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Abstract Sections
Frontotemporal lobar degeneration (FTLD) is one of the most Introduction
common causes of early-onset dementia and presents with early Epidemiology

social-emotional-behavioural and/or language changes that can
be accompanied by a pyramidal or extrapyramidal motor disorder.

. . . . . Diagnosis, screening and
About 20-25% of individuals with FTLD are estimated to carrya prevention
mutation associated with a specific FTLD pathology. The discovery
of these mutations has led toimportant advances in potentially
disease-modifying treatments that aim to slow progression or delay
disease onset and has improved understanding of brain functioning. Outlook
Inboth mutation carriers and those with sporadic disease, the most
common underlying diagnoses are linked to neuronal and glial
inclusions containing tau (FTLD-tau) or TDP-43 (FTLD-TDP), although
5-10% of patients may have inclusions containing proteins from the
FUS-Ewing sarcoma-TAF15 family (FTLD-FET). Biomarkers definitively
identifying specific pathological entities in sporadic disease have
been elusive, which has impeded development of disease-modifying
treatments. Nevertheless, disease-monitoring biofluid and imaging
biomarkers are becoming increasingly sophisticated and are likely
to serve as useful measures of treatment response during trials
of disease-modifying treatments. Symptomatic trials using novel
approachessuch as transcranial direct current stimulation are also
beginning to show promise.

Mechanisms/pathophysiology

Management

Quality of life
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We dedicate this work to the late Murray Grossman, who passed away
on4 April2023. Murray was a dear friend to us all and to a worldwide
community of neurologists and neuroscientists. He combined an acute
interest in cognitive neuroscience that began as a graduate student
with his clinical acumen as a behavioural neurologist to advance our
knowledge of the frontotemporal degenerations. We will remember
Murray, who was the driving force behind this review, for his wisdom
andgrace.

Introduction
Frontotemporal dementia (FTD) is among the most common clinical
forms of early-onset neurodegenerative disease, but it is substantially
under studied. FTD clinical syndromes include a disorder of social
behaviour and personality known as behavioural variant FTD (bvFTD)
and impairments of speech and language known as primary progres-
sive aphasia (PPA) (Fig.1). bvFTD and PPA can present with or without
an accompanying motor disorder. The scope of FTD is now thought to
include extrapyramidal motor disorders such as progressive supranuclear
palsy-Richardson syndrome (PSP-RS) and corticobasal syndrome (CBS),
and pyramidal motor disorders such as amyotrophic lateral sclerosis
(ALS). While these motor conditions seem to present with relatively dis-
tinct phenotypes, the pathology responsible for these conditions overlaps
with the pathology associated withbvFTD and PPA, leading to abroadened
concept of FTD as encompassing all of these diverse syndromes.
Frontotemporal lobar degeneration (FTLD) is an umbrella term
used torefer tonon-AD neuropathological entities that are commonly
found at autopsy in patients with an FTD clinical syndrome. Two
FTLD major molecular classes account for ~-95% of individuals with clini-
calFTD:FTLD related to misfolded tau (FTLD-tau) and FTLD associated
with TAR DNA-binding protein of -43 kDa (FTLD-TDP) pathobiology'.

Alesscommon pathologyis FTLD related to FUS-Ewing sarcoma-TAF15
(FTLD-FET). One reason why FTD provides such a valuable scientific
platform is that each of these pathological entities tends to occur in
isolation in early-onset dementia’. The neuropathological subtypes
of FTLD can be further subdivided (Fig. 1). Of note, each FTLD neuro-
pathology can be associated with more than one clinical syndrome,
and each clinical syndrome may be associated with different FTLD
subtypesindifferent individuals (Fig. 1).

Disease-modifying treatments depend on identifying the
pathology underlying an FTD syndrome. Two broad methods can
be used to determine the associated pathology: the identification
of a specific genetic mutation or use of biomarkers. While there is
some variance depending on the reporting site, around 20-25% of
people with FTD carry a genetic mutation®>, and are referred to as
having familial FTLD (fFTLD). Most people with genetic FTLD have
fFTLD, buta C9orf72repeat expansionisfoundin up to10% of people
with seemingly sporadic disease®®. Individuals with fFTLD are an
important subset of patients to study as thereisareliable association
between specific genetic mutations and the underlying pathology.
This association allows patients with anidentified mutation toreceive
disease-modifying treatments targeting a specific pathology. By
comparison, associations between clinical phenotype and underlying
pathology are more variable in sporadic disease. Thus, biomarkers are
being investigated to help clarify our understanding of the cause of
sporadic FTD. The anatomical distribution of misfolded proteins in
the brain atautopsy corresponds reasonably well with changes in clin-
ical manifestations and findings on MRl and molecular PET. The use
of biofluid biomarkers to identify the cause of FTD is also promising.

Although FTD cannot be cured at this time, recent scientific
advances may lead to treatments that slow disease progression, and
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Fig.1|FTD syndromes and associated pathology. Clinical FTD syndromes
colour-coded according to the proportion associated with a specific
pathology and subtypes of each pathology as well as the associated genetic
mutation with each. Genes shown without parentheses represent the only
known causes of the associated neuropathological entity (for example,

VCPin FTLD-TDP, type D), whereas genes shown in parentheses indicate

that the pathology is also seen in patients with sporadic disease. 3R, three-
repeat; 4R, four-repeat; AGD, argyrophilic grain disease; aF TLD-U, atypical
FTLD; BIBD, basophilicinclusionbody disease; bvFTD, behavioural variant FTD;

CBD, corticobasal degeneration; CBS, corticobasal syndrome;

CTE, chronic traumatic encephalopathy; FET, FUS-Ewing sarcoma-TAF15;

FTD, frontotemporal dementia; FTLD, frontotemporal lobar degeneration;
GGT, globular glial tauopathy; MND, motor neuron disease; nfvPPA, non-fluent/
agrammatic variant primary progressive aphasia; NIBD, neurofilament
inclusion body disease; NIFID, neuronal intermediate filament inclusion disease;
PSP, progressive supranuclear palsy; PSP-RS, PSP-Richardson syndrome;
svPPA, semantic variant primary progressive aphasia; TDP, TAR DNA-binding
protein; UPS, ubiquitin proteasome system.
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Fig. 2| Prevalence of frontotemporal lobar degeneration-associated
syndromes. a, Prevalence of FTD syndromes by age. b, Distribution of cases by
clinical syndrome. The inclusion of frontotemporal dementia-amyotrophic lateral
sclerosis (FTD-ALS) and FTD-motor neuron disease (FTD-MND) may vary from
study to study depending on the focus of the work. bvFTD, behavioural variant

frontotemporal dementia (including FTD-MND or FTD-ALS); CBS, corticobasal
syndrome; nfvPPA, non-fluent/agrammatic variant PPA; other PPA, logopenic
variant and unclassifiable PPA; PPA, primary progressive aphasia; PSP, progressive
supranuclear palsy; svPPA, semantic variant PPA. Adapted with permission from
ref.18, CCBY 4.0 (https://creativecommons.org/licenses/by/4.0/).

treatments that delay disease onset may become availabletotreat FTD
presymptomatically. At the same time, advances in treatments for
FTD couldlead toimportantscientific discoveries that could improve
our understanding of brain functioning.

This Primer reviews the critical clinical and biological character-
istics of FTD, highlighting the scientific importance of FTD research
in expanding our understanding of neurogenetics and spreading of
neuropathology, and discusses efforts leading to disease-modifying
treatments for this disease.

Epidemiology

Problems with epidemiological studies

Determining accurate estimates of the prevalence and incidence of
FTDischallenging. Dataon FTD epidemiology are almost entirely from
patients with aneurological diagnosis obtained in routine clinical prac-
tice. As diagnosis of the two main clinical syndromes of FTD — bvFTD’
and PPA'® — requires expertise and experience beyond primary care,
under-diagnosis of patients with FTD is a major concern. Misdiagno-
sis of psychiatric illness is common". Moreover, the prevalence and
incidence of FTD could be over-estimated if people with dysexecutive
dementiawho lack substantial language and behavioural disturbances
are diagnosed with FTD'>* when at autopsy most of these people will
prove to have had Alzheimer disease (AD). A non-progressive psychi-
atric syndrome known as bvFTD phenocopy syndrome often mimics
bvFTDinthe absence of neurodegeneration, but this syndrome remains
controversial and may have diverse underlying causes' . Another
source of variability in epidemiological data is that patients with FTD
who simultaneously exhibit the features of PSP-RS, CBS or ALS may be
diagnosed with FTD or with one of the motor syndromes.

Prevalence and age at onset

The prevalence of FTD peaks around 60-70 years of age (Fig. 2). The
prevalence of clinically diagnosed FTD syndromes (excluding PSP-RS
and CBS) is ~10-15 cases per 100,000 among those aged 45-64 years"”

with anincidence of ~2.7 to 4.1 cases per 100,000 person-years in the
same age range based on a relatively small number of reports from
individual sites, mainly in the USA and Western Europe’®. Includ-
ing PSP-RS in the definition of FTD leads to incidence estimates of
~16 cases per 100,000 person-years in the age range 65-74 years®. The
prevalence of bvFTD and some PPA syndromes such as semantic vari-
ant PPA (svPPA) declines before 65 years of age, whereas PSP-RS, CBS
and non-fluent/agrammatic variant PPA (nfvPPA) often do notbecome
symptomatic until after 65 years of age'®. By contrast, the prevalence
of clinically diagnosed AD dementia in those over 65 years of age is
about two to three times higher, with anincidence of ~100 cases per
100,000 person-years?.

Up to 37% of people with FTD have adominantly inherited form®*,
although the proportion of people with dominantly inherited FTD is
highly variable by clinical site, with a median of 15-20% for proven
mutation carriers. Dominantly inherited FTLD tends to manifest at
anearlier age thansporadic FTLD*. Inthe largest international fFTLD
series to date, the mean age at symptom onset was 49.5 years (s.d.
10.0 years) in those with MAPT mutations, 58.2 years (s.d. 9.8 years)
inthose with C9orf72repeat expansion, and 61.3 years (s.d. 8.8 years) in
those with GRN mutations®. In those with dominantly inherited FTLD
due to MAPT, C9orf72 and GRN mutations, individual age at onset is
significantly correlated with parental age at onset and mean family age
atonsetand death”. The correlation between familial age of onset and
individual age at onset is strongest in people with MAPT mutations
and is more variable in those with GRN mutations or the repeat
expansion of C9orf72.

Survival

Survival of patients with FTLD varies according to clinical phenotype.
In one meta-analysis*, median survival was shortest in patients with
bvFTD combined with ALS (2.8 years). Median survival was longer in
those with bvFTD without an accompanying motor disorder (9.6 years),
nfvPPA syndromes (7.7 years) and svPPA (12.2 years). Of note, age and
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sex did not affect survival, and education level had a negligible effect
on survival. Survival varies by genotype in people with dominantly
inherited FTLD*; mean age at death was 59 years in MAPT mutation
carriers, 65 years in C9orf72 mutation carriers, and 69 years in GRN
mutation carriers. Moreover, mean disease duration was 6.4 years in
those with C90rf72 mutations, 7.1 years in those with GRN mutations,
and 9.3 yearsinindividuals with MAPT mutations. As genotype deter-
mines phenotype in dominantly inherited FTLD?, and as phenotype
is associated with survival, between-genotype differences in survival
may mainly reflect the distribution of clinical syndromes caused by
each genotype.

Risk factors

Apart from age and family history, no other established risk factors
for FTLD have been identified. Men and women are equally affected.
Autopsy studiesinthe USAfound that FTLDis veryrareinBlack people,
although pathologically defined AD is more common in Black people
than in white people®. fFTLD is rarer in Asia than in Europe®. The fre-
quency of the genetic subtypes of FTLD varies geographically (Fig. 3).
Of note, lack of access to skilled diagnosticians in some countries or
regions and concerns about variationsinsocial norms between cultures
are likely to contribute to the racial and geographic variations in FTD
diagnosis and, therefore, reported prevalence.

Mechanisms/pathophysiology

Significant mechanistic insights into FTLD over the past two decades
have been gained through the identification of new disease proteins,
genes and targeted neural systems. These discoveries have highlighted
the substantial heterogeneity of FTLD at the clinical, neuropathologi-
cal and genetic levels. At the same time, new findings have revealed

100

remarkable clinical-anatomical-genetic-pathological correlations
and have helped identify early vulnerable neuron types and candi-
date mechanisms at the root of the network-based degeneration
observedin FTLD.

Key pathological molecules

FTLDisdivided into three major molecular classes based on the compo-
sition of disease proteininclusions thatare foundin neurons and glia:
FTLD-tau, FTLD-TDP or FTLD-FET (with inclusions composed of the
FET family of proteins: FUS, Ewing sarcoma protein and TAF15). Each
major molecular class comprises several specific histopathological
subtypes that are based on the morphology and distribution of the
inclusions (Figs.1and 4). Rare FTLD cases in which inclusions contain
only proteins of the ubiquitin proteasome system (UPS), perhaps in
associationwith an as-yet unidentified disease protein, have also been
described and classified as FTLD-UPS?.

FTLD-tau. FTLD-tau subtypes are defined by the morphology and bio-
chemistry of their tau inclusions, which contain specific tau isoforms
based onalternative splicing of MAPT exon10. Each FTLD-tau subtypeis
characterized by tauinclusions with distinctive seeding properties and
ultrastructure, supporting the concept that the different entities may
reflect specific pathogenic tau strains®°, Pick disease is a three-repeat
(3R) tau-predominant subtype of FTLD that is characterized by round,
circumscribed, neuronal cytoplasmicinclusions, ballooned deep layer
neurons, fine neuropil threads and ramified astrocyticinclusions®. By
contrast, the diverse and subtype-specific neuronal and glial inclu-
sions thatoccurin progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD) and globular glial tauopathy are all composed
of four-repeat (4R) tau®. Chronic traumatic encephalopathy is often
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Fig. 3| Geographic distribution of genetic subtypes of frontotemporal lobar degeneration. Bars show the relative frequency of the three most prevalent genetic
forms of frontotemporal degeneration across 22 countries/regions. Numbers shown in parentheses for each country/region indicate the total number of reported

cases. Data fromref. 23.
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Fig. 4| Frontotemporal lobar degeneration pathology. Photomicrographs

show the characteristic features of the six most common frontotemporal lobar
degeneration (FTLD) subtypes: FTLD-tau (top row, CP-13 antibody to P-tau at S202)
includes Pick disease, characterized by Pick bodies (inset) most prominent in
cortical layers two, five and six; corticobasal degeneration (CBD), characterized by
astrocytic plaques (inset) and copious white matter axonal and oligodendroglial
tauopathy; and progressive supranuclear palsy (PSP), characterized by prominent
tufted astrocytes (inset), neuronal cytoplasmic inclusions and oligodendroglia
coiled bodies. FTLD-TAR DNA-binding protein (FTLD-TDP; bottom row, pan-TDP

PSP

antibody) includes: type A, with rare neuronal nuclear inclusions (inset) and
frequent compact or crescentic neuronal cytoplasmicinclusions and short
neuropil threads, allmost prominentin upper cortical layers; type B, featuring
granular/stippled neuronal cytoplasmic inclusions (inset) without substantial
neuropil threads; and type C, characterized by long, swollen dystrophic neurites.
Note that normal nuclear TDP-43 immunoreactivity is absentininclusion-bearing
neurons. Insets are cropped to highlight asingle characteristic feature of each
disorder. Scale bar,1,000 umin top row panels and 100 pmin bottom row panels.
Adapted with permission fromref. 304, Annual Reviews.

considered an acquired form of FTLD-tau that is related to repeti-
tive head trauma (usually in the context of participation in contact
sports), in which the pathology includes perivascular neurofibrillary
tangles composed of 3R and 4R tau, prominent neuropil threads and
tau astrogliopathy®.

FTLD-TDP. TDP-43isa DNA/RNA-binding protein thatis ubiquitously
expressed in neuronal nuclei and is a master transcriptional regula-
tor. FTLD-TDP is associated with loss of normal nuclear TDP-43 and
aggregation of TDP-43in the cytoplasm, dendrites, axons and, insome
cases, the nucleus®. Although nuclear TDP-43 depletion and cytoplas-
mic aggregation most often occur together, some neurons may show
isolated nuclear depletion associated with neuronal degeneration®.
TDP-43 aggregationin glia, most often oligodendrocytes, varies within

and between FTLD-TDP subtypes and occurs less frequently than in
neurons®*. FTLD-TDP can be divided into three major subtypes (A, B
and C) based on the morphology, subcellular localization, and laminar
distribution of the inclusions*. Distinguishing features have been pro-
posed for each subtype: dense neuropil threads and compact round
or crescent-shaped neuronal cytoplasmic inclusions in superficial
corticallayers and rare neuronal intranuclear inclusions in FTLD-TDP
type A; abundant superficial and deep layer granular or stippled neu-
ronal cytoplasmic inclusions in FTLD-TDP type B; and long, swollen
dystrophicneuritesin FTLD-TDP type C**. Arare subtype of FTLD-TDP
—type D — features abundant neuronal intranuclear inclusions and
has been observed only in patients with mutations in VCP. Another
subtype - type E — has been recently proposed and is described as
showing abundantgranulofilamentousinclusions and more prominent
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Table 1| Frequency, pathology, common clinical presentations, and genetic modifiers of the most common genetic

mutations associated with FTLD

FTD gene Frequency in Frequency in Pathology Most common clinical Genetic disease modifier(s) in humans Refs.
fFTLD (%) sFTD (%) presentations
MAPT 5-20 0-2 FTLD-tau bvFTD, PSP-RS and CBS None identified 44,298-300
GRN 5-25 5 FTLD-TDP bvFTD, nfvPPA and CBS TMEM106B and GFRA2 45,46,63,301,302
C9orf72 20-30 6 FTLD-TDP bvFTD and FTD-ALS TMEM106B, SLITRK2 and C6orf10/ 47-50,52,303
LOC101929163

bvFTD, behavioural variant frontotemporal dementia; CBS, corticobasal syndrome; fFTLD, familial FTLD; FTD, frontotemporal dementia; FTD-ALS, frontotemporal dementia—amyotrophic lateral
sclerosis; FTLD, frontotemporal lobar degeneration; nfvPPA, non-fluent/agrammatic variant primary progressive aphasia; PSP-RS, progressive supranuclear palsy-Richardson syndrome;

sFTD, sporadic frontotemporal dementia; TDP, TAR DNA-binding protein.

fine grains and threads than type B*’; however, whether type Eis a
distinctive subtype or lies on a continuum with type B is uncertain®®.
Ultrastructural studies such as those used to distinguish FTLD-tau
subtypes may soon help better disambiguate FTLD-TDP subtypes™.
Moreover, the relative pathogenetic significance of nuclear TDP-43
depletion compared with TDP-43 aggregation remains unclear; most
likely, both factors contribute to neuronal demise but through distinct
mechanisms that are beginning to emerge.

FTLD-FET and FTLD-FUS. FTLD-FET is linked to the FET family of
RNA-binding proteins. These proteins are normally found in the
nucleus®® although nuclear depletion of the aggregating proteinis a
less reliable feature of FTLD-FET than FTLD-TDP. FTLD-FET is usually
sporadic® and subtypes are defined by the morphology and distribu-
tion of the neuronal cytoplasmic and nuclear inclusions. Subtypes
include atypical FTLD with ubiquitin-positive inclusions, basophilic
inclusion body disease and neuronal intermediate filament inclusion
disease**, Patients with these subtypes have inclusions composed of
allthree FET family proteins*’, whereas patients with familial ALS or FTD
due to FUS mutations have neuronal inclusions containing only FUS*.

Genetic mechanisms

FTD is estimated to be a familial disease in about 20-25% of affected
individuals, and is associated with autosomal dominant inheritance;
however, acomplex picture of heritability has emerged with varying
degrees of familial aggregation between clinical FTD phenotypes™*.
Mutations in three genes account for most cases of fFTLD: MAPT
(encoding microtubule-associated protein tau)**, GRN (encoding
progranulin)***¢and C9orf72 (encoding chromosome 9 openreading
frame 72)*** (Table1). Each geneis associated with a different spectrum
of clinical presentations and one major molecular class; however, sub-
stantial variability exists in clinical presentation even within families
carrying the same mutation, suggesting the involvement of genetic
disease modifiers. Genetic modifiers might drive brain atrophy in spe-
cific networks leading to associated clinical phenotypes and might
influence disease penetrance or age at onset*”* (Table 1).

MAPT was the first FTD gene to be identified, proving that
tau aggregation and dysfunction alone are sufficient to cause
neurodegeneration**. FTLD-tau owing to MAPT mutations can result
in inclusions containing predominantly 3R, 4R or mixed 3R/4R tau,
with the inclusion isoform composition, cell types affected and mor-
phological patterns depending on the specific mutation®. Missense
MAPT mutations mostly affect microtubule binding domains, whereas
splicing mutations alter the 4R to 3R tau isoform ratio®*. Mutations
in MAPT have various effects on the function and properties of tau

including loss of function owing to reduced microtubule binding and
dysregulated microtubule dynamics, as well as aberrant tau aggrega-
tion and seeding>**°. Common genetic variation in two major MAPT
haplotypes (H1and H2) is associated with asignificantly increased risk
of sporadic tauopathies®.

Pathogenetic variantsin multiple genes can cause FTLD-TDP. The
most common genetic cause of FTLD-TDPisa CCCCGG hexanucleotide
expansion in the non-coding region of C90rf72 (refs. 47,48). C9orf72
encodesa proteininvolved inregulation of endosomal trafficking and
autophagy™®, and the CCCCGG repeat expansion is thought to cause
disease through loss of C9orf72 expression and toxicity owing to repeat
RNA aggregates and dipeptide repeat (DPR) proteins translated inan
unconventional fashion from the repeat RNA®*, Other consequences of
the CCCCGGrepeat expansionare nucleolar stress, RNA dysregulation,
nucleocytoplasmic transport deficits and impaired protein degrada-
tion, and these changes have been suggested to contribute to disease®.
Although this hexanucleotide expansion is most often inherited,
aminority of patients with FTD with C9orf72 repeat expansions lack a
family history but present with a clinical syndrome indistinguishable
from the inherited form®*.

Heterozygous loss-of-function mutations in GRN are the second
most common cause of inherited FTLD-TDP**¢, While early studies
focused on the neurotrophic properties of progranulinand its role in
the inflammatory response, the discovery that homozygous loss-of-
function mutationsin GRN could cause the lysosomal storage disorder
neuronal ceroid lipofuscinosis® suggested that lysosomal homeo-
stasis might be disrupted in FTD®% Interestingly, genetic variants in
TMEM106B, encoding another lysosomal protein, are a major modi-
fier of penetrance of GRN mutations, providing further independent
support for animportant role for progranulin in lysosomes®,

Inrare cases, other genes are associated with FTLD-TDP (such as
VCP,SQSTMI, TBK1, TIA1, TARDBPand OPTN) and FTLD-UPS (CHMP2B)°.
Although mutations in these genes only explain disease in ~3-5% of
patients’, researchinto the role of these genes in FTD contributed to the
identification of key overarching pathways, including autophagy and
proteasomal degradation, endolysosomal function, inflammation
and immune system signalling’. Importantly, genome-wide associa-
tion studies in international cohorts of patients with clinical FTD or
those with FTLD-TDPidentified anumber of risk loci for FTD which are
involved in the same pathways>"** including RAB38 (encoding RAB38)
and CTSC (encoding cathepsin C) implicated in vesicle trafficking and
lysosomal function®*, two independent hits at the HLA locus involved
inimmunity*"®*, and DPP6 (encoding dipeptidyl peptidase-like 6) and
UNCI3A (encoding unc-13 homologue A) involved in synaptic signalling
and neuronal survival®®,
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Thegenetic contributionto FTLD-FET isunclear. Mutations in FUS
cause ALSbutrarely FTD, and the consistent absence of afamily history
inpatients with FTLD-FET suggests that FTLD-FET is not asingle-gene
disorder®’. However, a more complex oligogenic inheritance could
mask familial aggregation, or other mechanisms such as somatic muta-
tions in the brain could be involved. Supporting evidence for the lat-
ter is the identification of somatic TARDBP mutations in brain tissue
samples from two patients with FTLD-TDP type C (which is regarded
asasporadic disease)®.

Mapping disease onset and progression

For most neurodegenerative disorders, disease begins within one or
asmall number of brain regions, referred to by some as epicentres®,
whichshow prominentatrophy at clinical presentation and have func-
tional and anatomical connections to brain areas that degenerate in
later stages of disease. These epicentres often contain aspecialized neu-
rontype that has heightened vulnerability to the early pathological pro-
cess; forexample, in ALS, the primary motor cortex, bulbar motor nuclei
and spinal cord anterior horns contain upper or lower motor neurons,
which show early vulnerability to TDP-43 pathobiology®®.

Each FTD syndrome is linked to a different set of canonical epi-
centres: the anterior cingulate and frontoinsular cortices in bvFTD,
the inferomesial temporal poles in svPPA, the inferior frontal gyrus
in nfvPPA, the peri-rolandic cortex in CBS, and the dorsal midbrain
tegmentum in PSP-RS®’%*7°, Individual patients may also have a small
number of additional less common epicentres, and identifying these
epicentres canimprove prediction of future regional degeneration’.

Early targeted neuron types in the FTD epicentres are largely
unknown, with the exception of von Economo neurons and fork cells
in bvFTD”*”. These morphologically specialized glutamatergic layer
5b projection neurons are being studied to understand the early patho-
physiology of FTLD**”*7, similar to the long-standing focus on upper
and lower motor neurons in ALS research’. For other FTD syndromes,
additional research is needed to identify the most vulnerable neuron
types withineachsyndrome’s epicentres. Moreover, as each pathologi-
cal subtype of FTLD can present as several FTD syndromes, research
should seek to clarify how the same disease, even when caused by the
same genetic mutation, can target different cell types and epicentres
acrossindividuals.

Multiple mechanisms may contribute to FTLD progression. Pro-
gression may reflect staggered onset of FTLD pathological changes
within anatomically distributed neurons that share some core cell
autonomous vulnerability factor(s). Protein misfolding may begin
independently within neurons of the same type inresponse toacom-
mon genetic or environmental trigger that emerges with ageing.
Less autonomously, healthy neurons in the epicentre may take up
toxic, misfolded disease proteins after these proteins are released
into the extracellular space from dying neurons”’. This cell-to-cell,
connectivity-independent mechanism could contribute to the local
amplification that often characterizes early disease. Moreover,
healthy neurons within or well beyond the epicentre may receive
misfolded disease protein conformers via connectivity-dependent,
trans-synaptic spreading’®®°. According to this hypothesis, disease
proteins act in a prion-like manner to induce proteins to adopt the
disease-specific conformation which subsequently propagates expo-
nentially down axons, across synapses and into the next neurons
in the network®. This mechanism provides one plausible account
for the network-based spatial progression observed in FTD, AD
and other neurodegenerative disorders®*>%>, Other, not mutually

exclusive, contributorsto network-based degeneration may include
chronic metabolic demands related to network-level inhibition-
excitation imbalance®* or intrinsic vulnerability factors (such as
cell types and expressed genes) held in common among networked
brain regions®.

Diagnosis, screening and prevention

Radiological and laboratory studies useful in diagnosing FTD are often
invasive and costly. Accordingly, the availability of a battery of relatively
inexpensive butinformative tools that canscreen for FTD is useful as it
can optimize the use of more expensive and invasive diagnostic tests.
The most important and cost-effective tool is clinical examination.
Clinical examination for suspected FTD includes medical and family
history, neurological examination with special attention to the cranial
nerves and the motor system, and cognitive examination. Cognitive
examination should assess several domains (Box 1).

Oneinitial stepin FTD diagnosis occurs after family history taking.
Careful examination of patients with evidence of fFTLD often reveals
acombination oflanguage, behavioural and motor features that does
not easily map onto clinical syndromes observed in sporadic FTD®¢%,

Results from genetic testing provide strong evidence for the
underlying pathology. However, one important consideration is
whether the patient and the patient’s family want to know the results
of genetictesting. If genetic testing has not been performed, the clini-
cian and a genetic counsellor should discuss the benefits and risks of
genetictesting with the patient and the patient’s family. This discussion

Box 1

Cognitive examination for
suspected FTD

A cognitive examination in patients with suspected frontotemporal
dementia (FTD) should evaluate several aspects of cognition.

e Language: measures of object naming, conversational speech,
single word and sentence comprehension, multi-syllable and
sentence repetition, speech with attention to fluency and speech
errors, reading site vocabulary words and writing

e Executive functioning: measures of planning, organization and
working memory such as repeating lists of numbers in forward
and reverse orders, naming as many words as possible in one
minute beginning with a target letter (for example, ‘F’) and
digit-symbol substitution

e Social cognition: including measures of Theory of Mind,
empathy and perspective-taking, mental flexibility, apathy,
insight, and emotional recognition and understanding (brief
versions of most of these measures remain to be developed, and
supplemental neuropsychological evaluation may be required)

¢ Visual perceptual-spatial functioning: such as copying a
figure and judging the angle of a line

e Episodic memory: including measures of verbal and visual
learning

e Attention: such as raising a hand every time the letter ‘A’ is heard
in a sequence of letters presented over 1-2min
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shouldinclude consideration that asmall percentage of patients with
FTD may have a de novorepeat expansion of C90rf72,importantto con-
sider in patients without afamily history since testing could therefore
provide amore definitive diagnosis with implications for other living
family members’. Continuing discovery of rare mutations implicated
inaclinical diagnosis of FTD have prompted many cliniciansto screen
all patients with FTD for allmutations, but practice continuesto evolve
in this area.

Insporadicdisease, some clinical syndromes are commonly associ-
ated with a specific form of pathology (Fig. 1). The next important step
in clinical diagnosis is therefore to distinguish between patients with
avariant of PPA compared and patients with predominantly bvFTD,
CBS or PSP-RS.

Clinical syndromes associated with FTD

bvFTD. The phenotype of bvFTD varies between patients, but there are
core diagnostic features common to most presentations’. Consensus
criteria for bvFTD outline early deficits in several domains of social
functioning and personality: disinhibition and difficulty controlling
impulses to engage in socially inappropriate statements or actions; apa-
thyandreducedinitiative; loss of sympathy and/or empathy; persevera-
tive and compulsive or ritualistic behaviour including development of
unusual religious and political beliefs; and hyperoral behaviour such as
eating despite feeling sated and eating non-edibles. Clinical judgement
of these features is particularly important because most measures of
social cognition, while targeting key clinical features and aiming to offer
importantinsights, may yield inconsistent results fromclinic to clinic
or have not been well validated in autopsy studies®***’, Patients might
show only alimited number of features or mild symptoms, but unusual
behaviour relative to their baseline may raise suspicion of a prodro-
mal form of bvFTD?°. Many patients with bvFTD also have deficits in
executive function such as poor planning and organization, difficulty
multi-tasking, limited judgement, and reduced insight” **. Psychiat-
ric features, such as psychosis and delusions, have been reported in
patients with an identified fFTLD mutation®** but can also be seen
in those with sporadic bvFTD. Despite some important associations,
aspecific pattern of behaviour and personality change in patients with
bvFTD has not been strongly associated with a specific pathology®.

PPA. The most prominent feature of PPA is language dysfunction.
Recommended criteria for the diagnosis of each PPA variant are
available' and have largely stood the test of time, although there
aresome ambiguities that canresultin diagnostic differences between
centres” .

Patients with svPPA have prominent difficulty with naming and
comprehension of single words'®’. The use of content words (refer-
ring toanobject or action) in speechis often substantially diminished
at diagnosis'” and the use of content words in comprehension and
expression continues to decline over time'”2. Some clinicians have
argued that patients with svPPA have a “reversal of the concreteness
effect” whereby they have superior comprehension and expression
of abstractwords such as ‘dream’ or ‘belief” relative to concrete words
such as ‘tiger’ or ‘apple’, which has been attributed to disease in the
most anterior portions of the visual processing streamin the temporal
lobe, which associates visual percepts with meaning'®>'%*, Patients with
sVPPA also show increased use of pronouns such as ‘he’ and deictic
words with a vague reference such as ‘this’ that carry vague or partial
meaning'”. Of note, these language difficulties occurin oral and written
communication, and therefore they cannot be attributed toalimitation

ofaperipheral sensory-motor system. Speech is otherwise fluent and
prosodically appropriate.

Patients with svPPA might also show impaired episodic mem-
ory owing to their difficulty processing single words during verbal
memory testing, but svPPA can be differentiated from amnestic AD
by the demonstration of relatively good visual episodic memory in
patients with svPPA. Many patients with svPPA have difficulty reading
and spelling sight vocabulary words such as ‘once’ and ‘yacht™. svPPA
ischaracteristically associated with left anterior temporal lobe atrophy.
Arelated semantic behavioural variant of FTD, anchored in the right
anterior temporallobe, has recently been described in alarge cohort'*®.
Core featuresinclude loss of empathy, loss of person-specific semantic
memory, and non-verbal semantic impairments such as recognizing
and interpreting facial expression. These patients also may demon-
strate characteristic changesin behaviour and personality such as the
development of complex rituals, changes in religious and/or political
beliefs, and compulsive behaviour and reduced mental flexibility.
Many of these features may also emerge as left anterior temporal svPPA
progresses. Sporadic svPPA is frequently associated with FTLD-TDP
type C pathology'” '’

Patients with nfvPPA have slowed, effortful speech, and fluency
is substantially diminished"°. One potential cause of slowed, effort-
ful speech is the degradation of the grammatical system that is used
to relate series of words in a sentence. Sentential syntax is typically
simplified in patients with nfvPPA, often accompanied by frank gram-
matical errors'™, and reduced fluency and grammatical difficulties
progress over time'2. Grammatical deficits are difficult to attribute to
asensory-motor abnormality, as patients with nfvPPA typically have
similar deficitsin comprehension, reading and writing”. Nevertheless,
comprehension and expression of single words is largely preservedin
those with nfvPPA™*'>, Another cause of non-fluent speechis the pro-
duction of speecherrors knownas apraxia of speech (AOS), and a disor-
derknown as primary progressive AOS (PPAOS) has been described™*"".
Clinical features of PPAOS include sounds substituted for target speech
sounds and pausesinthe speechstreamin unexpected placesinasen-
tence and even withinaword. This has been attributed to degradation
ofthe motor speech planning system. nfvPPA, including PPAOS, is often
associated with FTLD-tau pathology™*'".

Presentations related to motor impairment. In all patients with sus-
pected FTD, performing a neurological examination is important to
look for amotor disorder™®. PSP-RS is characterized by frequent falls
and problems with ocular motility, and it is associated with extra-
pyramidal features such as axial rigidity, gait instability, involuntary
tremor and dystonia. Patients with PSP-RS can also have deficits in
behaviour and planning, with prominentimpairment in impulse con-
trol. PSP-RS can be heterogeneous in presentation and is a marker
of FTLD-tau pathology in up to 90% of patients"*?°, CBS typically
presentsasalateralized extrapyramidal disorder involving limb rigid-
ity, limb apraxia, dystonia, a coarse tremor and gait instability. Most
patients with CBS have tau pathology although up to 30% of patients
with CBS have underlying AD""'?, Of note, nfvPPA and PPAOS can
co-occur with PSP-RS or CBS and may be an early marker of underlying
PSP or CBD pathology"*'%.

Another motor presentation of FTD may feature bulbar and/or
limb weakness with muscle atrophy and fasciculations. This presen-
tation is consistent with a diagnosis of ALS or motor neuron disease
(MND), referred to as FTD-ALS or FTD-MND when patients also have
features of FTD®%%72¢"127 hyFTD- or PPA-like features can occur after
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the onset of ALS, but the severity may be attenuated, and in some cases
bvFTD or PPA can precede ALS'*. FTD-ALS is associated with FTLD-TDP
pathology in >90% of patients'**'%,

Imaging biomarkers

Neuroimagingis akey component of the diagnostic work-up of patients
with FTD, and each FTD syndrome is associated with abnormalities
in specific brain regions, mostly found within the frontal, temporal
and insular lobes (Fig. 5). These abnormalities can be seen as atrophy
on MRI and hypometabolism on [*F]fluorodeoxyglucose (FDG) PET.

Patients with bvFTD typically show bilateral atrophy and hypo-
metabolism in the prefrontal and anterior temporal lobes on MRI
and FDG PET, with reduced structural and functional connectivity
observed within and between frontotemporal regions**"*°. Findings
from neuroimaging are heterogeneous between patients, although
several brain regions seemto be almost universally involved, including
the anterior cingulate, anterior insula, orbital and medial frontal lobe
and temporal pole, consistent with the concept of anepicentre. Degen-
eration of basal and limbic networks is a core feature of bvFTD"2%",
Similar, although milder, degeneration and reduced connectivity,
together withadditional degenerationand reduced connectivityinthe
motor cortex are observed in patients with FTD-ALS'>"**"*2, Of note,
the presence of frontal and anterior temporal degenerationaidsin the
differential diagnosis of sporadic bvFTD from AD, as AD involves pos-
terior regions of the brain, and has prognostic value in predicting the
rate of progression in patients with bvFTD"****,

In contrast to bvFTD, degeneration and reduced connectivity in
svPPA affects the left anteromedial temporal lobe (Fig. 5), with degen-
eration gradually spreading posteriorly within the left anteromedial
temporal regions' and to the right temporal lobes, insula and orbito-
frontal cortex™°. svPPA is associated with greater left temporal atrophy
and a greater anterior-posterior gradient of hippocampal atrophy
thanin AD'. Patients with nfvPPA show most prominent atrophy and
hypometabolisminthe left posterior-inferior frontal regions, includ-
ing Broca’s area (relating to agrammatism) and the superior premotor
cortex (relating to AOS) (Fig. 5), with degeneration spreadinginto the
prefrontal cortex and basal ganglia and posteriorly into the motor
cortex over time™*'”, Disruption in brain connectivity is observed
within the frontal lobes in nfvPPA™°. Patients with PPAOS can also show
accentuated involvement of the superior premotor cortex (Fig. 5), with
reduced connectivity and degeneration typically spreadinginto Broca’s
areaifagrammatism develops later in the disease'®. Patients with CBS
show asymmetric atrophy and hypometabolism of the posterior frontal
and anterior parietal (that is, the peri-Rolandic) lobes, in addition to
involvement of the basal ganglia™ (Fig. 5). The frontal lobes can show
mild atrophy and hypometabolismin PSP-RS, although the dominant
featuresinclude atrophy and disrupted connectivity between regions
along the dentatorubrothalamic tract, including the midbrain and
superior cerebellar peduncle'’ (Fig. 5). Individuals with FTD-ALS can
show some atrophy in the motor system extending into the frontal
cortex, but it is often difficult to capture because of the rapid rate of
progression'. Converging evidence suggests that the patterns
of regional spreadinthese FTD syndromesis related to brain functional
connectivity whereby disease spreads from epicentres through highly
connected brain regions”’%7°,

Genetic mutations that cause FTD are associated with charac-
teristic patterns of degeneration. People with MAPT mutations show
predominant anterior temporal lobe degeneration, although this
varies according to the specific mutation; those with GRN mutations

Lateral view Medial view

Left

nfvPPA

PPAOS

svPPA

bvFTD

PSP

CBS

FTD-ALS

Fig. 5| Characteristic patterns of neurodegeneration in different FTD
syndromes. Group-level differences in brain volume loss for each syndrome of
frontotemporal dementia (FTD) compared with healthy controls. Non-fluent/
agrammatic variant primary progressive aphasia (nfvPPA) is typically associated
with abnormalitiesin Broca’s areain the left hemisphere, although left middle
and superior premotor cortex and homologous regions in the right hemisphere
canbecomeinvolved with disease progression. Primary progressive apraxia

of speech (PPAOS) is typically associated with abnormalities in the lateral
superior premotor cortex and supplementary motor cortex, often bilaterally.
Semantic variant PPA (svPPA) is typically associated with abnormalities in the left
anteromedial temporal lobe, with spread into the right anteromedial temporal
lobe and left orbitofrontal cortex with progression. Behavioural variant FTD
(bvFTD) is typically associated with bilateral abnormalities in the prefrontal
cortex, insula and anterior temporal lobes. Progressive supranuclear palsy (PSP)
istypically associated with atrophy of regions along the dentatorubrothalamic
white matter tract, running from the dentate nucleus of the cerebellum, through
the superior cerebellar peduncle to the midbrain and then the thalamus. Mild
involvement of the frontal lobe can be observed. Corticobasal syndrome (CBS) is
typically associated with asymmetric abnormalities in the frontoparietal lobes.
FTD-amyotrophiclateral sclerosis (FTD-ALS) is typically associated with mild
abnormalities in the frontal lobe.

show asymmetric temporoparietal and frontal degeneration with
rapid rates of atrophy; and those with C9orf72 mutations show wide-
spread patterns of degeneration with unique involvement of the
occipital lobes, cerebellum and thalamus'*>. Hence, genetic mutations
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alter the patterns of neurodegeneration typically associated with
sporadic bvFTD and ALS'. Grey matter atrophy and degeneration
of specific white matter tracts can be observed many years before
symptom onset in patients with fFTLD'**'*, Presymptomatic changes
in the temporal lobe and uncinate fasciculus are observed in MAPT
carriers™**'*8, changes in the frontoparietal lobes and internal capsule
are observed in GRN carriers™*“'*, and changes in the cerebellum,
thalamus and posteriorly located white matter tracts are observed
in C9orf72 carriers'*'*%, White matter degeneration seems to pre-
cede atrophy, at least in GRN carriers'*’. Moreover, assessments of
brainatrophy may have value in predicting the development of symp-
tomatic illness in individuals with fFTLD"°"!, Hypometabolism on
FDG PET also offers a promising imaging marker to detect changes
at the preclinical stage in fFTLD, with a suggestion that changes in
metabolism precede atrophy in GRN carriers™>. Changes in functional
connectivity inthe brain have also been observed in presymptomatic
fFTLD™*"* although more work is needed to determine the diagnostic
use of these changes.

Predicting underlying pathology in patients with FTD is akey diag-
nosticissue and onein which neuroimaging is potentially informative.
Patterns of degeneration differ across the common pathologies that
underlie FTD. For example, in nfvPPA and PPAOS, rapid cortical degen-
eration is associated with CBD pathology, whereas midbrain atrophy
is associated with PSP pathology'®. In general, patients with FTLD 4R
tauopathies show greater white matter degeneration than those with
FTLD-TDP*"*, Molecular PET ligands that can detect tau proteins in
the brain show excellent utility for detecting aggregates that contain
both 3R and 4R tau, and strong uptake of these ligands is observed in
patients with specific MAPT mutations that are characterized by such
aggregates, even presymptomatically>>">°, However, the value of the
currently availabletau PET ligandsis less certainin FTLD-tau subtypes
containing 3R or 4R tau (but not both); more work is needed to develop
ligands that specifically bind to these tauopathies.

Fluid-based biomarkers

Diagnostic biomarkers. Biomarkers for AD can be used to differentiate
between AD and FTD. High cerebrospinal fluid (CSF) concentrations of
total tau (t-tau) and phosphorylated tau (P-tau) are generally associated
with AD, and tau-associated FTD subtypes do not show elevated CSF tau
concentrations™ %, Elevated CSF P-tau levels (at residues 181 or 217, the
typical P-tau epitopes measured in AD) are probably a function of mixed
3R/4R tau accumulation typical of AD but are also seen in rare R406W
MAPT mutations™. Elevated t-tau has also been variably identified in
GRN mutation carriers'®*™, Amyloid pathology does not occur in most
forms of FTD; therefore, CSF 3-amyloid 1-42 (AB42) concentrations and
theratioof42to40aminoacidlongAp inthe CSF (CSF AB42/A340) are
typically normalin FTD"*'*2, Consequently, a high ratio of t-tau or P-tau
181to AB42is an AD-specific finding that separates AD from FTD with
high diagnostic accuracy'®. Similarly, these biomarkers can be used
toidentify patients with frontal lobe dysfunction due to AD pathology
rather than FTLD'**'**, Moreover, the logopenic variant of PPA (IVPPA,
usually associated with AD pathology) is often associated with elevated
CSF taulevels and reduced CSF AB42/AB40 (ref.165).

Several studies have demonstrated that the CSF concentration of
neurofilament light (NfL), a general marker of neurodegeneration, is
high in patients with FTD'*®, including those with autopsy-confirmed
FTLD™*'", High CSF NfL levels combined with negative AD biomarkers
issuggestive of anon-AD neurodegenerative disease (including FTLD)
and anon-psychiatric disorder'*®¢,

Blood-based ultrasensitive tests for AD-related pathologies and
neurodegeneration have been rapidly developed over the past few
years. Plasma concentrations of P-taul81, P-tau217 and P-tau231 are
increased in patients with AD, but not in those with FTD, compared
with the concentrations in cognitively normal controls, with almost a
100% differentiation between those with AD and FTLD"°™"”, Similar to
the findingsin CSF, blood NfL concentrations areincreased in patients
with FTD compared with those with AD*"7¢, although blood NfL levels
have limited performance for discriminating FTD from other neuro-
degenerative diseases"””"”®. Blood NfL levels discriminate FTD from
primary psychiatric disorders with high diagnostic accuracy*'*°,
Moreover, blood NfL levels are areliable biomarker of phenoconversion
of presymptomatic to symptomatic genetic FTD; blood NfL levels are
used regularly for this purpose in Sweden, Germany and France, and
increasingly in the USA™"'¢,

Biomarkers of specific FTD-related proteinopathies (TDP-43, tau
and FET family proteins) are needed to enable the development of
drugs targeting specific FTLD pathologies. One study suggested that
FTLD-tauand FTLD-TDP canbe discriminated using the ratio of plasma
glial fibrillary acidic protein (GFAP) to NfL'®, a finding that requires
replicationin other samples. Moreover, CSF and blood tau biomarkers
seemtoreflectan AB-drivenincrease in neuronal tau phosphorylation
andsecretion'®*"*®and are, therefore, normalin those with AB-negative
FTD.Fluid biomarkers of FTLD-tau pathology are not available and are
important future research avenues.

Although methods are emerging to measure TDP-43 in CSF and
plasma, available assays cannot differentiate between normal
and pathological TDP-43 or discriminate between patients with FTD and
controls'®. A pilot study using a real-time quaking-induced conversion
assay to detect seeds of misfolded TDP-43 in lumbar CSF showed higher
TDP-43 seed prevalence of positivity in patients with FTD or ALS than
in controls™®. No biomarkers of FTLD-FET pathology are available.

Prognostic biomarkers

Several studies have indicated that NfL concentrations in CSF and
blood reflect disease intensity and predict clinical progression of
FTD#+17518L1897192 11 gngitudinal analysis of CSF NfL concentrations
demonstrated that NfL levels are stably increased in symptomatic FTD
without clear longitudinal changes™°. One recent study suggested that
increased serum NfL concentration and rate of change canidentify
people with presymptomatic FTD mutations who are close to con-
verting to symptomatic disease'®?, and a large longitudinal study of
genetic FTD showed that increasing NfL levels in blood can identify
people with mutations approaching symptomonset and capture rates
of brainatrophy'”. NfL levels might be animportantinclusion criterion
inclinical trials of novel disease-modifying drug candidates and might
provide valuable information regarding treatment efficacy. However,
the challenge with this potential use of blood NfL levels is to deter-
mine the underlying cause of the increase and exclude other potential
causes, including head trauma, stroke and peripheral nerve injury,
before diagnosing onset of neurodegeneration in presymptomatic
mutation carriers.

Other biomarkers

Reduced CSF and blood progranulin concentrations have been found
in GRN mutation carriers with almost 100% diagnostic accuracy'**',
Disease-modifying treatments aimed at restoring progranulin deficits
inmutation carriers can be monitored using this marker. Inindividuals
withthe C9orf72expansion, poly(GP), one of the DPR proteins produced
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by the expansion, isincreased in carriers even at the presymptomatic
stage'”*'*°. This marker should be useful as a pharmacodynamic
biomarker in gene silencing studies.

As CSF and blood NfL levels are markers of the intensity of neuro-
degeneration, a successful disease-modifying treatment for FTD
should reduce the concentrations of these markers or flatten their
increase over time. Indeed, successful treatment of spinal muscular
atrophy and multiple sclerosis resultsin clear reductions in NfL levels
within 6-12 months>°,

Management

Non-medication treatments

The most-used non-medical treatments for FTD are behavioural
therapies, such as speech and language therapy for PPA**! or cogni-
tive rehabilitation for bvFTD?°>?**, In addition, family members and
helpers can encourage activities, such as music, dancing, art and com-
puter games, to reduce agitation and improve quality of life (QOL),
reduce the rate of decline in cognition?®*, and provide alternatives to
obsessive-compulsive behaviours (such as popping bubble wrap rather
than pulling out hair)*®.

Studies have aimed to augment behavioural rehabilitation with
non-invasive brain stimulation, including repetitive transcranial
magnetic stimulation (rTMS) and transcranial direct current stimula-
tion (tDCS). Both rTMS and tDCS involve invoking non-painful stimu-
lation over the skull to reduce or enhance brain activity. The basis
of these approaches is borrowed from post-stroke recovery, which
involves reorganization of brain networks that underlie specific func-
tions by recruiting healthy brain areas to ‘take over’ functions of the
lesioned areas or to reduce suppression of preserved brain areas by
diseased areas. Although FTD is progressive, brain dysfunction is
focalinitially, so that healthier areas might be recruited into damaged
networks to restore function, at least temporarily*®.

Most trials of non-invasive stimulation in patients with FTD have
beensmall, and results have not always been consistent. However, one
meta-analysis of 22 studies revealed a significant, heterogeneous and
moderate effect of tDCS and rTMSin language improvementin PPA at
least1to 2 months after treatment®”’. The main effects were improved
naming, largely driven by tDCS. However, larger randomized controlled
trials (RCTs) are required to identify the optimal parameters (such
as modality, frequency of rTMS and site of stimulation), duration of
treatment and candidates most likely to benefit.

Repetitive transcranial magnetic stimulation. Small (n = 6-20)
crossover RCTs have been carried out to determine the effects of
high-frequency rTMS on spontaneous speech (word count)?’,
object and action naming?®®, and verbal fluency?”’ in patients with
FTD. Secondary outcomes of these trials include changes in other
language tasks, global cognition, neuropsychiatric symptoms and
brain metabolism using FDG PET?°*?'°, Some trials determined the
target for active rTMS during a pretreatment phase (personalized
approach)®*®, whereas other trials evaluated the same target in all
participants (such as right and left dorsolateral prefrontal cortices*,
or the left prefrontal cortex*’). All used high-frequency rTMS which
stimulates firing of neurons.

Transcranial direct current stimulation. One recent meta-analysis
of studies of tDCS for language improvement in patients with PPA
reported an effect size 0f 0.82 (95% C10.16-1.47), whichis considered a
‘large effect’ and was statistically significant*'. Another meta-analysis

revealed improvementsin oral naming of untrained items and written
naming for bothtrained and untrained items in patients with PPAwho
received tDCS combined with language therapy?“.

Most studies of tDCS have used anodal (facilitatory) tDCS over the
left hemispherein combination with language intervention. One study
of tDCS or sham over the left dorsolateral frontal cortex for 25 min per
work day for 2 weeks (ten sessions), combined with individualized
speech and language therapy, showed significant improvement in
namingaccuracy and daily living language abilities in patients with PPA
who received tDCS plus speech and language therapy®2.

Another crossover RCT found greater gains in naming treated
wordsinindividuals with PPAwho received 15 daily sessions of anodal
tDCS accompanied by written naming therapy designed to improve
written naming of objects, with different benefits observed in patients
with nfvPPA and IVPPA*", Moreover, this study also found a generali-
zation to untreated words that was maintained 2 months later only in
patients who had received tDCS. However, there were no effects of tDCS
over shaminindividuals with svPPA. Follow-up studies demonstrated
that volume of specific brain regions”*, white matter integrity”” and
baseline language and cognitive performance”* could predict better
responses to anodal tDCS plus written naming therapy. Further studies
showed that tDCS in combination with written naming therapy resulted
in changes in the language network on resting state functional MRI**®

and reductionsin GABAin targeted regions®”.

Pharmacological management

Approved symptomatic therapies for AD (memantine and cholinest-
erase inhibitors) are not efficacious in FTD**??°, but several other
pharmacological options can help manage FTD symptoms.

Selective serotonin reuptake inhibitors (SSRIs) are the most-used
pharmacological therapiesin patients with FTD and have been shown
to curb depression, irritability, disinhibition, dietary changes and
compulsiveness in case studies and small open label trials in patients
with bvFTD and PPA?*"***, In a placebo-controlled crossover trial in
ten patients with bvFTD, trazodone (a serotonin receptor antago-
nist and SSRI) significantly improved multiple neuropsychiatric and
behavioural symptoms but was not consistently well tolerated*”. More
specific SSRIs that have favourable tolerability profiles (such as sertra-
line, citalopram and escitalopram) are typically preferred in clinical
practice compared with medications with off-target effects, including
anticholinergic effects*?*°,

Antipsychotics are occasionally used for treatment of severe agi-
tation and disinhibition but their use is supported only by a small
body of evidence from case studies and open label trials in patients
with FTD??"??2, The use of antipsychotics is also limited by their black
box warning for increased mortality and their extrapyramidal side
effects (EPS), whichisa particular risk in FTD??. Atypical antipsychot-
ics with low dopamine D, receptor affinity (such as quetiapine) tend
to be more commonly used owing to their lower rate of EPS**. One
atypical antipsychotic with a very low risk of EPS, pimavanserin (a novel
serotonin 5-HT,, receptor inverse agonist and antagonist), seemed to
have a high efficacy in managing psychosis in a phase Illl randomized
placebo-controlled trial in patients with dementia with a range of
aetiologies®”. However, this trial produced only limited long-term
efficacy and safety dataand included only seven patients with FTD (of
whomonly three were enrolled in the randomized portion of the trial).

Anticonvulsants have also been evaluated for behavioural man-
agement in patients with FTD but, similar to antipsychotics, the use of
anticonvulsantsis limited by a paucity of data and often unfavourable
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tolerability profiles. Only afew case studies have investigated the use of
valproate for the management of agitation and hypersexuality®**, car-
bamazepine for the management of hypersexuality?”, and nimodipine
for the management of compulsive eating???* in patients with FTD.
Other less commonly used pharmacological therapies for FTD
include dextromethorphan (whichimproved apathy and disinhibition
in one study)®*® and stimulants (of which methylphenidate reduced
risk-taking in a novel testing paradigm)?”. In the future, symptomatic
therapies might alsoinclude oxytocin, which may improve social inter-
estin FTD*® although this drug is still being investigated in an RCT in
patients with FTD (NCT03260920) and has yet to enter clinical use.

Clinical trial development in FTLD-tau

Nodisease-modifying therapies for FTLD are available; however, several
clinical trialson FTLD-tau have been carried out. The largest completed
trial for FTLD-tau (anegative phaselll trial of amethylthioninium chlo-
ride formulation) enrolled a pathologically heterogeneous cohort of
patients with bvFTD (NCT03446001); however, most drug develop-
ment programmes emphasize focus on specific groups of patientsin
whomthe underlying FTLD pathology canbe predicted duringlife. Spe-
cifically, many trials have targeted tauopathy in patients with PSP-RS,
asyndrome that strongly predicts FTLD-tau at autopsy>*. However,
trials of drugs intended to stabilize microtubules (davunetide**° and
abeotaxane®"), limit tau phosphorylation viaglycogen synthase kinases
(tideglusib)***and limit pathogenetic tau acetylation (salsalate)*** have
yielded negative results in patients with PSP-RS.

A small trial of plasmainfusions from young healthy donors also
yielded negative results in PSP-RS***, Moreover, passive immuniza-
tion against the amino-terminal tau epitopes did not slow disease
progression in patients with PSP-RS in well-powered phase Il trials
(NCT03413319, NCT03068468). Of note, some pathogenetic forms
of taumay be truncated at the N terminus®**. Additionally, subtypes of
FTLD tau (3R and 4R tau-predominant subtypes) are defined by
relative abundance of isoforms containing three or four microtubule
binding domain repeats. Thus, future successful passive and active
immunization strategies may target alternative tau species, includ-
ing regions closer to the microtubule binding domain. For example,
antibodies targeting the mid-domain of tau (JNJ-63733657) and tau
phosphorylated atamino acid 217 (JNJ-63733657) are under investiga-
tionin AD (NCT04619420 and NCT04867616) and may warrant future
investigation in FTLD-tau. Results from a trial studying the use of a
vaccine against the 294-305 region of four-repeat tau (ADDvacl) in
patients with nfvPPA are pending (NCT03174886).

Ongoing clinical development programmes for FTLD-tau are
harnessing other strategies, including suppression of tau expression
viaantisense oligonucleotides (ASOs) such as NI0752 (NCT04539041)
and alteration of tau autophagy and phosphorylation via rho-kinase
inhibitors such as fasudil (NCT04734379). Other trials are target-
ing the suppression of downstream pathological dysregulation of
retro-transposable elements via the reverse transcriptase inhibitor
TPN-101(NCT04993768).

Clinical trial developmentin FTLD-TDP

Autosomal dominant mutations have been a primary focus for the
development of drugs for FTLD-TDP, largely owing to the homogene-
ity of pathophysiology within each fFTLD cohort. Several ongoing
trials have enrolled individuals with pathogenetic GRN mutations, in
whom CSF progranulin concentrations provide a rational pharmaco-
dynamic measure for drugs that might rescue GRN haploinsufficiency.

In previous clinical trials, nimodipine and FRM-0334 (which upregu-
lated progranulin in preclinical models) did not affect extracellular
progranulin levels'****’; however, passive immunization with ALOO1
(amonoclonal antibody targeting the sortilin receptor, which shut-
tles progranulin to the lysosome)**¢ seemed to normalize plasma and
CSF progranulin in patients with GRN haploinsufficiency. A phase Il1
study of ALOO1 is ongoing in symptomatic and asymptomaticindividu-
alswith GRN haploinsufficiency (NCT04374136). Several other plausible
mechanismstoincrease CNS progranulin levels are also under investiga-
tion, including GRNgene therapy (PRO06 and PBFT02) using adenovirus
vectors (NCT04408625 and NCT04747431) and peripheral delivery of
progranulin fused to a human transferrin receptor (DNL539)%",

Much of the focus in the development of drugs for pathogenetic
C9orf72 expansion has been on intrathecal ASO strategies that are
intended to decrease expanded transcripts and DPR proteins translated
from the hexanucleotide expansion. Proof of concept for suppres-
sion of CSF DPRs has been observed in a single patient with C9orf72
expansion-related ALS treated with afinersen®*®. A mechanistically
similar ASO (BIIBO78) is also being investigated in patients with ALS and
FTD (NCT04931862) due to C9orf72 expansion. Arecent phasella pilot
study of the PIKFYVE kinase inhibitor, AIT-101 (apilimod dimesylate),
inC9orf72 expansion-related ALS demonstrated reductionin CSF DPR
concentrations®. Other diverse clinical trials in those with C9orf72
expansionsareinvestigating the use of metformintoreduce DPRexpres-
sion (NCT04220021), ALOO1to boost progranulin (NCT03987295) and
areverse transcriptase inhibitor to reduce downstream dysregulation
of retro-transposable elements (NCT04993755).

Few trials have enrolled patients with sporadic FTLD-TDP owing
tothe challenge of antemortem diagnosis. However, as svPPAis due to
FTLD-TDP pathology in 80% of patients'’, this syndrome may be a
growing focus in future trials. The first of such trials (NCT05184569)
is investigating verdiperstat, a myeloperoxidase inhibitor intended
tolimit glial-derived oxidative stress, in patients with svPPA, and may
serve as a template for other trailsin sporadic FTLD-TDP.

Quality of life
The QOL of individuals diagnosed with FTD and theirimmediate family
members — most frequently the primary informal care providers — is
commonly affected. Reduced QOL relates to deterioration inmultiple
domains, including behaviour, cognition, language, and motor and
social-emotional functioning, that vary in combination, severity
and progression®°. Although an overall definition of what constitutes
QOL varies, cognitive function, activities of daily living capacity, psy-
chological wellbeing and social integration are domains that are gener-
ally taken into consideration when estimating QOL in dementia. The
integrity of these dimensions can be captured by combining results
fromspecific tests or using global instruments such as the QOLin AD™".
Changes in cognition observed in the main subtypes of FTD, such
as executive function, language and memory, are likely to affect the
QOL of patients as they progressively interfere with many aspects of
activities of daily living. Disturbances of socioemotional engagement
and regulation, which affect interpersonal relationships, decreased
sleep quality, and disturbancesin movement coordination and motor
control, may also directly or indirectly interfere with functional
capacity>>*>, Progressive reduction in motor control is particularly
relevantin patients with FTD-ALS experiencing swallowing difficulty,
orthose with FTD presenting with motor disorders (such as CBS or PSP).
Finally, some patients have psychiatric symptoms, such as depression,
anxiety and delusions, the last of which is more frequently observed

Nature Reviews Disease Primers | (2023) 9:40

12



Primer

inindividuals carryinga C9orf72 hexanucleotide repeat expansion®*.
Apathy is also common in patients with FTD but is most frequently
observed in those with bvFTD and is characterized by difficulty in
engaging in, and sustaining, activities®’. Notably, changes in emo-
tional disturbance and apathy in patients with FTD are the features
that are most related to increased burden of care, increased depres-
sion, stress and anxiety, and reduced QOL in the carers of individuals
with FTD#¢2%,

Deteriorating QOL and associated burden of care remain major
predictors of transition to supported accommodation and nursing
home placement in patients with dementia®°. Few institutions are spe-
cialized in management of younger, physically healthy individuals with
FTDwhotend to present with marked behavioural changes. However,
the effects of many clinical symptoms can be mitigated by individual-
ized targeted interventions and can enhance QOL by improving func-
tional capacity and reducing the need for neuroleptic or antipsychotic
medications, which should remain the option of last resort. These
practical interventions are the best approach for the management of
FTDin the absence of disease-modifying treatments or cure.

Of note, most of the knowledge of the changes in QOL in patients
with FTD and their families has come from studies in Western popula-
tions. Whether such approaches are relevant and applicable to family
units from non-Western populations is not known. Indeed, understand-
ing the effect of FTD on wellbeing and QOL, and management strate-
giesin other populations with different social structures and in some
instances limited health service support, is mostly lacking®®"?**, This
will be one of the major challenges facing clinicians and researchers
inthe next decade.

The effects of the COVID-19 pandemic on QOL of patients with FTD
and their families is also unknown. Increases in psychiatric features
(depression, agitation and apathy) has been reported in patients with
dementia following the introduction of lockdown measures, regard-
less of the type of dementia®®*. Moreover, increased stress and anxiety
have also been reported in primary informal carers®*. As discussed
above, these changes are associated with decreased QOL. Whether this
increase is more pronounced in patients with FTD and the long-term
consequences of lockdown and associated social isolation on disease
progression will only be known in upcoming years®®,

Outlook

Although the outlook for improved FTD diagnosis and treatment is
highly positive, there is much work to be done. The two major goals
of FTD research programmes are to develop a treatment for FTD and
use findings from FTD to enhance our scientific knowledge of brain
functioning in general.

Geneticstudies of FTD haveidentified disease-causing mutations,
andindividuals with these mutations represent animportant popula-
tion for a disease-modifying treatment that can delay onset and slow
progression of disease. Meaningful biomarkers have been identified
for some of these mutations, which can be followed during treatment
togaugebiological response'®""**'”, Several targeted treatment trials
in fFTLD are ongoing and additional studies are planned. However,
treatment approaches for sporadic FTD are less advanced and addi-
tional work is needed before a successful treatment programme can
be developed for sporadic FTD.

Although clinical measures are useful diagnostic tools that can
screen patients inexpensively, developing tools with improved reli-
ability and pathological diagnostic specificity would be valuable to
determine eligibility for clinical trials and as biomarkers of clinical

response during trials. One approach focuses on automated analy-
ses of digitized speech samples, which has been evaluated in those
with PPA'?® and bvFTD without obvious PPA or the presence of
an obvious motor speech disorder$?72°¢ and for the identifica-
tion of speech disorders that can be confidently attributed only to a
motor speech impairment. Speech samples for automated analysis
can be collected face-to-face or remotely with equal meaningfulness
from patients with mild to severe impairment. Moreover, as speech
is collected during natural conversation, there is less concern for the
confoundingrole of learning effects associated with repeated admin-
istration of standard neuropsychological tasks. Similarly, owing to the
automated analysis, differences across centres are less likely to emerge.
Automated analysis of digitized speech may also be useful in screen-
ing for presymptomatic mutation carriers and clinical prediction of
phenoconversion owing to its sensitivity to subtle speech changes.
Computer-based batteries of cognitive assessments are also being
developed for use in individuals with FTLD, and could be useful for
identification of changes and as outcome measures. Eye-tracking tasks
using digitized measures obtained from wearables, and collection of
autonomic variables, particularly during evaluation of individuals with
bvFTD, also have the potential to quantitatively detect subtle social cog-
nition and executive function deficits earlier than traditional paper-and-
pencil tasks. For example, an eye-tracking paradigm can consist of an
anti-saccade task and oculomotor capture (that is, to evaluate inhibi-
tion), predictive pursuit (that is, prediction), a spatial anticipation task
(thatis, rule shifting), self-paced eye movements (thatis, apathy), basic
and complex emotion recognition tasks (that is, Reading the Eyes in
the Mind test), and a free viewing task for higher order social cognitive
processes, and can also include collection of autonomic features (such
as heart rate) to capture and follow baseline autonomic changes and
responses to stimuli. Like digitized speech analyses, novel eye-tracking
paradigms may detect early changesin those with fFTLD mutationsand
those with sporadic FTD and can differentiate FTD from other types of
dementiasuch as atypical presentations of AD?**”°, Online monitoring
platforms of daily life changesin patients with FTD such as these speech,
cognitive and ocular motility patterns might allow clinicians to initiate
personalized treatment strategies tackling specific changes in behaviour
and communication. These novel strategies will hopefully lead to fewer
doctor visits, reduced work drop-out among partners, less frequent use
of psychopharmacological drugs, and fewer acute hospital admissions.
New biofluid biomarkers are also under development toimprove
pathological diagnosis during life and to better predict disease pro-
gression. Improved sensitivity of recent technological advances, such
as blood-based single-molecule array (SIMOA), proteomics™%271773,
novel exosome analyses in CSF and blood'®***"*¢, and evaluation of
epigenetics”’ >, have allowed development of less-invasive biomark-
ersinblood and novel markers of disease. New blood biomarkers based
on the ratio of NfL to GFAP show some promise in distinguishing spo-
radic FTD due to FTLD-tau from FTLD-TDP'®, Innovative single-nucleus
RNA expression studies in brains from individuals with sporadic FTD
or fFTLD will lead to more insights and potentially the identification of
new fluid biomarkers in CSF or blood. The value of such candidate bio-
markersisbeinginvestigated in ongoing longitudinal and international
studies in healthy and symptomatic carriers with FTD mutations and
patients with sporadic FTD. Innovative techniques may also identify
new insights into disease mechanisms. For example, one study using
single-nucleus RNA sequencingin brain samples fromindividuals with
GRNmutation-associated FTD identified disease-associated subtypes
of astrocytes and endothelial cells, with enrichment of fibroblasts
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and mesenchymal cell numbers®°. The enriched expression of gene

modules associated with blood-brain barrier dysfunction found in
endothelial cells indicates that dysfunction of the neurovasculature
may be another underlying pathophysiological process®°.

Available neuroimaging data collected in longitudinal studies
in individuals with fFTLD and sporadic FTD will enable quantitative
measurement of changes ingrey matter volume. However, the harmo-
nization of multisite diffusion-weighted images to evaluate changesin
white matter volumeis extremely challenging. New techniques for dif-
fusion MRI (for example, with rotational invariant spherical harmonics
features) could be used to optimize and validate postprocessing har-
monization strategy of multishell acquisitions, with one site selected
asreference. Other MRIsequences, such as arterial spin labelling?%' %
and spectroscopy®*?¥, novel analyses encompassing data science
network approaches’ %% and MRIusing powerful 7 T magnets*°
willimprove sensitivity to changes in brain anatomy. High-resolution
MRIat7 T performed ex vivo are proving highly informativein FTD and
ALS*°22 Moreover, molecular PET imaging has begun to target more
specific pathological entities in the brain of patients with FTD5551%¢,
and novel radioligands will improve in vivo diagnosis and provide an
important way to assess response during trials of disease-modifying
treatments. Finally, cross-sectional and longitudinal optical coherence
tomography could be used to identify autopsy-confirmed thinning
of the outer retinal layer in patients with FTLD-tau compared with its
thickness in controls and compared with the thickness of the inner
retinal layer®>?*,

Developments in artificial intelligence and machine learning,
such as the discriminative event-based model*****””, have led to the
availability of tools that can extract patterns from large-scale data-
sets of high-dimensional longitudinal measurements of multimodal
biomarkers. In addition to group-wise staging based on a composite
of considered data, these methods also estimate the probability that
a biomarker is abnormal in each individual. Accounting for the tim-
ing of these changes relative to one another and applying them on an
individuallevel will permit the prediction of disease onset, supporting
accurate diagnosis in individuals with fFTLD and those with sporadic
disease. Such multimodal tools are likely to improve early detection
of disease and improve stratification within treatment trials to optimize
timing for effective therapeutic interventions.

Published online: 10 August 2023
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