The earliest significant volumetric deviations
are observed in the frontal and temporal lobes, approximately one year before clinical
onset. During the symptomatic stage, the greatest volume loss is found in the frontal,
temporal (including medial regions), insular, and striatal areas. In MAPT mutation carriers,
atrophy of the medial temporal lobe (MTL) is the earliest observable biomarker, detectable
around 10 years before symptom onset. The remaining temporal regions and the insula
demonstrate later and partially overlapping atrophy. In the symptomatic phase, the most
affected areas include the temporal, frontal, medial, insular, and striatal regions. As the
disease progresses, the MTL, the rest of the temporal lobe, the striatum, and the insula
exhibit accelerated volume loss. In contrast to the other groups, plasma NfL levels in MAPT
carriers show a significant increase only after the onset of clinical symptoms [293].

The importance of an integrated, multimodal evaluation of available biomarkers in the
diagnosis of FTLD has been confirmed by a recent study which, leveraging deep learning,
demonstrated that the use of a cascaded multimodal system enhances both diagnostic and
prognostic accuracy, even in the early stages of disease, when multimodal data integration is
applied as opposed to unimodal modelling. Notably, cerebrospinal fluid (CSF) biomarkers
were shown to play a key role in driving accurate model decisions [294].

A multimodal assessment remains the most effective strategy to detect the earliest
changes along the disease time course and to investigate the associated pathological alter-
ations, which may themselves represent potential biomarkers of conversion. For instance,
neuroinflammation and iron accumulation have been demonstrated in FTLD; however, the
timing of these processes, their clinical relevance, and whether they represent a cause or
a consequence of the disease remain uncertain. This uncertainty is further compounded
by the emerging role of cerebral glymphatic clearance as a potential contributor to disease
pathophysiology. Recently, approval was obtained for a multimodal biomarker study
employing a combination of ultra–high field (7T) MRI, blood-based biomarkers, and cere-
brospinal fluid measures to investigate the role of neuroinflammation, iron accumulation,
and brain clearance in FTLD, as well as to identify biomarkers capable of distinguishing
FTLD-TDP from FTLD-tau [295].
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Despite all these advances, predicting the underlying FTLD pathology in clinically
diagnosed FTD cases remains challenging due to partial discordance among clinical pre-
sentation, neuroimaging patterns, and biomarker profiles. For example, cases of bvFTD
with predominant medial prefrontal or anterior cingulate atrophy on MRI may still harbor
Alzheimer-type pathology, while conversely, TDP-43 pathology can manifest with rela-
tively preserved imaging findings in early stages. Fluid biomarkers such as plasma NfL,
although highly sensitive to neurodegeneration, lack disease specificity and can overlap
with other dementias, further complicating the prediction of molecular pathology. To
improve diagnostic accuracy in these overlapping syndromes—particularly distinguishing
FTLD from Alzheimer’s disease and primary psychiatric disorders—current strategies
combine neuropsychological profiling (focusing on social cognition, emotion recognition,
and language features) with advanced neuroimaging approaches. Structural MRI and FDG-
PET contribute to detecting frontotemporal hypometabolism or atrophy patterns, while
amyloid- and tau-PET imaging assist in excluding Alzheimer’s disease in ambiguous cases.
Recent machine-learning studies integrating clinical, cognitive, and multimodal biomarker
data have demonstrated improved differentiation of FTLD from psychiatric phenocopies,
underscoring the importance of comprehensive, multimodal diagnostic frameworks in
clinical practice.

7. Innovative Interventional Approaches in Early Disease Stages
To date, the treatment of FTLD has been primarily symptomatic, with limited clinical

benefits and, in some cases, potential exacerbation of symptoms. The main pharmacological
classes which have been tested include acetylcholinesterase inhibitors, NMDA receptor
antagonists, selective serotonin reuptake inhibitors, and antipsychotics [296]. The overarch-
ing aim of current research is to leverage the progressively expanding understanding of
disease pathogenesis to develop disease-modifying therapies [161,297].

For FTLD-TDP, therapeutic strategies include inhibition of TDP-43 aggregation, en-
hancement of TDP-43 aggregate clearance, upregulation of PGRN levels, activation of the
autophagy–lysosome system, and modulation of the ubiquitin–proteasome system. In
familial FTLD-TDP, the principal genetic causes are GRN mutations and C9orf72 repeat
expansions [296].

In GRN mutation carriers, the therapeutic goal is to restore PGRN to physiological
levels in order to normalize lysosomal function and modulate inflammatory responses.

Latozinemab, a human monoclonal antibody currently under investigation in the
pivotal Phase 3 INFRONT study, targets heterozygous loss-of-function GRN mutations. It
acts by blocking and downregulating the sortilin receptor, a critical regulator of plasma and
CNS PGRN concentrations. Previous studies demonstrated that latozinemab effectively
restored PGRN levels to the physiological range and slowed disease progression compared
with matched controls. The ongoing INFRONT-3 trial is evaluating its efficacy and safety
across a spectrum of disease severity, from at-risk individuals (asymptomatic but with
elevated serum NfL) to symptomatic participants (mild dementia with at least one of six
features required for possible bvFTD or PPA diagnosis) [298].

TAK-594/DNL593 is a novel replacement therapy under evaluation in a Phase 1/2
Denali Therapeutics–Takeda study. It consists of PGRN fused to an antibody fragment
targeting the transferrin receptor, engineered to cross the blood–brain barrier and de-
liver PGRN to lysosomes. Dose-dependent increases in CSF PGRN have been observed,
consistent with CNS delivery [299].

Recent human trials of gene replacement therapy in FTD-GRN (e.g., PR006) have
demonstrated feasibility and favorable safety profiles, with evidence of restored progran-
ulin levels in CSF and plasma. Gene therapy approaches include PR006 and PBFT02,
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single-dose adeno-associated virus–based vectors (AAV9 and AAV1, respectively) designed
to deliver a functional GRN gene. These are administered via cisterna magna injection in
Phase 1/2 studies (PROCLAIM and UpliFT-D). PBFT02 has shown consistent CSF PGRN
elevation in all participants, plateauing by six months and remaining durable through
18 months [300]. AVB-101 is another single-dose gene therapy under Phase 1/2 evaluation
(ASPIRE-FTD), delivering a functional GRN copy directly to the brain via bilateral MRI-
guided intrathalamic infusion, aiming to restore progranulin levels in the central nervous
system (CNS) [301].

In C9orf72 expansion carriers, antisense oligonucleotides (ASOs) designed to reduce
repeat-associated toxic products are in development. Afinersen selectively depletes V1
and V3 transcripts, suppressing poly(GP) levels in C9orf72-ALS patients in a single pilot
study [302]. WVE-004, based on a similar mechanism, was discontinued after 24 weeks
due to lack of improvement in exploratory clinical outcomes [303]. BIIB078, targeting toxic
RNA and dipeptide repeat (DPR) proteins, failed to show significant slowing of clinical
decline [304].

Small-molecule approaches for C9orf72 pathology include repeat-targeting agents
and autophagy modulators: TPN101, a nucleoside analog LINE-1 reverse transcriptase
inhibitor, suppresses retrotransposon activity implicated in innate immune activation that
contributes to the diseases. A Phase 2 (ART-AD) trial showed reductions in NfL [305]. Apil-
imod dimesylate, a phosphatidylinositol phosphate kinase inhibitor, enhances trafficking
and clearance of aggregation-prone proteins [306]. Biological approach directed to FTDL-
C9orf72 includes metabolic or autophagy modulators, i.e., metformin (safety/biomarker
study in C9orf72-ALS) and trimetazidine (Phase 2a trial in ALS); iron chelation/oxidative
stress modulators, i.e., deferiprone (FAIR-ALS II, Phase II/III), anti-inflammatory JAK–
STAT pathway modulators, i.e., baricitinib (NADALS, Phase 1/2 basket trial in ALS and
asymptomatic C9orf72 carriers); and mitochondrial modulators, such as ropinirole (ALS).
Neuroimaging and neuropathological studies have shown that C9orf72 promoter hyper-
methylation protects the hippocampus, frontal cortex, and thalamus from neuronal loss
and correlates with reduced longitudinal decline in preserved GM regions. This suggests
C9orf72 promoter hypermethylation as a potential neuroprotective therapeutic target [307].

Other biological approach directed to FTLD-TDP are loss-of-function repair ASOs,
that include QRL-201 and BIIB105/ION541 [308]; neuroprotective and aggregate-clearing
small molecules, that include PrimeC (ciprofloxacin + celecoxib), buntanetap (a transla-
tion inhibitor lowering TDP-43), and verdiperstat (a myeloperoxidase inhibitor) [309–311].
CTx1000 is a promising gene therapy that has been shown in preclinical models to selec-
tively target pathological TDP-43 aggregation, potentially allowing reversal of existing
pathology while preserving normal TDP-43 function.

For FTLD-tau, strategies include antisense oligonucleotide suppression of MAPT,
inhibition of tau phosphorylation and acetylation, stabilization of microtubules, prevention
of tau aggregation, and promotion of aggregate clearance [296]. Tau immunotherapies:
Tilavonemab and gosuranemab (anti-tau monoclonal antibodies targeting the N-terminus)
were tested in PSP but discontinued after Phase 2 trials (ARISE and PASSPORT, respectively)
due to lack of efficacy [312,313]. Bepranemab remains in clinical testing for PSP [314].
AADvac1, an active peptide vaccine against pathological tau, was safe, immunogenic, and
slowed blood NfL increase in AD; the ADAMANT Phase 2 trial in nfvPPA is ongoing [315].

The second anti FTLD-tau strategy uses tau-lowering ASOs, such as NIO752 that
is being evaluated in PSP [316]. The third strategy is aggregation inhibitors/clearance
boosters, including sodium selenate sodium that is under investigation in bvFTD [317].

For FTLD-FUS, ulefnersen, an ASO targeting the neurotoxic form of FUS, is in Phase 3
(FUSION trial) in ALS-FUS patients [318].
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These approaches highlight the shift from symptomatic to disease-modifying inter-
ventions, underscoring the urgency of translating mechanistic insights into therapeutic
innovation in FTLD.

Transcranial stimulation in FTLD, both transcranial direct current stimulation (tDCS)
and transcranial magnetic stimulation (TMS), has also highlighted therapeutic promise
and biomarker potentiality [319]. A randomized, double-blind, sham-controlled trial
showed that 2 weeks of anodal left-prefrontal tDCS in 70 participants (55 symptomatic FTD;
15 presymptomatic carriers) restored intracortical inhibitory/excitatory balance and
produced measurable cognitive–behavioural gains, supporting both target-engagement
and clinical effects in symptomatic and presymptomatic disease [320]. In PPA, multi-
ple controlled studies indicate that tDCS augments language therapy across variants,
most consistently in nonfluent/agrammatic and logopenic PPA, with improvements in
trained (and sometimes untrained) items and concomitant network-level changes in
connectivity [321–325]. For TMS, prefrontal rTMS has been associated with short-term
improvements in global cognition and frontal behaviours in bvFTD, and DLPFC rTMS
can acutely enhance action naming in PNFA, with deep-TMS case evidence in logopenic
PPA [326–328]. TMS measures also proven to predict severity and 12-month decline in FTD
and to highlight distinct pattern of FTD from AD [329].

On the biomarker side, paired-pulse TMS metrics (e.g., SICI/ICF, LICI, SICF) correlate
with clinical severity and predict 12-month functional decline better than clinical indices
alone in large FTD cohorts The same neurophysiological signatures reliably distinguish
FTLD from AD and, in multigroup analyses, from DLB, improving diagnostic confidence
and combining additively with amyloid/tau or plasma markers [329–345]. Finally, mecha-
nistic neuromodulation of disease-relevant rhythms is under active investigation: a multi-
centre, double-blind trial of 40 Hz tACS in bvFTD (GIFTeD) is assessing safety, cognition,
EEG gamma activity and multimodal imaging/biomarker readouts, underscoring the
field’s shift toward objective target engagement [346].

In addition to the aforementioned pharmacological strategies, non-pharmacological
interventions hold substantial importance, particularly when implemented during the
presymptomatic phases (preclinical and prodromal stages), to maximize their potential
benefit. Early cognitive rehabilitation, psychoeducational and behavioural strategies, as
well as motor rehabilitation and structured physical exercise, are essential components
of a comprehensive management plan [121,347–349]. Initiating these interventions at the
earliest stages may not only support cognitive and behavioural functioning but also help to
counteract the onset or progression of even mild motor symptoms, thereby contributing to
the preservation of autonomy and quality of life.

Overall, these rapidly evolving therapeutic strategies reflect a paradigm shift from
purely symptomatic management toward disease-modifying interventions, emphasizing
the importance of early identification, biomarker-driven patient stratification, and the
integration of multimodal approaches to optimize outcomes in FTLD.

8. Discussion
Frontotemporal dementia (FTD) is now recognized as a molecular disease that begins

decades before the onset of clinically manifest dementia. The definition and characterization
of the presymptomatic phase, subdivided into susceptibility, preclinical, and prodromal
stages, are crucial for enabling timely interventions that may modify the otherwise in-
evitable course of neurodegeneration. From a clinical perspective, we believe that detecting
pathology in its early prodromal stage requires moving beyond the rigid phenotypic cate-
gorizations typical of the fully symptomatic phases. Instead, FTD should be conceptualized
along a spectrum defined by three major clinical axes, behavioural, cognitive, and motor,
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that may emerge at different times, with variable intensity, and potentially at distinct points
along the severity spectrum simultaneously. Consequently, the clinical definition of the
prodromal phase should remain flexible and inclusive. Cognitive symptoms are generally
easier to define objectively, whereas behavioral changes are more difficult to capture, as they
are influenced by cultural background, sex, personality traits, and behavioral reserve. With
respect to motor symptoms, the terminology also requires refinement. The commonly used
label of “extrapyramidal” may be inaccurate, since many features of PSP and CBS have
cortical rather than subcortical origins. A more precise classification would distinguish
Parkinsonian (subcortical) from corticobasal (cortical) motor features. Similarly, relying
solely on dementia-based definitions (i.e., impairment of activities of daily living) does not
adequately capture subtle yet clinically meaningful behavioral alterations. In this regard,
the psychiatric definition of impairment may be more appropriate, describing dysfunctions
not readily controlled by the individual that cause clinically significant distress or interfere
with social, occupational, or interpersonal functioning. To improve the characterization of
the prodromal stage, the framework of “transitional decline” proposed by Jack et al. (2024)
for Alzheimer’s disease may be effectively adapted to FTD [350]. In this model, transitional
decline is defined as a mild but detectable change with minimal impact on daily function,
characterized by: (i) performance within the normal range on objective cognitive tests;
(ii) evidence of decline from the individual’s prior baseline within the past 1–3 years,
persisting for at least 6 months; (iii) documentation through subtle decline on longitu-
dinal cognitive testing, which may involve memory or other domains but still remain
within normal limits; (iv) subjective reports of decline from the patient or informant; and
(v) recent-onset changes in mood, anxiety, or motivation not explained by life events. Im-
portantly, individuals remain fully independent, with no or minimal impact on activities
of daily living (ADLs). The subsequent stage, cognitive impairment with early functional
impact, is instead characterized by: (i) performance in the abnormal range on cognitive
tests; (ii) evidence of decline from baseline, documented by self-report, observer report, or
longitudinal testing; and (iii) independence in ADLs, though with detectable inefficiency or
slowing in complex tasks. We argue that this transitional decline framework, applicable to
both cognitive and behavioral symptoms, is more suitable for FTD than definitions based
solely on subjective decline. It captures subtle yet clinically meaningful changes, identified
by patients, informants, or clinicians, that still fall within normal performance ranges. This
is particularly relevant given that even the most sensitive neuropsychological tests may fail
to detect early changes in individuals with high cognitive or behavioral reserve.

From a neuropathological perspective, we strongly advocate for an integrated ap-
proach that lowers the temporal threshold for disease detection by combining neuroimag-
ing, fluid biomarkers, and the expansion of international cohort studies to include both
sporadic and genetic FTLD. Biomarkers are essential to the definition of the prodromal
syndrome. Clinical experience and published evidence demonstrate that patients with
initial cognitive or behavioural symptoms often already exhibit elevated NfL levels or
abnormal FDG-PET findings. Neuroimaging is particularly valuable when combining
PET, which detects early neurodegeneration with high sensitivity and wide availability,
with MRI, which provides more pathology-specific signatures of atrophy and subcortical
degeneration. Identifying disease epicentres may offer the neuropathological correlate of
the proposed multidimensional, axis-based clinical framework: the clinical manifestations
of FTD can be seen as expressions of neurodegeneration, whether through compensatory
mechanisms in the earliest stages or functional failure in later ones, arising from the pro-
gressive disruption of distributed brain networks.

Alongside imaging, fluid biomarkers are critical not only for early detection of neu-
rodegeneration in general but also for identifying proteinopathy-specific signatures. The
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combined use of general and pathology-specific biomarkers could substantially enhance
the timeliness of diagnosis and the feasibility of applying targeted interventions. The
limited specificity of early clinical features, and their overlap with psychiatric conditions,
underscores the central role of biomarkers in the prodromal definition. While current
biomarkers are imperfect, they remain the most effective tools available, and their applica-
tion will continue to evolve, much as the ATN framework has advanced from 2018 to 2024,
adapting to scientific progress. With respect to pathology-specific biomarkers, it remains
premature to draw firm conclusions. Although some markers such as DPR (for C9orf72)
and PGRN (for GRN) are altered very early, it is unclear whether these changes reflect
the underlying pathology or simply the presence of a genetic variant. RT-QuIC assays for
TDP-43 (including from olfactory mucosa) show promise but require further validation,
while biomarkers for SOD1, tau, and FUS are even more preliminary.

Genetic characterization of FTD has thus far focused primarily on familial forms.
Accordingly, current criteria for prodromal FTD have largely been developed in genetic
cohorts, where clinicians knew whether a patient carried a pathogenic variant, potentially
biasing diagnostic judgment. Given that only a few studies have directly compared sporadic
and genetic FTD, it is important to acknowledge both their similarities and their differences.
Therefore, exclusive reliance on genetic cases should be avoided.

The Barker [41] and Benussi [36] criteria, currently available for prodromal FTD, also
exhibit notable limitations. These definitions rely primarily on an FTLD-CDR plus NACC
FTLD global score of 0.5, which broadly but not specifically reflects a mild or prodromal
stage. The Benussi criteria [36] expanded this by also incorporating motor features. A
modified version of the CDR plus NACC FTLD scale, which explicitly assesses neuropsy-
chiatric, language, and motor domains, may better capture the subtle and multidimensional
manifestations of prodromal FTD, though it should likely be expanded to more fully ac-
count for motor neuron disease (MND) features. Current approaches still reveal biases
towards particular clinical traditions. For example, the Benussi criteria [36] grouped parkin-
sonism and MND features under a broad “motor” axis while separating cognition and
behaviour, whereas the Miami framework [144] grouped cognition and behaviour together
as “frontotemporal” while separating MND from extrapyramidal symptoms. Ideally, future
frameworks should adopt a balanced, multidimensional approach that acknowledges all
relevant clinical domains without disproportionately emphasizing any particular axis.

9. Conclusions
Frontotemporal lobar degeneration is no longer a clinical riddle to be solved only at the

stage of manifest dementia. Advances in genetics, biomarker discovery, and neuroimaging
have reframed it as a disease process that often begins decades before symptoms emerge,
with identifiable preclinical and prodromal stages shaped by a complex interplay of molec-
ular pathology, network vulnerability, and genetic risk. This paradigm shift brings both
opportunity and responsibility: the opportunity to intervene before irreversible network
breakdown, and the responsibility to develop precise, biologically anchored diagnostic
frameworks that reflect disease heterogeneity.

The challenge ahead is twofold. First, to refine and validate biomarker panels (fluid,
imaging, and neurophysiological) that can detect the earliest pathogenic events, distinguish
between pathological subtypes, and track progression across parallel phenotypic axes.
Second, to translate these insights into targeted interventions, from gene therapies and
proteinopathy-directed agents to network-level neuromodulation, that are deployed at a
stage when they can meaningfully alter the disease course.

Equally crucial is the harmonization of clinical assessments and the integration
of digital and ecological measures, enabling sensitive, real-world tracking of cognitive,
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behavioural, and motor changes. For genetic forms, longitudinal multinational cohorts
already have clarified the temporal sequence of biomarker change; extending such frame-
works to sporadic cases will be essential.

The future of FTLD research will require coordinated, large-scale, multidisciplinary
efforts that dissolve the boundaries between laboratory science, clinical neurology, and
trial methodology. This means embedding biomarker endpoints in all therapeutic studies,
designing prevention trials in at-risk populations, and exploring synergistic effects of
pharmacological and non-pharmacological interventions.

If the last two decades were about recognising FTLD’s complexity, the next will be
about mastering it, transforming early molecular insights into precision prevention and
intervention strategies. The ultimate goal is not only to delay phenoconversion but to
preserve brain network integrity, cognitive autonomy, and quality of life for those at risk.
The tools are within reach; the task is to deploy them decisively.
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A-IADL-Q Amsterdam instrumental activities of daily living questionnaire
AD Alzheimer’s disease
aFTLD-U atypical frontotemporal lobar degeneration with ubiquitin-positive inclusions
ALS amyotrophic lateral sclerosis
ALS-CBS ALS cognitive behavioural screen
AQP4 aquaporin-4
ASO antisense oligonucleotide
BIBD basophilic inclusion body disease
bvFTD behavioural variant frontotemporal dementia
C9orf72 chromosome 9 open reading frame 72
CBD corticobasal degeneration
CBS corticobasal syndrome
CDR clinical dementia rating
CHIT-1 chitinase 1
CSF cerebrospinal fluid
DaTScan dopamine transporter scan
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DLPFC dorsolateral prefrontal cortex
DNs dystrophic neurites
DPR dipeptide repeat proteins
DTI diffusion tensor imaging
ECAS Edinburgh cognitive and behavioural ALS screen
FBS frontobehavioural spatial syndrome
FDG-PET fluorodeoxyglucose positron emission tomography
FTD frontotemporal dementia
FTLD frontotemporal lobar degeneration
FUS fused in sarcoma
GAF global assessment of functioning
GAIs globular astrocytic inclusions
GCIs glial cytoplasmic inclusions
GENFI GENetic Frontotemporal dementia Initiative
GFAP glial fibrillary acidic protein
GGT globular glial tauopathy
GM grey matter
GOIs globular oligodendroglial inclusions
GRN progranulin
ICF intracortical facilitation
LICI long-interval intracortical inhibition
lvPPA logopenic variant primary progressive aphasia
MAPT microtubule-associated protein tau
MBI mild behavioural impairment
MCBMI mild cognitive and/or behavioural and/or motor impairment
MRI magnetic resonance imaging
MTL medial temporal lobe
NACC national Alzheimer’s coordinating centre
NCIs neuronal cytoplasmic inclusions
NfL neurofilament light chain
NFTs neurofibrillary tangles
nfvPPA non-fluent/agrammatic variant primary progressive aphasia
NIFID neuronal intermediate filament inclusion disease
NOS FUS not otherwise specified
NIIs neuronal intranuclear inclusions
PET positron emission tomography
PiD Pick’s disease
PGRN progranulin
PSP progressive supranuclear palsy
rtvFTD right temporal variant frontotemporal dementia
SAA seed amplification assay
sAPPβ soluble amyloid precursor protein beta
SICF short-interval intracortical facilitation
SICI short-interval intracortical inhibition
SPECT single-photon emission computed tomography
svPPA semantic variant primary progressive aphasia
tACS transcranial alternating current stimulation
tDCS transcranial direct current stimulation
TDP-43 TAR DNA-binding protein 43
TMS transcranial magnetic stimulation
UPS ubiquitin proteasome system
VCP valosin-containing protein
WM White matter
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