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1Genetics and Epigenetics 
in the Neurodegenerative Disorders 
of the Central Nervous System

Chiara Fenoglio

Abstract
Most of the neurodegenerative diseases share several clinical, pathologic, and 
molecular aspects. Clinically, these diseases are often characterized by an insidi-
ous onset during adulthood, after which they progress at different rates, ulti-
mately leading to severe physical disability or death. The symptoms are often 
common among the different disorders: dementia is not only peculiar of 
Alzheimer’s disease (AD) or frontotemporal dementia (FTD), but could occur 
also in Parkinson’s disease (PD) or amyotrophic lateral sclerosis (ALS).

Furthermore, under a genetic point of view, many neurodegenerative diseases 
manifest an important family history, highlighting a relevant contribution of 
genetic factors to disease causation and progression.

Genetics and epigenetics, together with their new designed technologies 
capable of analyzing genetic variability, have disclosed an appealing scenario 
that will offer the biomedical sciences new insight for the study of neurodegen-
erative diseases, multifactorial complex, and rare diseases. In this chapter, an 
overview of the current genetic and epigenetic progresses in AD, FTD, PD, and 
ALS, reached by the application of the new genetic technologies, will be 
provided.

Keywords
Genetics · Epigenetics · Alzheimer’s disease · Frontotemporal dementia · 
Parkinson’s disease · Amyotrophic lateral sclerosis
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 Introduction

Most of neurological disorders including Alzheimer’s disease (AD), Parkinson’s 
disease (PD), amyotrophic lateral sclerosis (ALS), and frontotemporal lobar 
degeneration (FTLD) could be considered multifactorial diseases. A small per-
centage of these diseases however occur in families with a Mendelian inheri-
tance pattern of transmission. The majority of cases results from complex 
interactions between a number of genetic and environmental factors, and there-
fore they are said to follow a multifactorial (or complex) inheritance pattern. 
The familial clustering can be explained by recognizing that family members 
share a greater proportion of their genetic information and environmental expo-
sures than do individuals chosen at random in the population. Thus, the relatives 
of an affected individual are more likely to experience the same gene-gene and 
gene-environment interactions that led to disease in the first place than are indi-
viduals who are unrelated to the proband. The multifactorial inheritance pattern 
that results represents an interaction between the collective effects of the geno-
type at one or, more commonly, multiple loci (polygenic or multigenic effects) 
either to raise or to lower susceptibility to disease, combined with a variety of 
environmental exposures that may trigger, accelerate, or protect against the dis-
ease process. The gene-gene interactions in polygenic inheritance may be sim-
ply additive or much more complicated. Gene-environment interactions, 
including systematic exposures or chance encounters with environmental fac-
tors in one’s surroundings, add even more complexity to individual disease risk 
and the pattern of disease inheritance.

Herein, main genetic variations will be described, and progress in the genetic and 
epigenetic knowledge of the most common neurodegenerative diseases will be 
reviewed considering the achievements of new technologies.

 Genetics: Basic Concept

The genetic background of the individuals differs from thousands to millions of 
genetic variants that are the differences in DNA sequences within the genome of 
individuals in the populations. These variations can take many forms, including 
single nucleotide polymorphisms (SNPs), tandem repeats (short tandem repeats and 
variable number of tandem repeats), small indels (insertions and deletions of a short 
DNA sequence), duplications or deletions that change the copy number of a larger 
segment of a DNA sequence (≥1 kb), i.e., copy number variations (CNVs), and 
other chromosomal rearrangements such as inversions and translocations (also 
known as copy-neutral variations) [1–3].

These genetic variations are typically referred to as either common or rare to 
denote the frequency of the minor allele in the human population. Common variants 
are synonymous with polymorphisms, defined as genetic variants with a minor 
allele frequency (MAF) of at least 1% in the population, whereas rare variants have 
a MAF of less than 1% [2].

C. Fenoglio
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The large majority of genetic variants are hypothesized to be neutral [4] (that is 
they do not contribute to phenotypic variation), achieving significant frequencies in 
the human population simply by chance.

 Types of Genetic Studies

Four strategies have governed the field of neurodegenerative diseases’ genetics in 
the last decades: genetic linkage analysis, candidate genes studies, genome-wide 
association studies (GWAS), and next-generation sequencing (NGS) technology- 
based studies, whole-genome sequencing studies (WGS), and whole-exome 
sequencing studies (WES).

 Genetic Studies Based on Linkage Analysis
Linkage analyses were the first kind of strategy used to unravel the genetic basis of 
Mendelian traits, involving families presenting autosomal dominant inheritance. 
Genetic linkage studies led to identify chromosomal regions associated with dis-
eases but do not identify the causal gene associated. Linkage mapping is a powerful 
tool in identifying monogenic traits in Mendelian inherited neurodegenerative dis-
eases but is less powerful to identify variants acting as risk factors for complex traits 
as are most neurodegenerative diseases [5].

 Genetic Study Based on Candidate Genes
This kind of study aims to determine if frequencies of genetic variants of people 
with a specific disease differ significantly from a control population of subjects. 
According to that, susceptibility genes are defined when cases and controls show 
significant differences in occurring genetic variant frequencies. Candidate gene 
approach led to identify the apolipoprotein gene (APOE) risk alleles implicated in 
late-onset Alzheimer’s disease (LOAD). Thousands of genes were tested in this way 
for neurodegenerative disease susceptibility, very often giving inconsistent results. 
This approach however has been very helpful and powerful since it is based on the 
existing knowledge on disease pathogenesis. Anyway, most of the candidate gene 
association studies could not be replicated mainly due to the small sample size that 
does not let the studies to reach the adequate statistical power [6].

 Genome-Wide Association Studies (GWAS)
The advent of microarray technology era revolutionized genetics research, allowing 
for the contemporaneous determination of millions of SNPs in thousands of sam-
ples. GWAS is based on the testing common genetic variants in a hypothesis-free 
manner. Thus, it provides information on how common genetic variability confers 
risk for the common diseases [7]. Several susceptibility genes for common neurode-
generative disorders have been revealed by GWAS, although the odds ratios associ-
ated with these risk alleles are relatively low and account for just a small part of the 
estimated heritability, suggesting that there are rare variants, not causative, which 
cannot be captured by GWAS employing common SNPs [8].

1 Genetics and Epigenetics in the Neurodegenerative Disorders of the Central
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 NGS Technologies
Recent advances, collectively referred to as NGS, have allowed for high-throughput 
sequencing giving massive data results that need to be analyzed by specific bioin-
formatics software. Moreover, in opposition to the first-generation sequencing, also 
known as Sanger sequencing, which can take several years with relevant costs, NGS 
can produce the same genome sequence within a few weeks and with reduced costs. 
This allows for simultaneous investigation of multiple genes in one single reaction 
and has been demonstrated to be able to be an effective alternative for establishing 
the genetic base for Mendelian diseases in the research setting [9, 10] and recently 
also in the clinical setting [11, 12].

NGS relies upon multiple, short, overlapping reads of fragmented DNA that 
can be aligned against a reference genome or assembled “de novo” if no infor-
mation on the reference genome is available. The regions that are amplified 
could include either a subset of genes (targeted approach) or all the genes in the 
genome. If just the protein-coding regions are amplified when sequencing all 
the genes, the method is referred to as WES.  When the target is the whole 
genome, it is known as WGS.

Genetic linkage family studies have led to the determination of dominantly 
inherited, rare mutations in genes as presenilin 1 (PSEN1), presenilin 2 (PSEN2), 
amyloid precursor protein (APP) for early-onset Alzheimer’s disease (EOAD), 
leucine- rich repeat kinase 2 (LRRK2), α-synuclein (SNCA), leucine-rich repeat 
kinase 1 (LRRK1) for PD, microtubule-associated protein tau (MAPT), progranulin 
(GRN) for FTD, and superoxide dismutase 1 (SOD) for ALS.

The development of whole-genome genotyping by different GWASs has allowed 
for the study of the involvement of common variants with low risk of disease.

Most of the neurodegenerative diseases, including AD, PD, ALS, and FTD, show 
rare but significant familial inherence and lower penetrance variants associated with 
the more common sporadic forms of diseases [13]. Thus they are suitable for both 
approaches: sporadic cases are amenable to GWAS, whereas patients with a definite 
positive family history, supporting a Mendelian transmission, are suitable candi-
dates for NGS-based studies.

 Genetic Features of Common Neurodegenerative Diseases

Most of the neurodegenerative diseases share several clinical, pathologic, and 
molecular aspects [13]. Clinically, these diseases are often represented by an insidi-
ous onset during adulthood, after which they progress at different rates, ultimately 
leading to severe physical disability or death. The symptoms are often common 
among the different disorders: dementia is not only peculiar of Alzheimer’s disease 
(AD) or frontotemporal dementia (FTD), but could occur also in Parkinson’s dis-
ease (PD) or amyotrophic lateral sclerosis (ALS).

Furthermore, under a genetic point of view, many neurodegenerative diseases 
manifest an important family history highlighting a relevant contribution of genetic 
factors to disease causation and progression.

C. Fenoglio
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The following sections will provide overviews of the current genetic progresses 
in AD, FTD, PD, and ALS reached by the application of the new genetic 
technologies.

 Progress in AD Genetics

Alzheimer’s disease (AD) is a multifactorial and complex neurodegenerative disor-
der and the leading cause of dementia among elderly people. Genetically, AD can 
be subdivided into a rare familial form, accounting for 5–10% of all patients and 
presents with autosomal dominant inheritance, and a multifactorial sporadic form in 
which specific environmental exposures in combination with genetic susceptibility 
contribute to the exacerbation of the disease. The first type of disease generally 
develops before age 65 years and is referred as EOAD, whereas the sporadic type of 
disease often occurs later in life in individuals older than 65 years and is referred to 
as LOAD [14]. Three genes are responsible for familial AD: APP, PSEN1, and 
PSEN2. Together, they account for 5–10% of cases of the early-onset form of the 
disease. They map on three different chromosomes but share a common biological 
pathway [13].

The proportion of cases of autosomal dominant AD explained by mutations in 
these genes is high but varies widely from 12 to 77% [15, 16]. This aspect suggests 
that there are additional genetic factors involved in the pathogenesis of 
EOAD.  Recently, thanks to NGS approach, some new genetic mutations were 
found in small families with unexplained EOAD. Guerreiro et al. (2012) identified 
a missense mutation in NOTCH3 (R1231C), that is, a gene previously linked to 
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy [17].

Another study [18] identified mutations in the sortilin-related receptor 1 (SORL1) 
gene in EOAD. This gene encodes a neuronal sorting protein able to bind APP, driv-
ing it towards the endosomal recycling pathways. Other studies involving EOAD 
found association between triggering receptor expressed on myeloid cells 2 
(TREM2) gene and the risk of developing the disease. TREM2 is an immune phago-
cytic receptor expressed in brain microglia able to modulate microglial phagocyto-
sis and inflammatory pathways [19].

Pottier et al. (2013), by using a NGS WES-based approach, identified an associa-
tion between TREM2 variants in exon 2 and EOAD in Caucasian subjects of French 
origin. They found an association between rs75932628T allele (R47H) with the risk 
of developing AD [20].

The same variant was further confirmed to be a risk factor for EOAD in a recent 
study conducted by Slattery et  al. (2014) that determined that individuals with 
R47H variant-associated EOAD had significantly earlier symptom onset than indi-
viduals with no TREM2 variants [21].

A recent GWAS identified a novel missense mutation in phospholipase D family 
member 3 (PLD3) gene in an EOAD autopsy-confirmed patient. However, further con-
firmatory analysis carried out in larger sample size population of European EOAD 

1 Genetics and Epigenetics in the Neurodegenerative Disorders of the Central
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didn’t let to prove significant evidence for an enrichment of rare PLD3 variants in EOAD 
patients. Therefore, a genetic role of PLD3 in AD still remains to be demonstrated.

Rare variants in PLD3 do not affect the risk for EOAD in a European Consortium 
cohort [22]. Recently, the use of NGS with a target panel able to analyze ten genes 
involved in dementia led to the identification of novel coding variants in PSEN1 
predicted to be pathogenic [23].

LOAD represents the large majority of all cases (>95%), typically presenting with 
an onset age higher than 65  years and involving multiple susceptibility genes. 
Although the advent and the application of NGS screening technologies led to iden-
tify several risk variants, their association appears to be associated with very low 
risk, except the ε4 allele of APOE. The risk associated with APOE ε4 allele was 
consistently replicated in a number of independent studies considering many ethnic 
groups. the presence of the ε4 heterozygous genotype confers fourfold the risk to 
develop AD. The risk reaches 15-fold for subjects homozygous for the ε4 allele [24].

Recent completion of several GWAS studies led to confirm that APOE remains 
the single most important genetic risk factor for AD, although other risk factors, as 
binding integrator (BIN1) and clusterin (CLU), emerged recently as strongly associ-
ated with LOAD [25, 26].

Recently advances in NGS add robust evidences that rare variants explain some 
of genetic heritability in AD. A rare variant, nicastrin gene, has recently been identi-
fied by NGS as risk factor for LOAD in Greek population [27]. TREM2 genetic 
variability has been investigated also with regard to LOAD susceptibility by differ-
ent groups. Jonsson et al. found that rs7593628T allele variant in TREM2 confers a 
significant threefold increased risk for AD in a cohort of Icelanders. This result was 
further replicated in other independent populations [28].

The same variant was further tested by Guerreiro et al. (2013) by WES technol-
ogy and was found to cause a fivefold increase risk to develop AD. Furthermore, six 
additional TREM2 variants were found in AD cases and not in controls, highlighting 
their possible contribution to increase AD risk [29]. TREM2 has also emerged as 
associated with AD in a very recent study that took advantage of NGS technology 
in a wide population of the International Genomics of Alzheimer’s Project (IGAP). 
In addition to TREM2 rs143332484 rare variant association, other two genomic 
variants were found associated with AD: the protective variant rs728224905  in 
PLCG2 and the risk variant rs616338 in ABI3 gene [30].

Lastly, Kohli et al. (2016), using WES on 11 affected individuals in a large kindred 
with apparent autosomal dominant LOAD, found damaging missense mutations in 
the tetratricopeptide repeat domain 3 (TTC) gene in all affected individuals [31].

 Progress in PD Genetics

Parkinson’s disease (PD) is one of the several neurodegenerative diseases that 
affects aging individuals, in particular, is the second most common neurodegenera-
tive disorder of adult onset and shows an increased prevalence with age. At 
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histopathological level it is characterized by severe loss of dopaminergic neurons in 
the substantia nigra and cytoplasmatic inclusions in the remaining neurons consist-
ing of insoluble protein aggregates of alpha-synuclein protein named Lewy bodies.

Monogenic forms of PD show both autosomal dominant and recessive pattern of 
inheritance. Up to date, at least five genes are known to be causative for Mendelian 
forms of the disease [32–36].

Αlpha-synuclein gene (SNCA) is the first gene found to be causative of genetic 
PD. It encodes for a presynaptic protein that modulates neurotransmitter release and 
vesicle turnover.

In addition to SNCA, autosomal dominant causing PD mutations were found also 
in leucine-rich repeat kinase 2 gene (LRRK2), in the retromer complex component 
(VPS35), and in the eukaryotic translation initiation factor 4G gene (EIF4G). The 
two last genes were identified through NGS techniques by exome sequencing in 
PD-affected families [37, 38].

VPS35 is a component of the retromer complex involved in retrograde transport 
from endosomes to trans-Golgi network. A recent NGS-based study carried out in 
213 patients with PD found three novel non-synonymous variants which could con-
tribute to PD pathogenesis [39].

Conversely, genes involved in recessive transmitted PD forms probably result in 
a loss of function, leading to a decreased protection of dopaminergic neurons against 
toxic events. The most common mutated genes are the parkin 2 gene (PARK2) and 
PTEN-induced putative kinase 1 gene (PINK1) [40].

Recently, a deleterious variation in DNAJ heat shock protein family (Hsp40) 
member C6 (DNAJC6) by WES in juvenile parkinsonism was identified [41].

Mano et al. (2016) investigated three patients with apparent autosomal dominant 
PD and dementia. A WES technology-based study led to identify heterozygous 
mutation in prion protein gene (PRNP) [42]. Furthermore, another functional muta-
tion in the same gene was described [43], thus expanding the spectrums of the par-
kinsonism phenotype and DNAJC6 variants.

Several common polymorphisms in SNCA and LRRK2 were found, by NGS 
studies, to be highly associated with the risk to develop the disease.

Recently, mutations in transmembrane protein 230 gene (TMEM230) were 
claimed to be causative of Mendelian form of late-onset PD with typical Lewy body 
pathology in a large Canadian pedigree and seven smaller Chinese families [44]. 
The protein encoded by TMEM230 remains largely uncharacterized, but initial evi-
dence suggests a role in the trafficking of recycling vesicles, retromers, and endo-
somes, suggesting interesting links to the pathways targeted by other PD-causing 
genes.

Nevertheless, subsequent replication studies in different population were 
largely negative suggesting that more evaluation of genetic data from other dif-
ferent populations is needed to clearly understand the genetic role of this gene 
in PD pathology. Recently, a lack of evidence for a role of genetic variation in 
TMEM230  in the risk for Parkinson’s disease in the Chinese population was 
reported [45].
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 Progress in FTLD Genetics

Frontotemporal dementia (FTD) is the second most common young-onset dementia 
affecting people of 45–65  years. The term frontotemporal lobar degeneration 
(FTLD) is used to describe the pathology associated with all kind of clinical FTD, 
and it is pathologically associated with degeneration of frontal and temporal lobes.

FTLD is heterogeneous with patients being classified into different subtypes bas-
ing on main components of pathologic protein aggregated: FTLD-tau, FTLD-TDP, 
FTLD-FET [46].

Genetic investigation over the past two decades in FTLD with Mendelian inheri-
tance led to the identification of three common FTLD genes: microtubule- associated 
protein tau (MAPT), progranulin (GRN), and chromosome 9 open reading frame 72 
(C9ORF72), and also to an additional small number of rare FTLD genes. All 
together the mutations in the abovementioned genes explain almost all autosomal 
dominant FTLD families.

Among the three known causal genes for the Mendelian forms of FTLD, C9ORF72 
was detected through GWAS in 2011 by two groups independently [47, 48].

GWAS focused on the identification of risk genes for ALS, and FTLD-TDP led 
initially to identify a significant susceptibility locus at chromosome 9p [49–51].

However, despite all these efforts, the research of the exact gene locus remained 
elusive until 2011 when it was determined a GGGGCC hexanucleotide repeat 
expansion within the noncoding region of the C9ORF72 gene. Regarding the patho-
genicity related to the number of expansions, there is not a clear consensus and a 
reliable cutoff so far. In healthy controls, most individuals carry between 2 and 20 
copies of repeats, whereas ALS and FTLD patients carry from approximately 100 
to several 1000s of copies of repeat. Anyway, up to now C9ORF72 repeat expansion 
is the most common cause of FTLD and ALS worldwide [52]. A whole-genome 
sequencing study carried out by Pottier and colleagues in 2015 led to find rare vari-
ants in TANK binding kinase 1 gene (TBK1) [53], gene previously found to be 
implicated in ALS [54].

Moreover, in the same study, also heterozygous mutation in optineurin gene 
(OPTN) was found, suggesting that both TBK1 and OPTN contribute to the etiology 
of FTLD-TDP.

Recently, a pathogenic mutation in the coiled-coil-helix-coiled-coil-helix domain 
containing 10 (CHCHD10) was identified by WES in an atypical family with late- 
onset motor neuron disease, cognitive decline resembling behavioral FTD [55]. 
Further studies carried out in FTLD Asian population led to establish CHCHD10 as 
the most common FTLD gene in Asia [56].

A number of other genes have been investigated in relation to FTLD. Among 
those TREM2 association with FTLD deserves particular interest. Recessive muta-
tions in TREM2 gene cause Nasu-Hakola disease. Guerreiro et  al. (2013) found, 
through NGS techniques, mutations in TREM2 in patients with atypical FTLD char-
acterized by very young onset age, the presence of seizures and parkinsonism, and 
extensive white matter lesions on brain imaging as well [57]. Regarding the pres-
ence of risk genes or genetic modifiers, relatively few genes were identified. The 
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most relevant and replicated risk factor involved in FTLD is the transmembrane 
protein 106B gene (TMEM106B). It was firstly identified as a risk factor for FTLD- 
TDP in a GWAS which enrolled more than 500 FTLD-TDP patients [51]. A GWAS 
in pathologically confirmed FTLD-TDP patients was also carried out and did not 
identify other common variants associated with the disease in addition to 
TMEM106B.

Recently, a further GWAS performed in 2154 clinical FTLD patients and 4308 
controls identified for the first time the HLA locus and a further locus on chromo-
some 14q11 encompassing RAB38 and cathepsin D (CTSC) [58].

The HLA locus association importantly suggests a link between FTLD and the 
immune system, as Ferrari et al. (2015) carried on a refined analysis of GWAS 
data and found two potential additional loci for FTLD susceptibility in chromo-
some 2p16.3 within the intronic region of a not characterized protein LOC30100 
and on chromosome 17q25.3 within a region harboring CEP131, ENTHD2, and 
C17ORF89 [59].

 Progress in ALS Genetics

Amyotrophic lateral sclerosis (ALS) is characterized by a progressive degeneration 
of motor neurons in the brain and spinal cord, leading ultimately to paralysis and 
death within 1–5  years. Neuropathologic features include deposition of patho-
logicTDP- 43 aggregates. As TDP-43 is also a pathologic hallmark in determinate 
forms of FTD, it is now ascertained that ALS and FTD belong to the same clinico-
pathologic spectrum of diseases.

Mendelian forms of ALS (familial ALS, FALS) account for about 10% of all 
ALS cases and show predominantly autosomal dominant inheritance [60].

Several genes are responsible for Mendelian forms of the disease: superoxide 
dismutase 1 (SOD1), TAR DNA-binding protein (TARDBP), FUS RNA-binding 
protein (FUS), and valosin-containing protein gene (VCP). Mutations in SOD1 are 
responsible for 20% of familial ALS [60]. Recently, Wu and colleagues carried out 
a WES study in Chinese kindred and found a novel mutation in SOD1 [61].

Mutations in VCP gene account for 1.5% of FALS cases. Johnson et al. (2010) 
identified a novel variant in the VCP gene by WES technology in an Italian family 
with autosomal dominant ALS [62].

Recently, a new NGS approach based on haloplex target enriched system was 
used to test 18 causative genes in ALS probands. Haloplex target enrichment system 
is a new targeted sequencing approach that enables to detect already known muta-
tions or candidate genes. By using this approach, a novel dynactin 1 (DCTN1) 
pathogenic variant and three already known pathogenic mutations in SOD1 gene 
were found [63]. This multigene panel NGS-based approach was also successfully 
employed in 4 index ALS patients and 148 sporadic cases from Korea. They tested 
18 causative genes and identified 4 known mutations in SOD1, ALS2, MAPT, and 
SQSTM1 genes and several variants in 9 genes potentially deleterious by in silico 
analyses [64].
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These results suggest that multigene panel testing could be an effective approach 
for mutation screening in ALS and in other neurodegenerative disease-related genes.

A very recent paper by Morgan et al. (2017) tested a panel of known ALS genes 
in a wide ALS population consisting of 1126 patients and 613 controls. They found 
an increased burden of rare variants in patients within the untranslated regions of 
known disease-causing genes, driven by SOD1, TARDBP, FUS, VCP, OPTN, and 
UBQLN2 [65].

Moreover, the hexanucleotide repeat expansion in the noncoding region of 
C9ORF72 gene was shown to be the cause of 20–50% of familial ALS [66].

Lastly, four pathogenic mutations were found by WES in two large ALS families 
within the profiling 1 gene (PFN1) [67, 68] and a novel missense mutation in 
UBQLN2 detected by WES in two ALS families [69].

 Epigenetics: Basic Concepts

Epigenetics is focused on the investigation of mechanisms able to alter the expres-
sion of genes without altering the DNA sequence [70]. DNA methylation, chroma-
tin remodeling, and noncoding RNAs (ncRNAs) are the three most investigated 
epigenetic modifications especially in relation to aging and neurodegenerative dis-
eases. Although epigenetic changes are passed from parent to offspring through the 
germline and are retained through successive cell divisions, they can be reversed 
and are highly sensitive to environmental influences [71, 72].

Epigenetic processes are able to regulate DNA replication and repair, RNA tran-
scription, and chromatin conformation that influence in turn transcriptional regula-
tion and protein translation.

 Methylation

DNA methylation is the best characterized epigenetic modification that involves the 
addition of a methyl group to the carbon-5 of a cytosine residue in DNA and is car-
ried out by one of the several DNA methyltransferase (DNMT) enzymes. DNMT1 
is the enzyme responsible for the maintenance of DNA methylation patterns during 
DNA replication. DNMT1 localizes to the DNA replication fork, where it methyl-
ates nascent DNA strands at the same locations as in the template strand [73]. 
DNMT3a and DNMT3b are involved in the de novo methylation of unmethylated 
and hemimethylated sites in nuclear and mitochondrial DNA, respectively [73, 74]. 
In mammals, DNA methylation occurs predominantly at CpG sites—locations 
where a cytosine nucleotide is followed by a guanine nucleotide. CpG sites can 
occur in concentrations of up to several hundred dinucleotide repeats, called CpG 
islands, which are frequently found in gene promoter regions. The methylation or 
hypermethylation of CpG islands in promoter regions usually prevents the expres-
sion of the associated gene [75]. DNA methylation is currently the best understood 
epigenetic mechanisms and is known to have a crucial role in normal development, 
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cell proliferation, and genome stability [76]. Recently, however, non-CpG methyla-
tion has received increased attention [77]. The design and development of tech-
niques for the identification, quantification, and positioning of individual CpG 
methylation across the genome is a milestone that needs to be accomplished in order 
to provide a reliable characterization of the human epigenome.

Early epigenetic investigations related to AD focused on DNA methylation find-
ing non-AD-specific hypomethylation of the APP gene promoter region in one 
patient [78].

More recent studies support an overall reduction in DNA methylation in AD 
patients, thus highlighting the importance of DNA methylation in AD [79]. 
Interestingly Aβ has also been implicated as a trigger of epigenetic changes as it was 
found that Aβ induces global DNA hypomethylation [80].

Tau gene expression is also subject to complex epigenetic regulation, involving 
differentially methylated binding sites for transcription factors [81].

Recently, Bollati et al. (2011) investigated the methylation status of repetitive 
elements in blood, including Arthrobacter luteus elements (Alu) blood, long inter-
spersed element 1 (LINE-1), and satellite-α (SAT-α), that comprise a wide portion 
of the human genome and are known to contain large numbers of CpG sites. 
Interestingly, they found that LINE-1 methylation was increased in AD patients and 
that enhanced LINE-1 methylation was associated with a better cognitive perfor-
mance within the AD group [82].

DNA methylation was also reported to be altered in ALS postmortem brains by 
a comparison between sporadic ALS and control carried out using Affymetrix 
GeneChip Human Tiling 2.0R arrays [83].

Regarding FTD, two studies showed that the GRN promoter methylation is able 
to regulate progranulin expression, as they found that increased methylation in FTD 
subjects negatively correlates with GRN mRNA levels [84, 85].

A recent genome-wide study on DNA methylation pattern in peripheral blood of 
FTD and progressive supranuclear palsy (PSP) compared to healthy subjects found 
a specific methylation signature associated pathologically with tauopathy [86].

Interestingly, regarding the C9ORF72expansion, it was suggested that the length 
of the repeat might influence the level of DNA methylation at the C9ORF72 pro-
moter. This process was found in a family from Canada with father carrying an 
intermediate length allele, about 70 repeats with an unmethylated C9ORF72 pro-
moter that expanded to about 1750 repeats in his children. The expanded allele car-
ried by the four children, two of them have developed ALS symptoms, was 
characterized by C9ORF72 promoter hypermethylation and associated with reduced 
c9orf72 expression [87].

 ncRNAs

It was widely believed in the past that most of the human genome consisted in “non-
functional” DNA.  It was later discovered that almost the whole genome is tran-
scribed but that just about 2% in translated into proteins [88]. It is now ascertained 
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that most of this “junk” is instead functional and composed by noncoding RNA 
(ncRNA), whose signaling and editing is able to play a crucial role in chromatin and 
nuclear structure. In particular, ncRNAs are involved in epigenetic regulation by 
recruiting chromatin-modifying complexes. ncRNAs operate through repressive 
control but have also the potential to act as gene activators [89].

ncRNAs comprise small RNAs (sRNAs) of less than 200 nucleotides and long 
noncoding RNA (lncRNAs) of more than 200 nucleotides. sRNAs are further sub-
divided as microRNAs (miRNAs), short interfering RNAs (siRNAs), and PIWI- 
associated RNAs (piRNAs), whereas lncRNAs are categorized according to their 
direction and position of their transcription in antisense, intergenic, exonic, intronic, 
and overlapping [90].

miRNAs are single-stranded, noncoding small RNAs that are abundant in plants 
and animals and are conserved across species [91]. The raw transcripts undergo 
several nuclear and cytoplasmic post-translational processing steps to generate 
mature, functional miRNAs. In the cytoplasm, mature miRNAs associate with other 
proteins to form the RNA-induced silencing complex (RISC), enabling the miRNA 
to imperfectly pair with cognate miRNA transcripts. The target mRNA is then 
degraded by the RISC, preventing its translation into protein [92, 93]. miRNA- 
mediated repression of translation is involved in many cellular processes, such as 
differentiation, proliferation, and apoptosis, as well as other key cellular mecha-
nisms [94, 95].

It is now well established that altered RNA processing could act as contributing 
factor to several neurological conditions including aging-related neurodegenerative 
diseases as AD, PD, FTD, and ALS [96–98].

Impairments at all levels of gene regulation, from RNA synthesis, processing, 
function, and degradation, are associated with ncRNA.

Regarding miRNAs contribution in neurodegenerations, there are two ways in 
which they can drive it: alterations to miRNA biogenesis or to miRNA expression. 
In addition to this aspect, specific miRNAs affecting specific disease-linked genes 
are also associated with neurodegenerative diseases as AD. In particular, it has been 
demonstrated the implication miRNAs in Aβ production via BACE1 modulation 
and in tau phosphorylation that leads to hyperphosphorylated neurofibrillary tangle 
formation. Moreover, several miRNAs have been also involved in ALS pathogene-
sis or as biomarkers of disease. MiR-23a was found overexpressed in skeletal mus-
cle biopsies from ALS patients [99].

Furthermore, several miRNAs were found to be dysregulated also in spinal cord 
from individuals with ALS, including miR155-5p, miR-142-5p, let-7e, miR-148-5p, 
miR-133b, miR-140-3p, and miR-57. These are all miRNAs able to regulate neuro-
nal homeostasis, pathogenesis of ALS, and other neurodegenerative-related tran-
scripts [100].

In PD, several miRNAs dysregulations have been found, but one of the most 
involved miRNAs in the pathology appeared to be miR-133b that is particularly 
enriched in the midbrain region of normal subjects but was found to be deficient in 
samples from PD patients [101].
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Altered miRNA signatures were also identified in AD and FTD. In particular, 
several miRNAs have been identified differentially expressed in postmortem tissue, 
blood, and cerebrospinal fluid that differ also by disease stage [102–105].

Interestingly, miRNA-based therapeutics, such as miRNA mimics or miRNA 
antagonists (antagomirs), have been designed to either reverse the downregulation 
or upregulation of disease-associated miRNAs, respectively.

Regarding lncRNAs they also have been involved in neurodegenerative diseases 
[106]. These ncRNAs are involved in different functions; they act as scaffolds for 
chromatin modifiers and nuclear paraspeckles, as transcriptional co-regulators, and 
even as decoys for other RNAs [107]. Dysregulations in lncRNAs can influence any 
one of these processes, thus contributing to neurodegeneration. lncRNAs associated 
with disease condition can post-transcriptionally increase gene expression, as it 
happens with the lncRNA BACE1-antisense (AS) whose expression is selectively 
increased in AD brains and competes with miR-545-5p binding to stabilize BACE1 
mRNA. This will finally result in increased expression of BACE1 that contributes to 
the formation of the toxic Aβ peptides that is a major hallmark for AD [108].

Another lncRNA, BC200, was also found to be inked to AD. In particular, BC200 
levels were found to be increased in specific brain regions mostly affected by AD as 
the Brodmann’s area 9 [109]. MALAT1 and NEAT1 are other two lncRNAs very 
important for splicing and synapse formation [110, 111].

 Chromatin Remodeling

In mammalian cells, histone proteins interact with DNA to form chromatin, the pack-
aged form of DNA. Histones are octamer consisting of two copies of each of the four 
histone proteins: H2A, H2B, H3, and H4. Each histone octamer constitutes in 146 bp 
of the DNA strand wound around it to make up one nucleosome, which is the basic 
unit of chromatin. Histone proteins can be modified by post-translational changes, 
among those there are acetylation, methylation, phosphorylation, ubiquitination, and 
citrullination. These histone modifications induce changes to the structure of chroma-
tin and thereby affect the accessibility of the DNA strand to transcriptional enzymes, 
resulting in activation or repression of genes associated with the modified histone 
[112]. The best-understood histone modification is acetylation, which is mediated by 
histone acetyltransferases and deacetylases. Acetylation of histones is usually associ-
ated with upregulated transcriptional activity of the associated gene, whereas deacety-
lation of histones to transcriptional silencing [113].

Therapeutic strategies are designed to target epigenetic modifiers such as histone 
deacetylases. Affecting the activity of this enzyme has been shown to be effective in 
myelodysplastic syndrome and acute myelogenous leukemia [114]. Thus, the analy-
sis of histone acetylation levels on specific genes by chromatin immunoprecipita-
tion (ChIP)-based technologies may be an interesting approach to monitor potential 
therapeutic strategies or follow the response of the patients to this therapy. Another 
recent interesting study has shown that histones released into the plasma enhance 
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thrombin generation, a process that may contribute to microvascular thrombosis at 
sites of severe inflammation [115]. Under this point of view, the analysis of circulat-
ing histones in plasma may offer reliable information about the inflammation pro-
cess. It has also been previously described that histones produce damage in 
endothelial cells and organ failure when injected into mice [116].

Epigenetic dysregulation in terms of chromatin remodeling has been found in 
neurodegenerative conditions. In particular, histone acetylation was found to be 
largely decreased in the temporal lobe of AD patients when compared to aged con-
trols [117] and in mouse models of AD [118]. Moreover, increased H3 acetylation 
at the promoter region of the BACE1 gene in AD patients was found [119].

The involvement of histone modification in other neurodegenerative diseases is 
less and needs to be replicated; however, there is a study of a familial PD case with 
heterozygous A53T mutation in SNCA gene, in which the affected allele was epige-
netically silenced through histone modifications and the normal allele showed 
expression levels exceeding those of the two normal alleles in controls [120].

 Technologies Used in Epigenetic Studies

Most of the innovative technologies used for epigenetic studies have been devel-
oped from conventional assays. For example, the classical method of DNA methyla-
tion analysis was based on the capability of two restriction enzyme pairs (HpaII-MspI 
and SmaI-XmaI) to recognize or discriminate methylated regions. However, this 
method has some weak points that depend on the efficiency of the enzymes, the step 
of southern blot hybridization, and the expertise of users.

A major advance in DNA methylation analysis was the development of a method 
for sodium bisulfate modification of DNA to convert unmethylated cytosines to ura-
cils, leaving methylated cytosines unchanged. This method was the precursor of most 
of the new technologies to analyze DNA methylation. In the case of the classical 
method after bisulfite conversion, PCR amplification is performed followed by deter-
mination of the sequences of amplification. However, it is too difficult to process large 
amounts of samples manually, and the critical step of bisulfate treatment could be not 
well performed, thus affecting the final results [121]. Automated methods offer sev-
eral advantages versus classical procedures. Among them, automated analysis allows 
processing a large number of samples by a single technician. On the other hand, the 
automated technologies standardize the procedures, the results, and the analysis of the 
data. Moreover, automation and the use of these technologies deliver in high-through-
put experiments, fast assays, and high reproducibility. Finally, the software of these 
systems offer high amount of information easy to interpret and analyze by the user.

It is essential that the epigenetic biomarkers that are applied to preclinical test-
ing, diagnosis, disease progression, or treatment monitoring exhibit good sensitivity 
and reproducibility. Clearly, these technologies will allow us to discover epigenetic 
biomarkers for disease in the forthcoming years. They will also help identify or 
classify diseases, and finally monitoring disease progression or the efficacy of a 
drug in those diseases in which genetics alone cannot give definitive answers.
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Abstract
Alzheimer’s disease (AD) is the most common cause of dementia, with aging as 
the main risk factor for the development of the disease.

The classical form of AD presents with short-term memory loss and atrophy 
of the hippocampus and medial temporal lobe. With the progression of the dis-
ease, other cortical areas and cognitive domains are involved.

The diagnostic criteria for AD, previously based solely on the clinical and 
neuropsychological presentation, are currently implemented by the use of bio-
markers and neuroimaging data. Moreover, the possibility of atypical forms, pre-
senting with the involvement of different cortical areas, is taken into 
consideration.

Herein, the main diagnostic tools for AD are revised; atypical AD presenta-
tions and possible diagnostic pitfalls are also discussed.
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 Introduction

Alzheimer’s disease (AD) is an age-dependent neurodegenerative disorder and the 
most common cause of dementia with aging.

The early stages of AD are characterized by short-term memory loss. Once the 
disease progresses, patients experience difficulties in sense of direction, oral com-
munication, calculation, ability to learn, and cognitive thinking. In addition, patients 
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may develop language deficits, depression, aggressive behavior, and psychosis dur-
ing the late stages, and eventually they need total care from caregivers.

Currently, diagnosis of AD is based on clinical presentation and on biological 
biomarkers, in particular radiological and cerebrospinal fluid amyloid, tau and 
phospho-tau levels.

 Clinical Presentation of Typical AD

The disease onset is usually characterized by memory loss for recent events, associ-
ated with repetitive questioning and loss of ability to learn. Past memories are usually 
conserved, instead recent information, such as daily agenda or objects location, are 
lost (Ribot’s law: recent memories are more likely to be lost than the more remote 
memories). Patient’s awareness of memory loss generates depression and anxiety, 
but consciousness is quickly replaced by anosognosia and the patient loses his criti-
cal abilities. With disease progression, visuospatial deficits and dyscalculia appear. 
Caregivers report episodes of disorientation in known places, such as the patient’s 
neighborhood or even his own home. Dressing apraxia thwarts patients’ ability to 
dress themselves: they are neither able to choose the correct cloth nor to wear it; they 
need assistance even to put on a pair of trousers. In the late stages of the disease, 
apraxia affects every task of daily life, making impossible even the simplest action, 
such as taking a shower. Dyscalculia causes troubles with money, in particular, cash. 
Patients can’t distinguish between 50 and 500; in this phase, they often lose money 
and are victims of cheaters. Prosopagnosia completes the clinical picture at the late 
stages of the disease. The patient is unable to recognize his friends or relatives’ faces, 
making coping with their disease even more difficult. Communication also becomes 
a problem as vocabulary shrinks and fluency falters. Neuropsychiatric symptoms 
might appear too, such as wandering, irritability, disinhibition, apathy, psychosis, 
and affective and hyperactive behaviors (Fig. 2.1). These symptoms are collectively 
defined as behavioral and psychological symptoms of dementia (BPSD) [1]. Different 
from other dementia syndromes, such as frontotemporal dementia (FTD) and pri-
mary progressive aphasia (PPA), language and/or behavioral symptoms are rarely 
present at the beginning of the disease. Unfortunately, with disease progression, agi-
tation and aggressiveness are frequent. BPSDs are a major source of distress and a 
reason for internalization of patients with AD [2].

 Diagnostic Criteria for Typical AD

 The NINCDS-ADRDA Criteria

The first diagnostic criteria for Alzheimer’s disease (AD) were published in 1984 
by the National Institute of Neurological and Communicative Disorders and 
Stroke- Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) working group [3]. These widely accepted criteria supported a 
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probabilistic diagnosis of AD within a clinical context where there was no defini-
tive diagnostic biomarker. A definite diagnosis of AD was made possible only by 
histopathological confirmation [3].

Since the publication of the NINCDS-ADRDA criteria in 1984, the biological 
and pathogenic basis of the disease has been further elucidated. During the follow-
ing decades, the histopathological and macroscopic changes occurring to the cere-
bral gray matter at different stages of the disease have been better described.

On these bases, biological markers have been included in the most recent diag-
nostic criteria. Neuroimages obtained by magnetic resonance imaging (MRI), posi-
tron emission tomography (PET) using fluorodeoxyglucose (FDG) or β-amyloid 
tracers, and cerebrospinal fluid (CSF) analysis of β-amyloid and tau proteins must 
be taken into consideration in the diagnostic process. Biological markers mirror the 
two degenerative processes characteristic of AD pathology: the deposition of 
β-amyloid in neuritic plaques and the tau path to neurofibrillary tangles. Moreover, 
pathological levels of CSF biomarkers (low β-amyloid, high tau and phospho-tau 
protein or, even more specifically, an abnormal ratio of tau to β-amyloid) are associ-
ated with very high rates of progression from amnestic mild cognitive impairment 
(MCI) to AD [4].

 Revisions of the NINCDS-ADRDA Criteria

The first revision of the NINCDS-ADRDA criteria for research purposes was pub-
lished in 2007 [5]. In order to satisfy a diagnosis of probable AD, patients must 
present an objective impairment of episodic memory with evidence of progression 
over more than 6 months plus medial temporal lobe atrophy at MRI images or path-
ological CSF markers or abnormally reduced glucose metabolism in bilateral pari-
etal temporal regions at FDG-PET scan.

In the 2007 revision, a new terminology was introduced. The term prodromal AD 
was used to refer to the early pre-dementia phase of AD in which clinical symptoms 
are present, but not sufficiently severe to affect instrumental activities of daily liv-
ing, and biomarker evidence from CSF or imaging is supportive of the presence of 
AD pathological changes. The state in which evidence of amyloidosis in the brain 
(with retention of specific PET amyloid tracers) or in the CSF (with changes in 
β-amyloid, tau, and phospho-tau concentrations) is not associated with any neuro-
psychological deficit was referred to as “preclinical AD” [5].

This “new lexicon” was further defined in 2010 by Dubois et al. [6]. The “pre-
clinical” state of AD was split into two possible clinical entities: the “asymptom-
atic at-risk state for AD” and the “presymptomatic AD.” The former refers to 
cognitive normal subjects with positive AD biomarkers; it’s important to underline 
the “at- risk” state since we don’t know much about the value of these biological 
changes to predict further development of the disease. Instead, the term “presymp-
tomatic AD” applies to individuals who will develop AD. This can be ascertained 
only in families that are affected by rare autosomal dominant monogenic AD muta-
tions (monogenic AD) [6].

2 Diagnosis of Alzheimer’s Disease Typical and Atypical Forms
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 The International Working Group (IWG-2) Criteria

In 2014, the last revision of the research criteria for AD was published [7]. According 
to these criteria, a diagnosis of AD can be made if the patient presents with a pro-
gressive (over more than 6 months) objective impairment of episodic memory plus 
one out of three in  vivo evidence of AD pathology, meaning decreased Aβ1–42 
together with increased tau or phospho-tau in the CSF or increased tracer retention 
on amyloid PET or the presence of an AD autosomal dominant mutation [7]. 
Exclusion criteria include a sudden onset, the early occurrence of gait disturbances, 
seizures, and prevalent behavioral changes. Furthermore, the presence of focal neu-
rological features, early extrapyramidal signs, early hallucinations, and cognitive 
fluctuations must be regarded as a “red flag,” prompting for the research of an alter-
native diagnosis [7]. Obviously, other medical conditions responsible for cognitive 
impairment must be ruled out [6].

The 2014 revision of the criteria for typical AD includes a proposition of revision 
of the criteria for the diagnosis of atypical AD. Following these criteria, a diagnosis 
of atypical AD can be made in the presence of one of the three known atypical clini-
cal presentations, including posterior cortical atrophy (PCA), logopenic aphasia or 
frontal variant, and at least one biomarker positive for AD [7].

 NIA-AA Criteria

In 2011, the National Institute on Aging (NIA) and the Alzheimer’s Association 
(AA) criteria for AD were published. These criteria maintain the distinction between 
different levels of diagnostic certainty with the clinical assessment as the core fea-
tures of the diagnostic algorithm [8]. Positive biomarkers, such as characteristic 
changes in the CSF analysis, evocative atrophy at brain MRI, and carriers status for 
a known pathogenic mutation, were considered ancillary elements, adding degrees 
of certainty to the diagnosis but not mandatory [8].

The NIA-AA criteria proposed a diagnostic classification for patients with 
dementia caused by AD. Following these criteria, a diagnosis of “all-cause demen-
tia” is possible when a decline from a previous level of functioning in any cognitive 
domain is present. The deficit must be documented through history and cognitive 
assessment and must interfere with daily life activities. Probable AD dementia can 
be diagnosed when the patient meets the criteria for general dementia with an insidi-
ous and gradual onset. In this case, onset symptoms can be either typical, character-
ized by an amnestic presentation, or atypical, with language, visuospatial, or 
behavioral impairment [8]. In the presence of atypical clinical course, cerebrovas-
cular disease or features of other neurological or non-neurological condition influ-
encing the cognitive status, a diagnosis of “possible” AD should be made. In patients 
who meet the core clinical criteria for probable AD dementia, evidence of a caus-
ative genetic mutation (in APP, PSEN1, or PSEN2) increases the certainty that the 
condition is caused by AD pathology [8].
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 DSM-V Criteria

Lastly, the Diagnostic and Statistical Manual for Mental Disorders also provides 
diagnostic criteria for Alzheimer’s disease [9]. In the DSM-V, dementia has been 
newly named major cognitive disorder (MCD). The DSM-V also recognizes a less 
severe level of cognitive impairment, mild neurocognitive disorder (NCD), which 
provides a diagnosis for less disabling syndromes that may nonetheless be causing 
concern and could benefit from treatment. NCDs are characterized by cognitive 
impairment as the most prominent and defining feature of the condition. Six cogni-
tive domains, which may be affected in NCD, are detailed in the manual, including 
complex attention, executive function, learning and memory, language, perceptual- 
motor function, and social cognition. Diagnosis of major NCD requires evidence of 
significant cognitive decline from a previous level of performance in one or more of 
the cognitive domains outlined above. Additionally, the cognitive deficit must be 
sufficient to interfere with independence in activities of daily living. The cognitive 
deficits must not be attributable to another mental disorder. Major NCD due to AD 
is then diagnosed if there is evidence of a causative genetic mutation or a steady, 
progressive decline in memory, learning, and at least one other cognitive domain 
without evidence of a mixed etiology [9].

 Atypical Forms of AD

The initial presentation of AD can be atypical, with non-amnestic focal cortical cogni-
tive symptoms. These syndromes are rare and often underestimated. The most com-
mon is PCA, also known as Benson’s syndrome [10]. The prevalence and incidence of 
PCA are currently unknown; age of onset is 50–69 years old, much younger than typi-
cal amnestic AD. Patients often face considerable delays in diagnosis owing to the 
young age at onset and unusual symptoms at presentation. The neuropsychological 
deficits cited most frequently in individuals with PCA are visuospatial and visuoper-
ceptual impairments, with individuals describing difficulties reading lines of text, 
judging distances, identifying static objects within the visual field, or having problems 
with stairs and escalators. Visual symptoms such as light sensitivity or visual distor-
tions can be mistaken for migraine. Alexia, features of Balint’s and/or Gerstmann’s 
syndrome, can be part of the picture, but they are rarely reported spontaneously by the 
patient. Although higher order visual problems are reported more often than basic 
visual impairments, a recent study by Lehmann et al. (2011) demonstrates that such 
deficits are due to deficits in more basic visual processing (form, motion, color, and 
point localization) [11]. Many patients with PCA also present positive perceptual phe-
nomena, such as prolonged color after-images, reverse size phenomena, and percep-
tion of movement of static stimuli [9]. Deficits in working memory and limb apraxia 
have also been described [9]. Moreover, Snowden et al. (2007) reported extrapyrami-
dal signs and myoclonus with a frequency of 41 and 24% in their case histories. 
Indeed physical examination in most cases of PCA is unremarkable [12].
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Voxel-based morphometry has shown the most widespread gray matter reduction 
in regions of the occipital and parietal lobes followed by areas in the temporal lobe. 
By 5 years of symptom duration, atrophy is widespread through the cortex. FDG- 
PET identifies areas of hypometabolism in the parieto-occipital areas and in the 
frontal eye fields. Data from single photon emission computed tomography (SPECT) 
usually confirm these findings [13].

Several studies confirm that AD is the most common pathology underlying 
PCA. However, some cases are attributable to other causes, such as corticobasal 
degeneration (CBD), dementia with Lewy body disease (LBD), and prion disease 
(PrD). Renner et al. (2004) reported pathological studies from 21 cases of PCA; of 
these 14 had AD, 3 had LBD, 2 had CBD, and 2 had PrD [14]. As for the distribution 
of pathological changes, unfortunately there are only a small number of studies on 
very few patients, so results are not consistent [14]. It’s reasonable to think that 
there are differences between PCA and typical AD as some of these studies show, 
but results have to be confirmed by larger studies. All studies report higher density 
of neurofibrillary tangles and senile plaques in the occipital lobe, but findings in 
other cortical regions are discordant [13].

In 2017, Crutch et  al., on behalf of the Alzheimer’s Association ISTAART 
Atypical Alzheimer’s Disease and Associated Syndromes Professional Interest 
Area, have proposed a three-level classification for the diagnosis of PCA [15]. Level 
1 establishes the clinical and cognitive presentations compatible with a posterior 
cortical syndrome. Core clinical features are an insidious onset, a gradual progres-
sion, and a prominent early disturbance of visual and/or other posterior cognitive 
functions. Three or more posterior cognitive domains must be involved at disease 
presentation, with an evident impact on daily life activities. Typical “posterior” cog-
nitive deficits, which are included in this classification, are space perception deficit, 
simultanagnosia, object perception deficit, constructional dyspraxia, environmental 
agnosia, oculomotor apraxia, dressing apraxia, optic ataxia, alexia, left/right disori-
entation, acalculia, limb apraxia, perceptive prosopagnosia, agraphia, homonymous 
visual field defects, and finger agnosia. Anterograde memory, speech, nonvisual 
language functions, executive functions, behavior, and personality must be spared. 
Neuroimaging can support the diagnosis with the evidence of a predominant 
occipito-parietal or occipito-temporal atrophy/hypometabolism/hypoperfusion on 
MRI/FDG-PET/SPECT. Obviously, other causes of cognitive impairment or visual 
deficits must be excluded. Level 2 distinguishes between patients meeting solely the 
criteria for PCA (pure PCA) and patients meeting also the criteria for other neuro-
degenerative diseases (PCA-plus). It’s important to underline that all the criteria for 
level 1 must be fulfilled in order to diagnose a PCA-plus syndrome. Level 3 reflects 
current available evidence of the underlying pathology. PCA can be attributable to 
AD (AD-PCA), LBD (LBD-PCA), CBD (CBD-PCA), and PrP (PrP-PCA). Due to 
the fact that in vivo biomarkers are currently available only for AD and PrP, the 
diagnosis in vivo of CBD-PCA and LBD-PCA is pending the development of suit-
able biomarkers [15].

Frontal variant of AD (fvAD) is even more rare than PCA. It’s characterized by 
prominent behavioral symptoms and executive dysfunction from disease onset and 
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frontal lobe atrophy at the neuroimaging [16]. The few studies published in litera-
ture on fvAD suggest an underlying AD pathology and the presence of a CSF bio-
markers profile consistent with AD [16].

Logopenic aphasia is the most recently described variant of primary progressive 
aphasia (PPA) [17]. Like the other variant of PPA, the core clinical feature is diffi-
culty with language, with impairment in daily life activities requiring speech (i.e., 
using a telephone, asking for information, etc.). In Mesulam et al.’s diagnostic cri-
teria for PPA, language deficit must be the symptom at onset and for the initial 
phases of the disease [18]. Word retrieval and sentence repetition deficits are the 
core features of the logopenic variant. Spontaneous speech is characterized by slow 
rate, with frequent pauses due to significant word-finding problems, but there is no 
frank agrammatism. Other diagnostic features include phonologic paraphasias in 
spontaneous speech and naming. The sound substitutions that result in phonologic 
paraphasias in logopenic patients are usually well articulated, without distortions. 
Lack of frank agrammatic errors and preservation of articulation and prosody help 
distinguish the logopenic from the nonfluent variants. Imaging abnormalities in the 
left temporo-parietal junction area are necessary to make a diagnosis of imaging- 
supported logopenic variant. Postmortem and in vivo studies using the β-amyloid 
ligand Pittsburgh compound B (PiB) indicate that lv-PPA is predominantly associ-
ated with AD pathology [19, 20]. In 2014, Leyton et al. (2014) demonstrated how 
the presence of phonologic errors at the neurological examination is the best predic-
tive factor for the presence of an underlying amyloid pathology, whereas motor 
speech impairment and/or agrammatism are the best negative predictors [21].
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3Genetic Complexity of Early-Onset 
Alzheimer’s Disease
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Abstract
The recent advances in “omics” technologies (e.g., next-generation sequencing) 
have made the precision medicine possible. Knowledge about genetics of 
Alzheimer’s disease (AD), the most prevalent form of dementia, is important to 
manage the challenges of aging populations. So far, genetic analyses of families 
with autosomal dominant AD, presenting with early-onset dementia (<65 years 
of age), have found three causal genes: APP, PSEN1, and PSEN2. Genetics is 
now widely applied to AD diagnosis, monitoring, and the search for a potential 
treatment. The ability to detect carriers of causal mutations could help to evaluate 
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the efficacy of AD therapies in the longitudinal clinical trials of the individuals at 
either pre-symptomatic or early stages of dementia. We provide an overview for 
the molecular genetic findings available for early-onset AD; discuss how this 
knowledge can be applied in clinical practice and highlight strategies to detect 
novel AD genes.
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 Introduction

By 2050, 22% of the global population is predicted to be above 60 years old; hence, 
a dramatic increase in the prevalence of aging-associated diseases is expected. 
There were 35.6 million individuals with dementia worldwide in 2010. This number 
is expected to double every 20 years reaching an estimated 66 million people by 
2030 [1]. However, recently demographic studies have shown promising changes in 
some developed countries. For instance, a ~20% drop in the incidence of dementia 
was recently reported in the UK population aged over 65 (mainly driven by men) 
[2], which might be attributable to lifestyle improvement and/or commonly used 
therapies (e.g., statins).

Dementia can be associated with environmental factors, such as head injury and 
alcohol intoxication, or can be a clinical manifestation of certain genetic defects. In 
general, dementia and cognitive impairment have been described for more than 100 
genetic diseases recorded in the OMIM database (https://www.omim.org). For 
instance, early-onset dementia is observed in neuronal ceroid lipofuscinosis, spastic 
paraplegia, or spinocerebellar ataxia. Furthermore, some genes causing amyo-
trophic lateral sclerosis (e.g., C9orf72) show pleiotropy, in which the same mutation 
can result in different phenotypes, including frontotemporal dementia (FTD) [3]. 
However, almost two-thirds of dementia patients over age 80 are diagnosed with the 
Alzheimer’s disease (AD) type of dementia (MIM: #104300) [4, 5].

The yearly cost of care for AD patients in the USA alone is expected to increase 
to about one trillion dollars by 2050 [6]. Therefore, the more we learn about the 
genetic factors influencing the risk of AD, the better we will manage the challenges 
of aging populations. The certainty of disease development in carriers of causal 
mutations makes it even more important to have a long-term plan for patient care, 
because early genetic diagnosis of AD, at a time when minimum comorbidities are 
present, is critical for slowing down disease progression once effective therapies 
become available.

The brain pathology of familial early-onset AD (<65 years of age) is similar to 
the sporadic late-onset form of the disease (≥65 years of age). It is characterized by 
progressive neuronal loss, inflammation, neurofibrillary tangles (consisting of 
hyper-phosphorylated tau protein encoded by MAPT), and amyloid plaques mainly 
consisting of amyloid beta (Aβ(beta))40/42 peptides generated by the cleavage of 
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amyloid precursor protein (APP) [7]. The accumulation of Aβ(beta) peptides 
appears to be an early event that triggers a series of downstream events (e.g., the 
misprocessing of the tau protein and brain inflammation) [8, 9]. Of note, there is 
evidence that cases with early-onset AD have a greater tau accumulation in the 
parieto-occipital brain cortex than cases with late-onset AD [10].

In this chapter, we focus on the current state of knowledge of the early-onset type 
of AD. In contrast to late-onset AD, which is a more heterogeneous complex disor-
der with a heritability of up to 70% [11, 12], early-onset AD has a heritability 
between 92 and 100% and is almost entirely genetically determined [12]. Up to 
60% of early-onset AD patients have at least one affected first-degree relative [13–
15], and in 10–15% of these families, the mode of inheritance is autosomal domi-
nant, in which the disease results from one copy of a mutant allele on an autosomal 
chromosome and patients have a 50% chance of passing the disease-causing muta-
tion to children. So far, genetic analyses of extended pedigrees with an autosomal 
dominant mode of inheritance of early-onset AD have identified three causal genes, 
APP (MIM: *104760) [16], PSEN1 (MIM: *104311) [17], and PSEN2 (MIM: 
*600759) [18, 19]. PSEN1 mutations are the most frequent defects in autosomal 
dominant AD (76%) followed by APP (19%) and PSEN2 mutations (5%) (http://
www.molgen.ua.ac.be/ADmutations/).

In addition to the causative genes, multiple genetic variants have been iden-
tified in association studies including candidate-gene and genome-wide tests. 
The major pathways identified by genomic studies of AD include amyloid 
pathway, inflammation, synaptic function, and lipid metabolism (Table 3.1). 
The variants in these genes are known to increase or decrease the risk of 
sporadic AD or modify the disease age at onset, among them the e4-allele 
of APOE (MIM: *107741) has the largest risk effect [20]. For instance, a 

Table 3.1 Major pathways identified by genomic studies of Alzheimer’s disease, with most of the 
genes linked to more than one pathway

Pathway Gene
Amyloid pathway APOE, SORL1, CLU, CR1, PICALM, BIN1, ABCA7, CASS4
Immune system/
inflammation

CLU, CR1, EPHA1, ABCA7, MS4A4A/MS4A6E, CD33, CD2AP, 
HLA-DRB5/DRB1, INPP5D, MEF2C, TREM2/TREML2, PLCG2, 
ABI3

Lipid transport and 
metabolism

APOE, CLU, ABCA7, SORL1

Synaptic cell functioning/
endocytosis

CLU, PICALM, BIN1, EPHA1, MS4A4A/MS4A6E, CD33, CD2AP, 
PTK2B, SORL1, SLC24A4/RIN3, MEF2C

Tau pathology BIN1, CASS4, FERMT2
Cell migration PTK2B
Hippocampal synaptic 
function

MEF2C, PTK2B

Cytoskeletal function and 
axonal transport

CELF1, NME8, CASS4

Microglial and myeloid 
cell function

INPPD5
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reproducible association between SORL1 and late-onset AD was discovered 
by a candidate-gene approach [21]; and large genome- wide association studies 
(GWASs) have identified a link between sporadic late-onset AD and common 
polymorphisms in CLU, PICALM, BIN1, MS4A4A/MS4A6E, CR1, CD2AP, 
CD33, EPHA1, and ABCA7 [22–26]. Furthermore, the largest meta-analysis 
of 74,538 individuals from published GWASs has confirmed AD risk asso-
ciated with SORL1 and identified 11 additional AD loci (HLA- DRB5/HLA-
DRB1, PTK2B, SLC24A4/RIN3, DSG2, INPP5D, MEF2C, NME8, ZCWPW1, 
CELF1, FERMT2, and CASS4) [27]. Finally, a recent case-control study of 
~85,000 subjects using a whole-exome microarray identified AD-associated 
rare missense variants in PLCG2, ABI3, and TREM2, strongly implicating 
microglial- mediated innate immunity in AD [28]. Predicted network of 31 
well-confirmed AD genes is presented in Fig. 3.1.

The goal of this chapter is to provide an overview of the genetics of early-onset 
AD and explore how this knowledge can be applied in clinical practice. APP, 
PSEN1, and PSEN2 are responsible for most reported large families with early- 
onset AD. However, up to 90% of early-onset AD cases, in particular cases without 
strong family history or families with a mix of early- and late-onset cases, are still 
genetically unexplained and currently investigated by whole-genome or whole- 
exome sequencing for discovery of novel causative variants.

Fig. 3.1 Network of 31 well-confirmed AD genes using the STRING database of known and 
predicted protein-protein interactions (https://string-db.org/). Each node represents all the proteins 
produced by a single gene locus (e.g., splice isoforms). Line thickness indicates the strength of 
data supporting the connections between the genes according to the STRING database (e.g., gene 
co-expression). Large and small nodules represent proteins with known and unknown structures, 
respectively. STRING’s k-means clustering function was applied to cluster the network, in which 
every color corresponds to a cluster and intercluster edges are represented by dashed lines
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 APP

APP is a ~300 Kb gene located on the minus strand of chromosome 21 at position 
chr21:27,252,861-27,543,138 according to the February 2009 human reference 
sequence (GRCh37). It is composed of 18 exons encoding the APP, processing of 
which generates Aβ(beta) peptides. In addition to the major APP isoform that con-
sists of 770 amino acids (AA), at least ten other isoforms are predicted as a result of 
alternative splicing (UniProt # P05067).

Knowledge about APP biology is critical for understanding the genetic basis of 
AD.  In part, APP is expressed as a cell surface receptor and involved in neurite 
growth, neuronal adhesion, and axonogenesis [29]. In addition, APP accumulates in 
secretory transport vesicles leaving the late Golgi compartment and returning to the 
cell surface. APP is also implicated in cell mobility and transcriptional regulation 
[21, 29]. During maturation, APP (N-glycosylated in the endoplasmic reticulum) 
moves to the Golgi complex where complete maturation occurs (O-glycosylated 
and sulfated) [29]. The major secretory pathway is in fact non-amyloidogenic. 
Cleavage by either α(alpha)-, β(beta)-, or θ(theta)-secretase leads to the generation 
and extracellular release of soluble APP fragments, S-APP-alpha (18-687 AA) and 
S-APP-beta (18-671 AA), and retention of the corresponding membrane-anchored 
C-terminal fragments C83 (688-770 AA) and C99 (672-770 AA). Subsequent pro-
cessing of C83 by γ(gamma)-secretase yields P3 peptides (688-713 or 688-711 AA) 
(http://www.uniprot.org). Several neuroprotective properties were reported for the 
soluble APP ectodomain fragments released from the cell surface by α(alpha)-
secretases [30], which are zinc metalloproteinases that include members of the 
ADAM protein family [31].

The key component of amyloid plaques (Aβ(beta)) is derived from the sequential 
cleavage of APP by β(beta)- and γ(gamma)-secretase. Amyloidogenic beta-site 
APP-cleaving enzyme (BACE), also known as β(beta)-secretase, creates the C99 
fragment, which is subjected to γ(gamma)-secretase, releasing Aβ(beta)40 (672- 
711 AA) or Aβ(beta)42 (672-713 AA), in addition to the cytotoxic C-terminal frag-
ments γ(gamma)-CTF50 (721-770 AA), γ(gamma)-CTF57 (714-770 AA), and 
γ(gamma)-CTF59 (712-770 AA). Notably, in contrast to γ(gamma)-secretase, 
BACE is not genetically involved in AD, including the early-onset form of the dis-
ease [32, 33]. Yet, pathological APP mutations adjacent to the β(beta)-secretase 
cleavage site (671-672 AA) upregulate cleavage by β(beta)-secretase, increasing the 
generation of both Aβ(beta)40 and Aβ(beta)42 [34].

Aβ(beta)42 is not an abundant peptide, occurring in about a tenth of the amount 
of Aβ(beta)40, but is known to be more pathogenic as it aggregates faster and has 
been shown in cell culture assays to be more toxic than Aβ(beta)40 [35, 36]. Of 
note, APP mutations around the γ(gamma)-secretase cleavage site (711-721 AA) 
result in a modification of enzyme activity enhancing the production of Aβ(beta)42 
[34]. Notably, the different fibril structures of the Aβ(beta) peptides could be respon-
sible for different clinical AD subtypes [37]. Many other minor Aβ(beta) peptides, 
including the Aβ(beta)X-15 peptides, are produced by α(alpha)-secretase cleavage 
at 687-688 AA. In addition, cleavage at Asp739 by either caspase-6, -8, or -9 results 
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in the production of the neurotoxic C31 peptide and increased production of the 
Aβ(beta) peptides [38, 39].

The first AD mutation in APP (Val717Ile) affecting the transmembrane (TM) 
domain of the protein (700-723 AA) was reported in 1991 [16]. It segregated with 
AD in a large autosomal dominant UK family. Currently, there are 51 different 
pathological APP mutations observed in 121 families (http://www.molgen.ua.ac.be/
ADMutations). In addition to missense APP mutations, there are 26 duplications 
overlapping APP with up to five neighboring genes. Mutant APP protein serves as 
an improved substrate for γ(gamma)- or β(beta)-secretase, leading to the overpro-
duction of Aβ(beta) peptides [40], explaining why all pathologic missense muta-
tions are clustered within APP exon 16 or 17 where the cleavage sites are located 
(Fig. 3.2).

The Mutation Database available at http://www.molgen.ua.ac.be/ADMutations 
[41] allows a quick evaluation of known mutations for evidence of co-segregation 
with AD, as well as their biological consequences in cell culture. Of note, most of 
the mutations (61%) implicated in major neurodegenerative disorders are reported 
in a single family, and only ~6% of them were described in more than ten families 
[41]. However, the number of affected families is underestimated, since the litera-
ture is biased toward novel findings.

In addition to the amyloid plaques in brain parenchyma, amyloid deposition is 
also often observed in brain blood vessels, called amyloid angiopathy. In particular, 
several AD families with duplications at the APP locus have been reported to have 
cerebral amyloid angiopathy (http://www.molgen.ua.ac.be/ADMutations) that fre-
quently gets complicated by stroke [42, 43]. In fact, prior to the discovery of the first 
AD mutation [16], independent studies had suggested the APP Dutch mutation 
(Glu693Gln) to be responsible for an alternative phenotype described as “hereditary 
cerebral hemorrhage with amyloidosis-Dutch type” [44–46], which clinically mani-
fested with stroke and was pathologically characterized by the deposition of Aβ(beta) 
in the leptomeningeal arteries and cortical arterioles, in addition to amyloid plaques 
[47]. Notably, codon Glu693 is located in a mutation hot spot of APP. For instance, 
the Glu693Lys substitution has been reported in Italian families with multiple strokes 
followed by epilepsy and cognitive decline [48], while the Arctic mutation at the 
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same residue (Glu693Gly) is known to enhance Aβ(beta) proto-fibril formation and 
was reported in patients with typical AD without the severe cerebral amyloid angi-
opathy [49, 50]. Finally, a deletion of Glu693 has been reported in Japanese AD pedi-
grees leading to increased Aβ(beta) oligomerization rather than Aβ(beta) fibrilization 
[51]. Notably, missense substitutions at residues adjacent to Glu693, such as the 
Flemish (Ala692Gly) and Iowa (Asp694Asn) mutations, are also associated with 
cerebral amyloid angiopathy [52–56]. However, APP mutations are not a common 
cause of amyloid angiopathy in sporadic AD patients [57].

The pathogenic consequences of different APP mutations often depend on their 
position relative to the secretase sites (Fig. 3.2). For example, 11 APP mutations 
that occur between residues 714 and 717 (http://www.molgen.ua.ac.be/
ADMutations) affect the site of γ(gamma)-secretase cleavage and cause AD by 
increasing the level of Aβ(beta)42 [58]. Indeed, the Thr714Ile, Val715Met, 
Val715Ala, Ile716Val, Ile716Phe, and Val717Ile mutations all increase Aβ(beta)42 
levels and decrease Aβ(beta)40, raising the Aβ(beta)42/Aβ(beta)40 ratio [59–63]. In 
contrast, this ratio is not changed for the Swedish mutation (Lys670Asn/Met671Leu), 
which is located at the β(beta)-secretase site [50], since it elevates the level of both 
Aβ(beta)40 and Aβ(beta)42 [64, 65] and increases the rate of Aβ(beta) fibrilization 
[66]. Described 25 years ago, the Lys670Asn/Met671Leu mutation has only been 
observed in two large AD families from Sweden [67]. Yet, despite the rare frequency 
of this variant, mouse models generated based on the Swedish mutation have been 
extensively studied worldwide, including the search for AD treatments.

Of note, the APP Ala713Val variant located at the γ(gamma)-secretase cleavage 
site is not considered to be pathogenic. Hence, only specific conformational changes 
in the protein structure of APP lead to AD. This could explain the rarity of AD cases 
explained by APP mutations. Another important observation is that the Ala673Thr 
substitution, adjacent to the β(beta)-secretase site, appears to have a protective effect 
against late-onset AD (Fig. 3.2), with a ~40% reduction in the formation of amy-
loidogenic peptides in vitro. This suggests that reducing β(beta)-secretase cleavage 
of APP may protect against the disease [68]. This protective variant was detected by 
whole-genome sequencing of 1795 Icelanders in which the Thr-allele was signifi-
cantly more frequent in controls (0.6%) than in AD patients (0.1%) 
(p-value = 5 × 10−7). However, the study of the Ala673Thr frequency in a very large 
independent dataset (~10,000  AD cases and ~10,000 controls) concluded that it 
does not play a substantial role in AD risk in the North American population and 
may be restricted to Icelandic and Scandinavian populations [69].

Intriguingly, another substitution at the same codon (Ala673Val) has a dominant- 
negative effect on amyloidogenesis and causes AD only in a homozygous state [70]. 
Intriguingly, it was reported that an increased genome-wide average length of runs 
of homozygosity (ROH), which could harbor novel recessive mutations, is signifi-
cantly associated with AD among an inbred Caribbean Hispanic population [71]. 
Importantly, the frequency of AD in Caribbean Hispanics is three times greater 
compared to non-Hispanics in the same community. The ongoing deep sequencing 
of the significant loci affected by ROH could detect novel recessive AD genes, 
which can then be tested in different ethnic groups.
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In several neuropsychiatric disorders, genome-wide global burden measure-
ments of copy number variations (CNVs), defined as genomic deletions or duplica-
tions ranging from 1  Kb to several Mb, are known to be important disease 
contributors. As mentioned earlier, the AD inheritance in some families is explained 
by duplications overlapping the entire APP locus (ranging from 0.6 to 6.4 Mb) [42, 
43]. However, the role of CNVs has only recently begun to be systematically 
explored in AD [72]. For instance, an 18 Kb insertion in CR1 (responsible for the 
CR1-S isoform) increases AD risk by twofold and explains the GWAS signals at the 
CR1 locus [73]. A study of an early-onset AD dataset (including 261 families) 
revealed five deletions and five duplications that segregated with dementia [74], 
with two CNVs encompassing FTD genes (deletion of CHMP2B and duplication of 
MAPT); however, such findings could reflect the presence of FTD cases that are 
clinically misdiagnosed with AD. For 6 of the 10 CNVs, the APOE e4-allele also 
co-segregated with AD, suggesting that the genes affected by the CNVs and APOE 
could act together to modify AD risk. There is also some evidence that APOE alleles 
can modify the severity of AD in cases with APP mutations [75]. Indeed, cultured 
cells with an e4/e4 genotype are more vulnerable to Aβ(beta) than cells with the e3/
e3 or e3/e4 genotypes [76].

 PSEN1

In 1992, the 14q24 locus was linked to autosomal dominant AD [77, 78] and 3 years 
later was explained by mutations in PSEN1 [17] that spans ~87  Kb on 
chr14:73,603,143-73,690,399 (GRCh37), including ten coding and two noncoding 
exons. The PSEN1 protein (467 AA for the longest isoform) (UniProt # P49768) is 
ubiquitously expressed [79], with the highest expression in the brain, whole blood, 
skin, and intestines, according to the database of Genotype-Tissue Expression 
(GTEx). PSEN1 has several highly conserved TM domains and a less conserved 
cytoplasmic hydrophilic loop domain.

PSEN1 is the catalytic subunit of the γ(gamma)-secretase complex [80] that 
cleaves multiple type-1 membrane proteins, including APP and Notch receptors. It 
is incorporated into the γ(gamma)-secretase complex together with three other criti-
cal components: NCSTN, APH1, and PEN2 [81]. Several endogenous proteins have 
been reported to selectively modulate the function of this complex, including 
TMP21, CD147 antigen (basigin), and gSAP [82]. AD-associated PSEN1 mutations 
modify the conformation of the γ(gamma)-secretase complex, which increase pro-
duction of Aβ(beta)42 [83]. Brain pathology of AD cases revealed that PSEN1 and 
PSEN2 mutations are associated with higher levels of insoluble Aβ(beta)42 (and to 
a lesser extent insoluble Aβ(beta)40) in comparison to sporadic AD cases [84–86].

PSEN1, PSEN2, and the signal peptide peptidases (SPPs) are proteases with a 
highly conserved GlyXGlyAsp motif including membrane-embedded Asp residues 
that are critical for their enzymatic activity [87]. In contrast to PSEN1 and PSEN2, 
SPPs cleave the TM region of type-2 but not type-1 membrane proteins. An 
AD-related Gly384Ala mutation in PSEN1 (adjacent to the critical Asp in the 

M. Ghani et al.



37

GlyXGlyAsp motif) causes a selective loss-of-function by slowing Aβ(beta)40 pro-
duction, while the generation of Aβ(beta)42 remains unaffected [88], which is con-
sistent with the effect of several APP mutations that result in an increased Aβ(beta)42/
Aβ(beta)40 ratio [59–63].

Thus far, 219 different PSEN1 mutations causing AD have been reported in ~480 
families (http://www.molgen.ua.ac.be/ADMutations/); a majority of them are mis-
sense substitutions with only a few in-frame deletions or insertions [89–91]. 
Notably, sequencing of the DNA isolated from the histopathological slides of the 
first AD patient (Auguste Deter) reported by Dr. Alzheimer a century ago has 
revealed a novel Phe176Leu mutation in PSEN1 explaining her early onset of AD 
(at age 51) [92].

Most of the reported coding PSEN1 variations are pathogenic with just a few 
exceptions (e.g., Arg35Gln, Phe175Ser, and Val191Ala). Furthermore, the PSEN1 
variations that are recognized as benign polymorphisms could potentially increase 
AD risk in the presence of other AD risk factors. For instance, the Glu318Gly varia-
tion used to be categorized as nonpathogenic due to its presence in ~3% of controls 
and the absence of co-segregation with AD.  However, an investigation of AD 
patients with extreme levels of cerebrospinal fluid biomarkers (Aβ(beta)-42, tau, 
and p-tau) revealed that the Glu318Gly variation increases the risk for AD through 
a gene-gene interaction with APOE [93]. Glu318Gly carriers who are also hetero-
zygous for the APOE e4-allele have an AD risk similar to APOE e4 homozygotes. 
Such individuals have higher levels of neuronal degeneration and Aβ(beta) deposi-
tion and faster cognitive decline.

On average, PSEN1 mutation carriers have an earlier onset and shorter duration 
of AD compared to carriers of APP or PSEN2 mutations. AD symptoms in PSEN1 
mutation carriers could appear as early as the third decade of life (e.g., Ser170Phe) 
[94]. In contrast to APP, PSEN1 mutations are broadly distributed throughout the 
gene, with the exception of the first three exons. In both PSEN1 and PSEN2, exons 
5–7 are the most frequently affected by missense mutations. In addition, genomic 
deletions of exon 9 and intronic mutations leading to its aberrant splicing are rela-
tively frequent PSEN1 variations (http://www.molgen.ua.ac.be/ADMutations/). 
Another splicing aberration in PSEN1 is caused by a mutation in intron 4 [90, 91].

Identification of a common founder PSEN1 mutation (Ala431Glu) has helped 
provide genetic counseling advice to Mexican AD patients [95, 96]. Also, PSEN1 
mutation Glu206Ala was responsible for 42% of early-onset AD families of 
Caribbean Hispanic origin [97]. This mutation shows a wide range of age at onset 
(22–77 years) which is neither explained by APOE e4-allele nor any antecedent 
environmental, health-related, or social factors, suggesting that the age of onset 
might be modified by other genetic factors [98]. Also, the high incidence of late- 
onset AD among Caribbean Hispanics is not explained by PSEN1 [97, 99] and 
might be related to recessive mutations hidden within genomic ROH [71].

The phenotypic heterogeneity in PSEN1 patients includes variant AD (vAD), in 
which dementia is accompanied by spastic paraparesis (MIM: *607822), a progres-
sive spastic weakness of the limbs associated with axonal degeneration in the corti-
cospinal tract and dorsal columns [100]. The brain pathology of these cases is 
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characterized by large, abundant, diffuse, Aβ(beta)-positive “cotton wool” plaques 
without the features of mature plaques (e.g., a congophilic core, neuritic pathology, 
and signs of inflammation) [89]. The “cotton wool” plaques can also be observed in 
rare cases of late-onset AD [101]. Furthermore, in a Japanese patient with early- 
onset familial AD, spastic paraparesis, and apraxia (inability to voluntarily perform 
certain movements), the PSEN1 Gly266Ser was identified [102]. Neuropathologic 
data was not available for this patient.

Mutations associated with vAD (Fig. 3.3) are broadly distributed within PSEN1 
(codons 83–436) and reported in families with variable ages of onset (24–51 years) 
[100]. Importantly, identical PSEN1 mutations have been reported in families with 
either classical AD or vAD (e.g., the deletion of exon 9  in Finnish families [89, 
103]). Surprisingly, even within a single family, a spectrum of disease phenotypes 
have been reported (e.g., AD, vAD, and pure spastic paraparesis) [104]. Cumulatively, 
these observations argue in favor of a genetic modifier responsible for vAD, the 
search for which is still ongoing. Currently, a modifier effect for coding variations 
in several spastic paraparesis genes has been excluded, including ZFYVE26 which 
was selected as a promising gene candidate because it maps nearby PSEN1 on chro-
mosome 14 [105].

In addition to AD, PSEN1 mutations have been implicated in several other disor-
ders including the clinically overlapping phenotypes of FTD (MIM: *600274) and 
Pick disease (MIM: *172700), as well as phenotypically nonoverlapping disorders 
such as familial acne inversa (MIM: *613737) and dilated cardiomyopathy (MIM: 
*613694). For instance, the Asp333Gly mutation was found in a familial form of 
dilated cardiomyopathy, a disorder characterized by heart ventricular dilation result-
ing in congestive heart failure and arrhythmia [106]. The Gly183Val mutation was 
reported in patients with Pick-type tauopathy, while Ile211Met was associated with 
posterior cortical atrophy (a dementia with cortical visual dysfunction) [107, 108]. 
Furthermore, some PSEN1 mutations have been reported in primary progressive 
aphasia and spinocerebellar ataxia [109, 110]. However, autopsy results and addi-
tional genetic analyses are important for clarification of these observations.

For example, the insArg352 in PSEN1 was first detected in an AD patient [90], but 
the clinical diagnosis was later changed to FTD. In vitro study demonstrated that the 
insArg352 variation inhibits γ(gamma)-secretase cleavage of APP and Notch, 

Fig. 3.3 PSEN1 mutations 
reported to be associated 
with variant Alzheimer’s 
disease presenting with 
spastic paraparesis

M. Ghani et al.



39

suggesting that the loss-of-function of γ(gamma)-secretase may result in neurodegen-
eration [111]. However, subsequent analysis of GRN in this patient identified a patho-
genic frameshift mutation responsible for FTD; and the autopsy results confirmed the 
diagnosis of FTD [112]. Hence, the insArg352 variation is most likely a benign poly-
morphism with regard to neurodegeneration. Another PSEN1 variant (Leu113Pro) was 
described in a French family with six members affected with early-onset dementia 
across four generations, and three of them fulfilled the criteria for a clinical diagnosis 
of FTD [113]. There was no neuropathological data from this family, but neuroimaging 
data from two mutation carriers was consistent with a diagnosis of FTD.

PSEN1 is considered very intolerant to loss-of-function variants, and Psen1−/− 
mice die shortly after birth [114]. This notion is in agreement with genotype data 
from >60,000 unrelated individuals sequenced at The Exome Aggregation 
Consortium in which the frequency of PSEN1 loss-of-function variants is signifi-
cantly less than expected based on gene length (PSEN1 pLI score 1.00; http://exac.
broadinstitute.org/gene/ENSG00000080815).

Nevertheless, heterozygous loss-of-function mutations in PSEN1 and other 
genes encoding the components of the γ(gamma)-secretase complex (NCSTN and 
PEN2) were reported in autosomal dominant Chinese families with acne inversa (an 
inflammatory disorder of the hair follicles), which develops after puberty 
(MIM:613737) [115]. Notably, patients with such mutations (15–81 years old) had 
no symptoms of dementia. Acne inversa is likely the result of compromised Notch 
signaling due to a 50% decrease in γ(gamma)-secretase activity in carriers of het-
erozygous mutations. The worldwide prevalence of acne inversa is up to 4% includ-
ing 40% familial cases. Importantly, follow-up reports of γ(gamma)-secretase 
loss-of-function mutations in different ethnic groups confirmed that acne inversa is 
an allelic disorder of early-onset AD.

 PSEN2

PSEN2 is a ~26 Kb gene with ten coding and three noncoding exons. It is located on 
chr1:227,058,273-227,083,804 (GRCh37) at the 1q42 locus and encodes the PSEN2 
protein (448 AA for the longest isoform) (UniProt# P49810) that shares substantial 
structural and sequence similarities with PSEN1, apart from the cytoplasmic loop 
domain. PSEN2 also has the conserved GlyXGlyAsp motif with the Asp366 critical for 
γ(gamma)-secretase activity [116]. The second critical Asp is located at codon 263.

PSEN2 acts as a catalytic subunit of the γ(gamma)-secretase complex indepen-
dent of PSEN1, but is contingent on the three other critical components (PEN2, 
NCSTN, and APH1), similar to PSEN1 complex. Notably, PSEN2-dependent 
γ(gamma)-secretase activity is predominant in microglia and modulates the release 
of proinflammatory cytokines [117]. Furthermore, both PSEN1 and PSEN2 are 
localized to the nuclear membrane and are considered to be involved in cell cycle 
regulation and mitosis [118].

PSEN2 was cloned right after PSEN1 in 1995 [18, 19]; however, currently only 16 
different mutations have been reported among 34 families, affecting PSEN2 exons 
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4–7 and 12 (http://www.molgen.ua.ac.be/ADMutations). Nevertheless, in some pop-
ulations PSEN2 variants could be as frequent as PSEN1 (e.g., in Volga Germans 
[119]). PSEN2 mutation carriers have a less severe AD phenotype compared to 
PSEN1 mutation carriers [17, 120], which in part could be explained by the lower 
brain expression of PSEN2 vs. PSEN1 [19]. Some PSEN2 mutations are found in 
patients with late-onset AD (e.g., Val148Ile) [121], and some (e.g., Thr430Met) were 
observed in patients with a wide range of age at onset suggesting the action of 
unknown modifier gene(s) [122]. A genome-wide search for loci influencing the age 
at onset within nine families affected by the most common PSEN2 substitution 
(Asn141Ile; the Volga German founder mutation) has revealed several candidate 
modifier loci in addition to APOE (1q23.3, 17p13.2, 7q33, and 11p14.2) [123].

Several reports have documented the phenotypic heterogeneity of PSEN2 
patients. For instance, the Ser130Leu substitution segregated with dilated cardio-
myopathy in two families (similar to the Asp333Gly in PSEN1) [106]. In addition, 
the Ala85Val mutation was detected in a patient with a clinical and neuropathologi-
cal phenotype indicative of dementia with Lewy bodies (MIM: *127750) [124], 
which is closely associated with both AD and Parkinson’s disease. Lewy bodies are 
neuronal inclusions mainly consisting of α(alpha)-synuclein. Intriguingly, Lewy 
bodies were present in brains of 12 out of 19 (63%) AD cases affected with PSEN1 
or APP mutations [125], a neuropathological finding that remains to be explained.

 Unexplained Early-Onset AD

Together, mutations in APP, PSEN1, and PSEN2 account for less than 10% of early- 
onset AD cases. Most families enriched for early-onset AD do not suggest Mendelian 
inheritance and often have a mix of early- and late-onset cases. The wide range of 
age of onset likely indicates genetic modifier(s) modulating AD susceptibility. The 
few studies that have assessed this early-onset AD subtype have suggested a genetic 
architecture partially overlapping the late-onset form [14, 68, 126–129]. Thus, 
studying early-onset AD in subjects without APP, PSEN1, and PSEN2 mutations 
would cover a critical gap and provide a unique opportunity for discovery of novel 
targets and disease pathways. Furthermore, the availability of new genetic markers 
will help refine different genetic signatures of clinical AD, allowing for a more 
accurate stratification of preclinical or clinical patient cohorts for medical research 
and clinical trials. In the long term, the ability to identify different underlying 
molecular pathologies of AD patients or at-risk individuals will pave the way for 
personalized medicine and health care (e.g., precision medicine).

 Genetic Testing and Search for Novel AD Genes or Disease 
Modifiers

Mutation analyses for AD-causing genes are usually performed by Sanger sequenc-
ing of either the entire coding region (for PSEN1 and PSEN2) or selected exons 
(mutation hot spot) and gene-dosage assessment (for APP). Diagnostic testing for 
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the three causal AD genes is currently established in >20 certified laboratories in 
Europe and the USA (http://www.ncbi.nlm.nih.gov/gtr/).

Considering the variable clinical presentation associated with mutations in causal 
AD genes, there is still a need to improve understanding of the genotype-phenotype 
correlation in order to provide the best medical advice to mutation carriers. For 
instance, there is a concern for genetic counseling when novel mutations are 
detected. Without evidence of co-segregation of the mutation with AD, the analysis 
of Aβ(beta) levels in cell cultures from patients could provide functional support for 
the pathological impact of the mutation [130]. In addition, genotyping biological 
parents of a patient bearing a novel variant to confirm a de novo variant could sup-
port the pathogenic nature of the variant, as was shown for the PSEN1 Val391Gly 
mutation [130, 131].

The detection of causal AD mutations could help evaluate the efficacy of thera-
pies at either the asymptomatic phase or early stages of dementia. Since 2012, about 
210 carriers of pathogenic APP, PSEN1, or PSEN2 mutations have been enrolled in 
a longitudinal clinical trial, named the Dominantly Inherited Alzheimer Network 
(DIAN) (http://clinicaltrials.gov/ct2/show/NCT01760005). This trial is estimated to 
be completed in 2019 and has the goal of assessing the tolerability and biomarker 
efficacy of two potential modifying AD treatments, which are based on monoclonal 
antibodies that either bind to aggregated Aβ(beta) (gantenerumab) or soluble 
Aβ(beta) (solanezumab). It enrolls individuals 18–80  years of age (within 
10–15 years of the anticipated age of onset) who either know or are unaware of their 
genetic status but have a 50% chance of inheriting such a mutation (first-degree 
relatives of a mutation carrier). Importantly, the outcome of the early intervention in 
the DIAN study and/or the discovery of AD biomarkers could have important impli-
cations for the treatment of the common sporadic form of AD.

The DIAN cohort allows for the search of genetic modifiers affecting AD pheno-
type. For instance, it was recently reported that the presence of the common 
Val66Met polymorphism in BDNF (rs6265), known to be responsible for a 30% 
reduction in BDNF secretion, modulates AD-related endophenotypes in individuals 
with APP, PSEN1, or PSEN2 mutations [132]. The BDNF Met66 allele was associ-
ated with increased tau and p-tau levels in the CSF, as well as impairments in hip-
pocampal metabolism and episodic memory. However, currently, no conclusions 
can be drawn on the relationship between the Val66Met substitution and subtypes of 
familial AD (e.g., PSEN1 vs. APP mutation carriers). Also, the precise mechanism 
by which the Val66Met polymorphism causes differences in AD pathophysiology 
remains to be identified.

Another significant contribution of the DIAN cohort has been the functional 
investigation among carriers of mutations in TREM2 (microglial gene associated 
with late-onset AD [133]). It was shown that the soluble ectodomain of TREM2 is 
increased in the CSF of mutation carriers 5  years before the expected symptom 
onset compared to noncarriers [134]. This study suggests that microglial activation 
occurs several years before disease onset, but after amyloidosis and neuronal injury.

The AD genes identified by GWASs could potentially modify the phenotype of 
patients with autosomal dominant early-onset AD. Therefore, new sequencing tech-
nologies are applied to identify rare deleterious variants within these genes. 
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Alternatively, known variants in genes associated with AD can be analyzed using 
cost-effective exome arrays, such as NeuroX [135] or the recently developed 
NeuroChip [136]. The cellular consequences of these variants can be further inves-
tigated in functional studies of patient cells harboring deleterious mutations or alter-
natively on animal models made by mutagenesis using data from sequencing 
projects [137–139]. The functional connections between known AD genes are cur-
rently ambiguous; however, these genes could be subdivided into a few categories 
(e.g., Aβ(beta) production, lipid/cholesterol metabolism, inflammation, vesicular 
trafficking, and synaptic function), with some genes fitting into several categories 
(e.g., CLU, which was implicated in both cholesterol metabolism and inflamma-
tion). Determining which genes or gene networks contribute to AD risk could reveal 
basic pathogenic mechanisms important for potential treatment (Fig. 3.1).

However, drug development is timely, costly, and burdened by a low success rate, 
while an attractive alternative strategy is drug repositioning. For instance, we 
recently analyzed publicly available “omics” data, including genomics, and gener-
ated a list of 524 anti-AD protein targets, 18 of which are targets for 75 existing 
drugs, including drugs modulating neuroinflammation that are particularly promis-
ing for AD intervention [140].

The source of the missing heritability could also be rare variants (allele fre-
quency < 1%) that are not captured by GWAS. Rare variants are broadly distributed 
throughout the human genome; hence, genome-wide sequencing approaches are 
needed to determine which of them are related to AD. Of note, rare variants are not 
limited to Mendelian-type inheritance and along with common variants may affect 
risk for AD.

Recent advances in next-generation sequencing technology have provided a 
cost-effective approach to large-scale resequencing of the entire genome as a strat-
egy for identifying risk or protective alleles [141, 142]. Notably, coding variations 
that constitute ~85% of known disease-causing mutations [143] can be captured 
with exome sequencing, which covers ~1% of the human genome (30 Mb; 180,000 
exons), therefore reducing the time and cost of searching for highly penetrant vari-
ants in noncoding regions [144, 145]. The price of whole-genome sequencing how-
ever has also significantly dropped over the past few years enabling cost-effective 
analysis of large datasets (i.e., Illumina NovaSeq). Whole-exome sequencing identi-
fied AD-associated coding variants in TREM2 [133] and revealed nonsense or mis-
sense mutations in SORL1 in 7 of 29 unrelated cases from early-onset autosomal 
dominant AD families [127]. Whole-genome sequencing studies of large multiplex 
families are currently ongoing [146, 147].

Importantly, the amount of raw data produced by next-generation sequencing is 
enormous, and many computational steps are required to translate this output into 
reliable variant calls. Surprisingly, a large number of loss-of-function variants (~100 
per genome) are identified in apparently healthy individuals [148]. Hence, the iden-
tified variants must be systematically filtered using high-quality catalogues of vari-
ants identified in the genomes of healthy individuals (e.g., from the gnomAD 
database http://gnomad.broadinstitute.org/). However, the age of individuals 
included in public databases is an important consideration for diseases with adult 
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onset (e.g., AD). Some additional tools such as SIFT and Polyphen are also used to 
annotate the variants and predict their functional consequences, which can help to 
prioritize the variants selected for follow-up association or segregation studies. 
Further, in large extended families, linkage analyses can be employed prior to next- 
generation sequencing to identify chromosomal regions that most likely contain 
causative variants, which can then be prioritized in the analysis of the sequence 
data. Next-generation sequencing of two, distantly related, affected members of a 
family can be sufficient to identify shared, causative genetic variants residing in the 
linkage regions; additional availability of older unaffected family members allows 
for the validation of variants through demonstration of co-segregation. The signifi-
cant advantage of combining linkage and next-generation sequencing analysis is the 
decrease in complexity of sequencing data to be analyzed.

Importantly, reports on the detection of rare variants with a large effect size need 
to be validated by independent studies, which might take time. For instance, whole- 
exome sequencing of large AD families with follow-up analyses of candidate vari-
ants in several large AD case-control datasets discovered a rare Val232Met mutation 
in PLD3 segregating with AD in two autosomal dominant families [149]. This 
report suggested that the PLD3 Val232Met variant doubled the risk for AD and 
occurred more frequently in familial (~3%) than sporadic cases (~1%). Furthermore, 
gene-based burden analyses revealed that 14 PLD3 variants could increase AD risk. 
However, so far only negative reports have been published on the association 
between AD and PLD3.

There are several study designs that can increase power for identifying AD vari-
ants. For example, an “extreme phenotype” study design could focus on AD fami-
lies with a very early age of onset (e.g., <40  years), which are expected to be 
enriched for causative variants, although a limitation of the “extreme phenotype” 
approach is the difficulty of sampling a large enough number of families with a very 
early age of onset.

The study of trios or nuclear families (e.g., pedigrees consisting of non-demented 
parents and an affected offspring who is preferably negative for the APOE e4-allele) 
can allow for the identification of recessive or de novo mutations. In this study 
design, sequencing data of the affected offspring can be used to identify regions 
with ROH; subsequently these ROH regions can be analyzed together with the 
sequencing data of the parents to identify recessive mutations. In addition, the 
sequencing data can be analyzed for de novo mutations that are present in the off-
spring but absent in both parents. A recent study conducting exome sequencing in 
regions with long ROH in a consanguineous family with two siblings with early-
onset AD identified a homozygous CTSF mutation [150]. Variants in this gene are 
associated with a type of adult-onset neuronal ceroid lipofuscinosis with some cases 
resembling the impairment seen in AD. Commonly encountered limitations in the 
analysis of trios or nuclear families for the identification of recessive or de novo 
mutations are the unavailability of both parents and the possibility that the early- 
onset AD in the offspring resulted from a dominant mutation that was undetected in 
the parent due to incomplete penetrance. Sporadic early-onset AD cases can also be 
explained by germ line or somatic mosaicism with the degree of mosaicism 
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affecting onset age and clinical presentation (an example for this is the PSEN1 
Pro436Gln mutation) [151]. Finally, epigenetic mechanisms can affect gene expres-
sion and thereby the clinical presentation of AD.

 Conclusion
Precision medicine could be possible in the near future as a result of the expan-
sion in knowledge provided by the human genome project and the major advances 
in “omics” technologies made in the past decade including the application of 
next- generation sequencing. Genetics is currently widely applied to AD diagno-
sis, monitoring, and the search for a potential treatment. The detection of muta-
tions in APP, PSEN1, and PSEN2 is used for both pre-symptomatic and 
symptomatic AD diagnosis. In the near future, next-generation sequencing will 
likely uncover novel AD genes. The successful application of precision medicine 
to AD will demand extensive additional work to identify risk groups, the under-
lying pathological processes, and the development of new interventions. It will 
also require the significant involvement of biologists, physicians, technology 
developers, data scientists, and patient groups. We are only at the beginning of a 
broad precision medicine approach targeting the clinical and biological com-
plexity of AD and building the evidence base needed to more effectively guide 
clinical practice.
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Abstract
The most frequent forms of Alzheimer’s disease (AD) are complex, and their 
distribution within families cannot be explained by a Mendelian model of inheri-
tance. In fact, these forms of AD result from a combination of genetic and envi-
ronmental factors, with the estimated heritability ranging from 58 to 79%. This 
chapter reviews the large body of research on genetic risk factors in AD. Linkage 
analyses and candidate gene association studies have notably identified APOE 
(the major genetic risk factor for AD) and SORL1. Most of the other loci known 
to be associated with AD have been identified in genome-wide association stud-
ies and (more recently) analyses of rare variants. These AD-associated loci and 
genes have highlighted a number of underlying biological mechanisms, which 
will be discussed briefly. Although some of these pathways (e.g., amyloid pre-
cursor protein (APP) metabolism and tau pathology) fit with the amyloid cascade 
hypothesis, others point out innate immunity and microglia.
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 Introduction

Less than 2% of cases of Alzheimer’s disease (AD) correspond to monogenic, early- 
onset, familial forms of the disease. The most frequent forms of AD are complex, 
and their distribution in families cannot be explained by a Mendelian model of 
inheritance. In fact, these forms of AD result from a combination of genetic and 
environmental factors and are conventionally categorized into early-onset AD 
(EOAD) and late-onset AD (LOAD) by using an age at onset cutoff of 65. LOAD 
accounts for around 95% of all cases of AD [1]. A large twin study confirmed earlier 
reports whereby monozygotic twins are more likely to both have AD than dizygotic 
twins, with an estimated heritability of between 58 and 79% [2]. More generally, a 
positive family history of AD is a risk factor for the disease. For example, one study 
estimated that first-degree relatives of AD patients have more than twice the risk of 
developing the disease by the age of 85 years than individuals who merely share the 
same environment as AD patients [3]. These data suggest that complex forms of AD 
have a substantial genetic component.

For many years, the APOE gene (encoding for apolipoprotein E) was the only 
known AD susceptibility locus. However, many other loci have now been identified 
in genome-wide association studies (GWASs) and (more recently) studies of rare 
variants. This chapter first presents the findings of the various types of genetic studies 
performed in the field of AD, i.e., linkage analyses (designed to identify genomic 
regions that are preferentially transmitted with the disease in families) and associa-
tion studies (designed to compare the allelic or genotypic distribution of genetic 
markers in AD cases and controls). These studies differ in the number of genetic 
markers or loci analyzed (e.g., candidate approaches vs. genome-wide approaches), 
the number of individuals considered (from less than a hundred to more than 50,000), 
or the technique used to assess genetic variations (e.g., genotyping vs. sequencing). 
Schematically, we have considered separately the periods before and after the year in 
which the results of the first large-scale GWASs were published (2009). In the last 
part of this chapter, we briefly review the underlying biological mechanisms high-
lighted by the discovery of AD-linked loci and genes. Unless otherwise specified, the 
reported results refer to populations of European ancestry, since most of the large-
scale genetic studies of AD have been performed in this setting.

 Early Linkage Studies and Candidate Gene Association Studies

 The APOE Gene

The APOE gene is located on chromosome 19, which was first reported as being 
involved in AD in 1987, following the identification of an association between 
familial AD and the APOC2 gene [4]. This discovery was followed by the identifica-
tion of a linkage between AD and the 19q13.2–13.3 region, which also contains the 
APOC2 gene [5]. In parallel with these genetic studies, biochemical analyses 
revealed the presence of APOE in senile plaques—one of the two main pathological 
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features of AD [6]. Lastly, it has been shown that APOE binds β-amyloid (Aβ) pep-
tides with high affinity and is likely to act as a chaperone protein [7]. By performing 
an association analysis in 30 AD cases and 91 controls, Strittmatter et al. [7] were 
the first to identify an association between AD and the APOE gene (located close to 
the APOC2 gene in the 19q13.2–13.3 region).

The APOE gene’s three major alleles (ε2, ε3, and ε4) are defined by the single 
nucleotide polymorphisms (SNPs) rs429358 and rs7412, which encode amino acids 
change at codons 112 and 158, respectively. The ε3 allele is characterized by a cys-
teine at codon 112 and an arginine at codon 158. Relative to ε3, the ε4 allele has an 
arginine at codon 112, and the ε2 allele has a cysteine at codon 158. These three 
alleles generate six different APOE genotypes, namely, ε2ε2, ε2ε3, ε2ε4, ε3ε3, 
ε3ε4, and ε4ε4 [8, 9]. Even though the ε4 allele seems to be the ancestral allele [10, 
11], the ε3 allele is the most common, with frequencies of around 79%, 13%, and 
8% for ε3, ε4, and ε2, respectively [12]. Strittmatter et al.’s study showed that the 
frequency of ε4 was abnormally high in patients with familial LOAD. This associa-
tion was then extended to sporadic LOAD [13] and EOAD [14, 15]. The disease- 
promoting effect of the APOE ε4 allele was then confirmed in many studies (as 
summarized in a meta-analysis by Farrer et al. [16]), whereas the ε2 allele has a 
protective effect [14, 16–18].

There is a dose-response relationship between the number of ε4 alleles carried by 
an individual and both the risk and age at onset of AD [19]. Compared with homo-
zygous ε3 individuals, the AD risk is about threefold higher for heterozygous ε4 
carriers and 12- to 15-fold higher for homozygous ε4 carriers [16, 20]. The risk 
associated with the ε3ε4 and ε4ε4 genotypes is age-dependent, and the highest risk 
occurs at an intermediate age (between 60 and 79) [16, 20].

Although the ε3 allele is the most frequent in all ethnic groups, the APOE allele 
frequencies vary with ethnicity. For example, the frequency of the ε4 allele is esti-
mated to be 21%, 13%, and 9% in African, European, and Asian populations, 
respectively [12]. Similarly, the strength of the association between the APOE ε4 
allele and AD seems to vary from one population to another, and the results have 
initially been inconsistent in African-American and Caribbean Hispanic popula-
tions [16, 21, 22]. However, the association between AD and the APOE gene has 
been emphasized in recent studies of larger numbers of African-Americans [23], 
Caribbean Hispanics [24], Japanese people [25, 26], or Chinese people [27].

At present, the APOE gene is still the strongest known genetic factor for AD and 
accounts for 17–25% of the disease’s heritability [28–31]. It has been estimated that 
ε4ε4 genotype carriers (who account for around 2% of individuals with European 
ancestry [16]), have an AD lifetime risk of around 30% by the age of 75 and over 
50% by the age of 85; this compares with values of around 3% and 12% for the 
general population by the ages of 75 and 85, respectively [20]. Hence, Genin et al. 
suggested that APOE should be considered as a major gene for AD, since its effect 
on AD is more similar to that of causative genes in monogenic diseases than that of 
genetic risk factors for susceptibility to complex diseases.

In GWASs, the association signal for the APOE gene is quite large. This raises 
the question of whether another genetic risk factor for AD is located in the same 
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region or whether this observation is entirely due to the extended correlation 
between variants (i.e., linkage disequilibrium (LD)) in the region. However, no 
other genes from this region have been unambiguously identified as being associ-
ated with AD [32, 33].

 Early Genome-Wide Linkage Analyses

Following the success of linkage analyses in identifying the APP, PSEN1, and 
PSEN2 genes in familial EOAD forms and the APOE gene in complex forms of AD, 
several genome-wide linkage studies (GWLSs) of families or affected sib-pairs 
were performed between 1997 and 2009 with a view to detecting other contributory 
genes [34–55]. Most of these studies were performed using quite sparse microsatel-
lite maps (generally fewer than 450 microsatellites, with an average inter-marker 
distance of 7–16 cM) on a small number of affected individuals (for a review, see 
[56]). The largest GWLS performed before 2009 resulted from the meta-analysis of 
five GWLSs, totaling 2206 AD individuals from 785 families [37]. Even though 
some regions were found to been linked to AD, the results have not always been 
replicated, and no new, robust genetic factors for AD were immediately identified. 
However, other types of genetic analysis have subsequently identified loci (such as 
CLU, CD33, and CD2AP) in some of the AD linkage regions reported by Butler 
et  al. (see section “Large-Scale Genome-Wide Association Studies”). However, 
these linkage regions are quite large, and it is not known whether the subsequently 
identified loci explain the detected linkage signal. As is the case for other complex 
diseases, the difficulty of identifying new genetic factors for AD in linkage analyses 
has been attributed to various methodological issues and to the characteristics of the 
genetic component in such complex phenotypes. In particular, linkage analyses are 
not well powered to identify common variants with small effects that might be 
involved in these diseases [57, 58].

 Candidate Gene Association Studies

Many candidate gene association studies have been performed in the field of AD 
although the results have also been disappointing. These candidate genes were 
selected on the basis of their biological functions (and thus potential disease 
involvement) or their location in AD linkage regions. Up until August 2006, a 
total of 875 AD candidate association studies had been performed on 1055 poly-
morphisms in 355 genes [59]. To distinguish between true positives and false 
positives, Bertram et al. [59] created the Alzgene database (http://www.alzgene.
org/). Alzgene catalogued all the association studies performed on AD and pro-
vided meta-analysis results for frequent polymorphisms (i.e., with a minor allele 
frequency (MAF) >1%) considered in at least four independent studies. As of 
December 2005, 13 genes other than APOE had significant associations with AD 
according to the Alzgene database [59]. However, none of those genes is currently 
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considered to be a confirmed genetic risk factor for AD (with the exception of 
PSEN1 for monogenic forms only), thus illustrating the limitations of candidate 
gene approaches. However, this strategy allowed to identify the SORL1 gene as an 
AD-associated gene. The association with SORL1 was first identified in a study of 
seven genes involved in the retromer system [60]. Although the results of subse-
quent candidate gene association studies of SORL1 were inconsistent, the associa-
tion was then confirmed in a meta- analysis [61], and a genome-wide significant 
association signal has been reported in large-scale genome-wide association stud-
ies (see sections “Large-Scale Genome- Wide Association Studies” and “Genome-
Wide Association Studies in Non- European Populations”). Interestingly, rare 
variants in SORL1 are also associated with AD (see section “The Search for 
Associations with Rare Variants”).

 Genome-Wide Association Studies

The lack of robust findings in candidate gene association studies of most complex 
diseases has been attributed to a variety of factors, including small sample sizes 
[62]. One other major limitation is the studies’ reliance on regions identified by 
linkage analyses or on prior knowledge of the gene’s function. In the field of AD, a 
number of hypothesis-free association studies have first been performed using 
sparse microsatellite maps [63–65]. However, those maps can only capture a small 
proportion of the genetic information through the LD between genotyped and non- 
genotyped genetic variations, unless there is extended LD in the population. In an 
intermediate hypothesis-free approach, a genome-wide panel of around 17,000 
potentially causative SNPs was also tested for an association with AD [66]. Over the 
years, the scientific community has generated data on common genetic variations 
and genome-wide patterns of LD [67]. Thanks to technical progress, SNP genotyp-
ing has become more reliable and less expensive. Consequently, the development of 
very dense SNP maps (comprising around 500,000 SNPs and covering the entire 
genome) has enabled use of the GWAS approach in the identification of new genetic 
risk factors for complex diseases, including AD. These GWASs test the association 
between AD and each of the SNPs present on a microarray. To deal with the issue of 
false positives, most GWAS studies adopt a two-stage approach. Firstly, the analysis 
of a discovery sample allows to select SNPs showing the most promising associa-
tion signals. Secondly, the selected SNPs are tested on a second, independent sam-
ple at the replication stage. A signal is considered to have been replicated if (1) the 
effect’s direction is the same in both stages and (2) the associated p-value in the 
replication stage is below the nominal threshold of 0.05. Furthermore, a very low 
p-value (typically <5 × 10−8) is required for considering a signal as genome-wide 
significant in a meta-analysis of discovery and replication stages [68]. When 
describing the results of a GWAS, it is common practice to report the gene that is 
situated closest to the SNP with the lowest p-value; accordingly, this is also what 
will be done in the following sections. In theory, however, functional variants could 
be located in any of the genes included in the LD block surrounding the best SNP 
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hit. Furthermore, the association signal might even be generated by variants that 
regulate genes located far away from the detected locus. Hence, further studies are 
required to identify functional genes and variants.

 Early Small-Scale Genome-Wide Association Studies

As with the candidate gene studies, the first AD GWASs suffered from small sample 
sizes (with discovery samples of less than 1100 cases and 1300 controls) [69–77]. 
Again, only a robust association with APOE was identified. These results suggested 
that there were no common disease-associated variants (other than APOE) with a 
large effect. One of these GWASs [71] detected a significant association (based on 
a study-specific significance threshold that was less strict than the genome-wide 
significance threshold of 5 × 10−8) for SNP rs3826656 close to the CD33 gene. An 
association with this locus was later reported to meet the genome-wide significance 
threshold in a meta-analysis of two large-scale GWASs, although the association 
with the initially reported SNP itself could not be replicated [78, 79]. However, the 
association with CD33 could not be replicated in the second stage of the largest 
meta-analysis of AD GWASs performed to date [80]. Further studies are required to 
confirm or exclude an association between AD and the CD33 locus.

 Large-Scale Genome-Wide Association Studies

The first large-scale GWASs were published in 2009 by the European Alzheimer’s 
Disease Initiative (EADI) and the Genetic and Environmental Risk in Alzheimer’s 
Disease (GERAD) consortia [81, 82]. They enabled more than 500,000 SNPs to be 
screened for an association with AD. For each of these GWASs, the discovery stage 
included more than 2000 cases and 5000 controls, and the replication stage included 
more than 2000 cases and 2000 controls. The EADI study detected genome-wide 
significant association signals for the CLU gene and the CR1 gene. The GERAD 
study also reported a genome-wide significant association signal for CLU, and 
detected an additional one near the PICALM gene. The associations with the 
PICALM and CR1 loci were cross-replicated in the EADI and GERAD samples, 
respectively. As expected, the effect sizes of the genes’ associations were smaller 
than that of APOE effect (Table 4.1); this highlights the need for large samples and 
thus sufficient power for detecting genetic associations with AD.

These discoveries were followed closely by the detection of a genome-wide sig-
nificant association for a SNP near the BIN1 gene by the Cohorts for Heart and 
Aging Research in Genomic Epidemiology (CHARGE) consortium [83]. The four- 
stage CHARGE study covered 9511 AD cases and 28,174 controls and included the 
EADI and GERAD samples in its second and third stages. It is noteworthy that the 
GERAD consortium had already reported a suggestive association signal for the 
BIN1 locus [81]. The discovery stage (stage 1) of the CHARGE GWAS combined 
results from studies that had used different genotyping microarrays. It was therefore 
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necessary to use an imputation procedure so that all the studies had results for the 
same SNPs. Imputation enables the prediction of genotypes at non-typed SNPs for 
chip-genotyped individuals by taking into account LD between the SNPs. It depends 
on the availability of reference panels (e.g., HapMap [67] or 1000 Genomes [99]) 
that have been genotyped on millions of genetic variants. In the CHARGE GWAS, 
imputation was performed with the HapMap reference panel; this enabled about 2.5 
million SNPs to be tested for an association with AD.

The same imputation strategy was considered by the Alzheimer Disease Genetics 
Consortium (ADGC) in a GWAS whose discovery stage involved a meta-analysis of 
ten GWAS datasets totaling 8309 AD cases and 7366 controls. Following a replica-
tion stage in 3531 AD cases and 3565 controls, this study led to the identification of 
a genome-wide significant association signal for the MS4A gene cluster [79]. This 
locus was also detected in a companion study [78], whose discovery stage covered 
6688 AD cases and 13,685 controls by meta-analyzing four GWAS datasets (includ-
ing the GERAD and EADI data). A total of 13,182 cases and 26,161 controls were 
considered in the two-stage replication analysis. Along with the MS4A locus, 
Hollingworth et al.’s study identified a genome-wide significant association signal 
for the ABCA7 gene. This signal was replicated in the ADGC study, and other stud-
ies have since reported an association between AD and rare variants in the ABCA7 
gene [96] (see section “The Search for Associations with Rare Variants”). Combining 
the results from the ADGC study and Hollingworth et al.’s study further identified 
genome-wide association signals at or near the CD2AP, CD33, and EPHA1 genes. 
As had been the case for CD33, suggestive association signals had already been 
reported for the EPHA1 and MS4A loci [71, 81, 83].

These GWASs and their meta-analyses showed that increasing the sample size 
and the number of tested variants by imputation can identify new genetic risk fac-
tors for AD. Based on this observation, the International Genomics of Alzheimer’s 
Project (IGAP) consortium was created to perform a meta-analysis of the ADGC, 
CHARGE, EADI, and GERAD GWAS datasets [80]. Following imputation with 
1000 Genomes data, the IGAP discovery stage was performed on more than seven 
million SNPs, 17,008  AD cases, and 37,154 controls. The replication stage 
included 8572 AD cases and 11,312 controls. Genome-wide association signals 
were detected at 19 loci other than APOE. Eight of these had been identified in 
earlier analyses of the same GWAS datasets (ABCA7, BIN1, CD2AP, CLU, CR1, 
EPHA1, the MS4A cluster, and PICALM). SORL1 had initially been identified in 
candidate gene association studies [60, 61], and a genome-wide significant asso-
ciation signal was then reported in a multi-ancestry GWAS [26]. The ten novel 
loci were CASS4, CELF1, FERMT2, HLA-DRB5/HLA-DRB1, INPP5D, MEF2C, 
NME8, PTK2B, SLC24A4/RIN3, and ZCWPW1. As mentioned above, the associa-
tion signal at the CD33 locus was not replicated in the second stage of the IGAP 
study and did not reach genome-wide significance in the meta-analysis. 
Furthermore, the IGAP consortium provided a list of 13 loci showing suggestive 
association signals (i.e., with p  <  1  ×  10−6), namely, the chr1q31.2, HS3ST1, 
SQSTM1, TREML2, NDUFAF6, ECHDC3, AP2A2, ADAMTS20, the IGH cluster, 
SPPL2A, TRIP4, SCIMP, and ACE loci. These loci were deemed worthy of 
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further investigation, since experience had shown that many initially suggestive 
signals become significant by increasing the sample size. It is noteworthy that the 
ACE gene was among the best candidate genes for AD in meta-analyses of candi-
date gene association studies [59, 100, 101] and that the TREML2-associated vari-
ant is close to the TREM2 gene (rare variants of which are associated with AD; see 
section “The Search for Associations with Rare Variants”) [87, 88]. However, the 
association signals for the rare variants in TREM2 gene and the frequent variant in 
TREML2 loci might be independent [102].

The IGAP GWAS merged samples from many of the previous GWASs and can-
didate gene studies performed on individuals of European ancestry. The IGAP 
report thus did not provide replication evidence for the previously identified loci, 
but it provided an overview (for individuals of European ancestry) of the evidence 
for associations with AD. With regard to the newly identified loci, the signal at the 
ZCWPW1 locus has been independently replicated [95]. Furthermore, a gene-based 
analysis of the IGAP data identified a significant signal (on the basis of a gene- 
based p-value threshold) at the TP53INP1 and IGHV1-67 genes (located in the 
NDUFAF6 and IGH cluster loci, respectively, where a suggestive signal had been 
reported in the IGAP single-variant analysis) [103]. Lastly, meta-analyses of the 
IGAP results and those of other GWASs identified genome-wide significant asso-
ciation signals for the ECHDC3, HS3ST1, TRIP4, SCIMP, and SPPL2A loci (for 
which suggestive associations had been reported in the IGAP study) and for two 
new loci: HBEGF and TSPOAP1-AS1 (previously named BZRAP1-AS1) [84–86, 
95]. However, further assessment of the associations with loci identified in or after 
the IGAP study is required.

Table 4.1 provides an overview of the AD-associated loci. The data shows that 
the association signals identified in GWASs arise from rather common alleles with 
modest effect sizes.

 Genome-Wide Association Studies in Non-European Populations

The IGAP GWAS meta-analysis focused on populations of European ancestry. 
Genome-wide genetic studies have also been performed for African-American, 
Caribbean Hispanic, Israeli-Arab, and Japanese populations for example [23–26, 
104–106], albeit with much smaller sample sizes (no more than 3000 cases in the 
discovery stage). As mentioned above, a genome-wide significant association signal 
for SORL1 was identified in a study whose discovery stage was performed in 
Japanese individuals [26], and genome-wide significant association signals for 
ECHDC3, HBEGF and TSPOAP1-AS1 were detected by a meta-analysis of results 
from several non-European datasets and from the IGAP European dataset [85]. The 
latter meta-analysis further reported the TPBG gene as being associated with AD on 
the basis of a gene-based p-value threshold. A SNP in the FBXL7 gene was found to 
be significantly associated with AD in Caribbean Hispanics [24]. The signal for this 
SNP could not be replicated in datasets from other ethnicities, although other SNPs 
in LD showed some evidence of association in these samples. The COBL and 
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SLC10A2 loci have been identified in African Americans, although replication stud-
ies have not been performed [107].

For loci initially identified in European populations, the replication of signals in 
other ethnicities is a complicated task. Firstly, studies of non-European populations 
have quite small sample sizes, which limits the replication power. Secondly, the LD 
structure differs from one ethnic group to another; hence, the top SNP identified in 
GWASs in populations of European ancestry might not tag as well functional vari-
ants in other populations—again leading to a loss of power if only the top SNP is 
tested. After correction for multiple testing, a gene-based analysis performed in 
African-Americans replicated the associations with the ABCA7, BIN1, CD33, CR1 
and EPHA1 loci [23], while the associations with the PICALM and BIN1 loci have 
been replicated in a Japanese population [26]. Many studies have been performed in 
Asian populations; although the results are divergent, a meta-analysis has provided 
some evidence of associations for BIN1, CLU and PICALM [108].

 Moving Beyond Conventional Genome-Wide Association Studies

The abovementioned GWASs mainly looked at the association between AD status 
and each variant. However, other strategies have been considered. For example, 
Herold et al.’s family-based GWAS identified genome-wide significant associa-
tions for the PTPRG, OSBPL6 and PDCL3 loci by (1) taking account of both 
linkage and association information and (2) considering a multivariate phenotype 
combining AD status and AD age at onset [109]. By performing a genome-wide 
haplotype analysis, Lambert et al. identified a genome-wide significant associa-
tion between AD and the FRMD4A gene [110]. This association was subsequently 
replicated in a gene-based analysis performed in Caribbean Hispanics [24]. Gene–
gene interactions have also been studied, and some significant associations have 
been claimed [111]. In particular, large-scale studies have identified interactions 
between CRYL1 and KHDRBS2, between SIRT1 and ABCB1, between PSAP and 
PEBP4, and between GRIN2B and ADRA1A [112, 113]. However, these interac-
tions have yet to be extensively replicated. Furthermore, several reports have sug-
gested that some SNPs can interact with the APOE genotype [114]. In particular, 
some SNPs in the 17q21.31 region reportedly decrease the AD risk in individuals 
who do not carry the APOE ε4 allele although the interaction between the SNPs 
and the APOE genotype was not statistically significant. The 17q21.31 region 
includes the MAPT gene, which encodes the tau protein. It has been suggested that 
rare and/or structural variants of the MAPT gene have an impact on AD [115, 
116]. However, the role of the MAPT gene in AD remains unclear, and further 
studies are required. Some studies have focused on the impact of structural vari-
ants (and particularly copy number variants (CNVs)) on the AD risk, but the 
results have been inconsistent [117, 118]. It is noteworthy that the association 
signal observed at the CR1 locus has been ascribed to a CNV [119]. Lastly, it was 
recently reported that mosaic loss of chromosome Y is associated with AD [120].
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 The Search for Associations with Rare Variants

The index variants at the APOE gene and the loci identified in GWASs account for 
around 30% of AD’s heritability [28, 30]; this figure suggests that other genetic fac-
tors are yet to be discovered. Although the abovementioned GWASs focused on 
frequent variants (i.e., a MAF >1%), it has been hypothesized that the analysis of 
rare variants could enable a more exhaustive characterization of the genetic back-
ground of complex diseases, including AD [121]. In addition to the identification of 
new genetic loci, the analysis of rare variants might highlight functional variants in 
known AD-associated loci. Several strategies can be considered for this purpose. 
The cheapest approach is to impute rare variants by using available GWAS data and 
public reference panels. The latter continues to grow; the largest reference panel 
(the Haplotype Reference Consortium panel) provides data on 39,235,157 SNPs in 
32,488 individuals, and this enables researchers to improve the quality of imputa-
tion for rare variants [122]. Another strategy consists in genotyping rare variants by 
using a human exome array. This array can genotype both rare and frequent coding 
variants detected in genetic data on the exome—the coding part of the genome. 
These genotyped variants are most likely to be functional and thus involved in dis-
ease. Lastly, the most exhaustive information on rare variants is provided by whole-
exome or whole- genome sequencing. Thanks to technical progress and a fall in the 
cost of sequencing, a sufficiently large sample can be sequenced, ensuring enough 
power to detect associations between AD and rare variants.

Indeed, a sequencing-based study in an Icelandic population reported a protec-
tive effect against AD of the rare coding A673T APP mutation [123]. Jonsson et al. 
performed whole-genome sequencing on a subset of 1795 Icelanders and imputed 
the discovered variants in 71,743 Icelanders with chip genotyping data and (thanks 
to genealogical records) in more than 290,000 Icelanders lacking any genotyping 
data. Thanks to this strategy, the study included 3048 AD cases and 79,248 controls. 
The rarity of the A673T APP mutation in other populations means that replication 
is difficult [124], but a study performed in a Finnish population reported decreased 
plasma Aβ levels in carriers of the A673T APP mutation [125].

Sequencing-based studies also identified an association between AD and the rare 
missense mutation p.R47H (with a frequency of 0.26% in the ExAC database [126]) 
in the TREM2 gene [87, 88]. Jonsson et al.’s study was performed in the Icelandic 
population using the same strategy as for the APP gene’s study. The discovery stage 
included 3550 AD cases and 110,050 controls, and the replication stage was per-
formed on 2037 cases and 9727 controls of European ancestry. Guerreiro et  al. 
applied a candidate gene approach to 1092  AD cases and 1107 controls with 
sequencing data and then performed the replication stage on genotyped or imputed 
data from 7428 AD cases and 17,469 controls. This association has been robustly 
replicated in several studies (including studies of EOAD), with an estimated 2.5- 
fold increase in the risk of AD for carriers of the p.R47H mutation [89, 127, 128]. 
Other TREM2 variants (particularly the p.R62H variant) reportedly contribute to the 
AD risk [89–91]. Lastly, the results have been less conclusive in African-American 
and Asian populations, in which the p.R47H variant is more rare [129–131]. 
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However, other variants in the TREM2 gene might be associated with AD in the 
African-American population [130, 131].

In an updated version of the Icelandic study, Steinberg et al. searched for rare 
variant associations within 104 genes located in 18 IGAP-listed AD GWAS loci 
(HLA and APOE were not considered) [96]. The researchers reported that rare loss- 
of- function variants in ABCA7 are associated with a twofold increase in the AD risk. 
This association seems to be independent of the common variant signal identified in 
GWASs and has been replicated in several independent studies (including EOAD 
studies) [90, 97, 98].

Rare mutations in SORL1 have been identified in autosomal dominant cases of 
EOAD [93]. Rare coding variants of SORL1 are also enriched in cases of EOAD 
[92, 132] and may not highly contribute to the risk of LOAD [90, 94, 133, 134]. 
The effect size varies greatly with the pathogenicity class of the rare SORL1 vari-
ants considered, with some classes increasing the AD risk by a factor of 12 or 
more [90, 94].

Recently, the IGAP consortium performed a large-scale association study on 
37,022 cases and 48,402 controls. The discovery stage was performed on individu-
als genotyped with an exome chip. In addition to the TREM2 p.R47H and p.R62H 
variants, variants in the ABI3 and PLCG2 genes (each with a MAF of around 1%) 
were found to be associated with AD at the genome-wide level of significance [89]. 
However, no independent replication studies have been published yet.

Other association signals between rare variants and AD have been detected but 
have less supporting evidence. For example, rare coding variants in the PLD3 gene 
reportedly increase the AD risk [135], although many replication studies were nega-
tive [136–141]. An increased risk of AD was identified for carriers of the rare mis-
sense P155L mutation in the TM2D3 gene in an exome chip analysis of a small 
Icelandic cohort [142]. Replication of this finding is difficult due to the rarity of the 
mutation in other populations. Another study reported an association between AD 
and the rare T835M mutation in the UNC5C gene [143]. Rare variants in many other 
genes (including GWAS genes and dementia genes with Mendelian inheritance) 
may contribute to complex forms of AD, albeit with lower levels of evidence; fur-
ther studies (particularly in larger samples) are needed to validate these findings 
[115, 144–147].

 The Post-GWAS Era: A New Frontier

While the GWAS and sequencing data represent a major breakthrough in our under-
standing of the genetic risk underlying AD, it is often difficult to identify the func-
tional genes and variants within the associated loci and to determine how (in 
mechanistic terms) they contribute to the pathogenesis of AD. These are important 
challenges in the post-GWAS era, and characterization of the link between AD 
genetics and pathogenesis will require major research efforts. This is even more 
critical for genomic approaches that select genes/loci on a hypothesis-free basis, 
i.e., without predetermined ideas about their respective functions. Accordingly, new 
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insights on the genetics of AD might oblige us to significantly revise our under-
standing of the underlying pathophysiological pathways.

As is the case for other multifactorial diseases, gene-set enrichment analyses 
have been developed from the AD genetic data in order to characterize specific 
pathways where genes associated with AD risk are overrepresented and which are 
thus potentially involved in the disease process. Due to the particularly large genetic 
component of AD (relative to other multifactorial diseases), the genetic determi-
nants of AD might be distributed in one or more specific biological processes, rather 
than randomly. Although this type of statistical analysis is strongly dependent on the 
inherent limitations of gene-set enrichment approaches (e.g., the non-optimal qual-
ity, annotation, and exhaustiveness of the biological databases), the involvement of 
the innate immune system has been evidenced in the initial reports (in 2010) [148, 
149] through to the most recent studies (based on the IGAP dataset) [150]. More 
precisely, microglial-mediated innate immunity was highlighted (1) in 2013 by the 
finding that TREM2 variants are major genetic risk factors of AD [87, 88] and (2) 
more recently by the identification of three other AD-risk genes in the same protein–
protein interaction network as TREM2 (SPI1—located in the CELF1 locus—PLCG2 
and ABI3, which are almost exclusively expressed in microglia in the brain) [89, 
151]. It has been suggested that TREM2 is required for the early expansion of 
microglia around Aβ plaques, which thus slows the latter from spreading [152]. 
Loss-of-function mutations in TREM2 may thus facilitate amyloid-related neuronal 
damage [153]. Furthermore, potential other defects in Aβ clearance have been high-
lighted [154]. If we first consider APOE, there is a self-consistent body of evidence 
to suggest that this protein regulates Aβ clearance in the brain [155]. Furthermore, 
it was recently reported that the GWAS-defined gene PICALM is a central factor in 
the transcytosis and clearance of Aβ at the blood–brain barrier [156]. As previously 
suggested, these observations suggest that defects in clearance/degradation/seques-
tration may lead to the progressive, harmful accumulation of Aβ peptides (at or near 
synapses, probably).

Interestingly, the new genetic landscape of AD (apart from the monogenic forms 
of AD) does not rule out a role of APP metabolism and Aβ production in the patho-
physiology of AD.  As a relevant genetic risk factor for both EOAD and LOAD, 
SORL1 has been characterized as a major player in the APP metabolism. Both under-
expression and loss-of-function variants associated with AD risk systematically lead 
to an increase in Aβ secretion [157, 158]. The results of in vitro and in vivo experi-
ments have shown that ABCA7 deficiency is correlated with higher levels of Aβ 
secretion [159, 160], which is in line with an association between rare loss-of-func-
tions variants and the AD risk [96, 161]. Lastly, a systematic, high- content screening 
study showed that FERMT2 was also likely to modulate the APP metabolism because 
under-expression of this gene led to an increase in Aβ secretion [162].

In conclusion, a dozen GWAS-defined genes have been successfully linked 
(mainly through defects in Aβ peptide clearance/degradation) to the conventional 
amyloid cascade hypothesis. However, a large number of GWAS-defined genes do 
not fit with this hypothesis—suggesting that some of them contribute to AD through 
mechanisms unrelated to Aβ peptides.
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To address this specific question, several studies have sought to determine 
whether some GWAS-defined genes can modulate tau pathology. To this end, 
Drosophila models have been used to over-express tau in the eyes—leading to the 
“rough eyes” phenotype. Consequences of the expression modulation of potential 
human genetic modifiers on this tau-dependent external phenotype can then be eas-
ily assessed. The first tauopathy-linked genetic risk factor for AD to be identified in 
a Drosophila model was BIN1 [163]. Neuropathologic and biochemical studies sub-
sequently confirmed the interactions between tau and BIN1 in  vitro and in  vivo 
[163]. Lastly, a detailed characterization of the protein–protein interaction high-
lighted a direct interaction between the BIN1 SH3 domains and the tau proline-rich 
domain. It has also been shown that this interaction depends on tau’s phosphoryla-
tion status [164]. Systematic screening in Drosophila has then been developed to 
characterize other GWAS-defined genes likely to interact with tau. In addition to 
BIN1, orthologs of FERMT2, CD2AP, CASS4, MADD (located in the CELF1 locus), 
EPHA1, and PTK2B appear to modify tau toxicity in Drosophila models [165, 166]. 
Further investigations have shown that PTK2B co-localizes with hyperphosphory-
lated and oligomeric tau in progressive disease stages in the brains of AD patients 
and transgenic tau mice. These data indicate that PTK2B acts as an early marker and 
in vivo modulator of tau toxicity [165]. Taken as a whole, the data in Drosophila 
clearly indicate that the core of the focal adhesion pathway is involved in the patho-
physiology of AD. This observation is of interest because the focal adhesion path-
way is also involved in axon maturation and synaptic plasticity.

It is also important to bear in mind that in addition to the main results described 
above, other types of analysis can also indicate putative pleiotropic functions for 
some of the GWAS-defined genes. For example, PICALM has also been linked to 
tau pathology and autophagy [167–169], whereas BIN1 may potentially interfere 
with APP metabolism and Aβ peptide production [170, 171].

 Conclusion
Genes identified in GWASs are already opening up new perspectives for research 
on the pathophysiology of AD. The characterization of new genes will not only 
provide more details of known disease processes but may also enable the discov-
ery of hitherto unsuspected mechanisms. This new genetic landscape and the 
next discoveries in this field will likely highly influence our way to define the AD 
pathophysiological process and thus relevant therapeutic targets to develop 
potential drugs. However, it is likely that it will take several years before seeing 
the first applications. Indeed, whereas the first GWASs were published in 2009, 
the number of publications related to the pathophysiological functions of the 
GWAS-defined genes is still limited, and stronger efforts are needed.

Since AD has a significant polygenic component, several studies have also 
evaluated the relevance of this new genetic landscape as a diagnosis tool, by 
assessing the predictive utility of AD genetic risk scores using the most recent 
GWAS data. Using the IGAP dataset, it has been shown that polygenic scores 
improve risk prediction with increased prediction at polygenic extremes [172]. 
Polygenic scores may also help to evaluate individual differences in age-specific 
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genetic risk for AD [173]. Finally, when restricting such analyses to incident 
cases, a risk score incorporating common genetic variations associated with AD 
outside the APOEɛ4 locus also improved slightly AD-risk prediction [174]. 
However, there is a consensus to say that these approaches cannot be used at the 
clinical level even if they might be useful for stratifying AD risk in enrichment 
strategy for therapeutic trials.
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Abstract
Vascular risk factors and cerebrovascular disease are recognized factors impli-
cated in the evolution towards dementia, not only of vascular origin, but also of 
degenerative dementia as Alzheimer’s disease. Even among nondemented sub-
jects, hypertension, diabetes, and stroke are associated with worse performance 
in attention, speed and motor control, and executive functions. Influence of vas-
cular risk factors in cognition starts early in life. Recently, several publications 
expressed that intervention in potential modifiable risk factors should receive 
special attention in order to delay or prevent dementia. Current scientific evi-
dence sustains that policy actions should be conducted in order to reduce vascu-
lar risk factors in middle life, with population and community- level measures. 
Cerebral small vessel disease, which can be expressed by white matter changes, 
lacunes, and microbleeds, has gained clinical relevance in the last decades. 
Intervention in prevention of this previously overlooked disease can represent a 
potential outcome in experimental studies aiming to reduce cerebrovascular 
burden.
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 Introduction

Vascular risk factors and cerebrovascular disease of the brain influence cognition 
and are implicated in the evolution towards dementia, not only of vascular origin, 
but also of degenerative dementia as Alzheimer’s disease (AD).

In the last few years several publications have stressed acknowledge of an over-
lap between risk factors for vascular disease and neurodegeneration and dementia 
[1]. On this behalf, efforts should be done in order to improve research and popula-
tion recognition of vascular risk factors [1–3]. Recently, in an initiative funded by 
the Joint Programme for Neurodegenerative Disease Research, a survey was con-
ducted within a group of international experts. The results and recommendations for 
the study of vascular disease and its contribution to cognitive decline and neurode-
generation retrieved from that survey were published, and the interested reader may 
find it in a quite fine comprehensive review [4]. There are other publications made 
upon this approach, but this chapter does not aim to be an exhaustive bibliographic 
review under the topic. The author proposes a reflection based on selected biblio-
graphic references and his own clinical experience, aiming to share the concern 
about a (although) frequent, sometimes neglected topic in daily practice.

This chapter has two different sections. The first section covers the impact of 
main vascular factors in cognition and in the risk of dementia. As small vessel dis-
ease is closely linked to vascular risk factors, and represents one of the consequences 
of several vascular risk factors measured in the brain, we approach, in the second 
section, the impact of cerebral small vessel disease in cognition and in dementia.

 Role of Vascular Risk Factors in Cognition

Vascular risk factors have been implicated in cognitive decline and dementia. A recent 
review that considered the most frequent vascular risk factors (diabetes, midlife 
hypertension, midlife obesity, physical inactivity, and smoking) plus depression and 
educational level, concluded that even among degenerative dementia, around a third 
of Alzheimer’s disease cases might be attributable to potentially modifiable risk fac-
tors [5]. Moreover, midlife vascular risk factors were associated with higher amyloid 
deposition in the brain [6]. Among the whole spectrum of vascular risk factors, hyper-
tension, stroke, and diabetes seem to play the most important role [7–18]. Before 
exploring evidence that support the relationship between some of the major risk fac-
tors and cognitive impairment, we present two concepts that have evolved in the last 
years. The first is that cognitive decline is insidious and slowly developing starting 
early in life, around the fourth decade [19]. This is probably one of the explanations 
for many of the controversial data concerning some of the vascular risk factors, 
namely, cholesterol blood levels and body mass index [20–24]. It is likely that these 
pathologies contribute to cognitive decline mainly when present in midlife.

The second concept is that the interaction between several cardiovascular risk 
factors contributes more strongly for cognitive decline than isolated risk factors [10, 22]. 
A systematic review stressed that the risk of dementia in diabetes is increased when 
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associated with other vascular risk factors, a phenomenon that was also identified 
for other risk factors [10, 22, 25], mainly if they are concomitantly present in midlife 
[10, 26].

 Role of Diabetes in Cognition

Diabetes has increasingly been identified as a risk factor for cognitive impairment 
and dementia [18, 27–30], including AD [31]. Among nondemented subjects, dia-
betics have worse cognitive performance when compared to nondiabetics [13, 28, 
32] in global tests of cognition [33], attention, executive functions, processing 
speed, and motor control, and also memory, praxis, and language [33, 34], indepen-
dently of other confounders. Diabetic subjects have a twofold increase in risk of 
mild cognitive impairment and dementia comparing to nondiabetics [13, 18, 35], an 
effect that stands long time after diabetes diagnosis [30].

Diabetes has several pathways to be implicated in the progression of dementia: 
not only due to the higher risk of vascular disease, but also mediated through meta-
bolic changes due to the insulin and glycemia pathways, interfering with imbalance 
of glucagon/insulin homeostasis [36] that is implicated in the metabolic production 
of beta-amyloid protein and tau protein [27], promoting neuronal degeneration [37] 
and thus implicated in pathogenesis of AD [13, 38, 39]. Moreover, recent data sug-
gest a genetic link between diabetes and the pathogenesis of AD [40, 41] and that 
insulin may modulate distribution of amyloid beta 40 and 42 in the brain [42].

 Role of Stroke in Cognition

Stroke is a well-recognized risk factor for cognitive impairment in prospective com-
munity studies [7, 14, 35, 43, 44] and is associated with a twofold risk of dementia 
[44], not only for vascular dementia and vascular cognitive impairment, but also for 
degenerative dementias such as AD [44].

The higher risk of dementia in stroke survivors can be partially explained by 
concomitant vascular factors [45] and by pre-stroke dementia, but this is not the 
only explanation [44–46]. Nondemented stroke survivors have worse performance 
in tasks of attention and executive functions [33] comparing to subjects without 
stroke. On the other hand, small vessel disease predicts vascular dementia [47], even 
without clinical stroke.

The clear impact of stroke on the development of degenerative types of demen-
tia is not well established. Although a higher risk of AD is associated with stroke, 
the pathological association between the two diseases is not clear. Neuropathological 
data suggested that vascular disease could affect cognition, not only through the 
effects on subcortical connections and white matter disease, but also exacerbating 
cortical atrophy [48–50]. One of the likely explanations could be that vascular 
acute events anticipate incipient cognitive impairment due to concomitant amyloid 
pathology or otherwise have a synergistic or additive effect to develop degenerative 
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dementia. In line with this hypothesis, amyloid pathology was associated with 
more severe and rapid post-stroke/TIA cognitive decline in a recent publication 
[51]. However, so far, no evidence exists that stroke per se leads to increase of 
amyloid deposits [52]. On the other hand, in the DEDEMAS study [53], the major-
ity of post- stroke cognitively impaired patients were not due to amyloid pathology, 
as deficits developed in the absence of amyloid pathology [53]. These findings 
suggest an alternative explanation implicating stroke as the direct cause of cogni-
tive decline. In the same line, in a mouse model of recurrent photothrombotic 
stroke, recurrent infarcts (parietal cortex) were recently associated with progres-
sive cognitive decline, with histopathologic evaluation showing remote astrogliosis 
of the hippocampus [54].

 Role of Hypertension in Cognition

There is a considerable controversy between studies approaching some of the vas-
cular risk factors and cognitive decline. One of the examples is the effect of hyper-
tension. One of the most important variables that explain differences between 
studies considering hypertension is age of included subjects in those studies, with 
midlife hypertension being the cue for the explanation of the impact in cognition 
[55]. Hypertension in midlife has been consistently associated with later develop-
ment of cognitive decline and dementia, with a higher effect in non-treated hyper-
tensive subjects [56]. Sustained midlife hypertension was also associated with brain 
atrophy [57]. Although the strongest association is with vascular dementia, there is 
also an increased risk of degenerative dementia as Alzheimer’s disease [7, 10, 17, 
56, 58–60]. It was indeed suggested that hypertension was associated with greater 
amyloid burden not only in middle aged but also among older adults [61]. Treatment 
with antihypertensive treatment was associated with reduced hippocampus atrophy 
in hypertensive subjects [62] and with less AD neuropathology [63].

However, the relationship between late-onset hypertension and cognitive decline 
and dementia is less clear: some studies were negative for this association [11, 12, 
64] or sustain that a very low systolic and/or diastolic value was associated with 
higher risk of cognitive decline [58, 59].

In cross-sectional studies among nondemented subjects, hypertension in late life 
was associated with worse performance in several cognitive tests mainly related 
with executive functions and attention, digit symbol test, and word fluency [33] but 
also difficulties in some global cognitive functioning tests [65, 66]. The most likely 
explanation for these discrepancies is that the deleterious effect of hypertension is 
due to chronic vascular damage starting in midlife that later originates cognitive 
impairment [60]. Results from trials focusing on the prevention of dementia using 
antihypertensive medication have failed to show a consistent protective effect, sus-
taining this explanation [67–69] and precluding a recommendation [69]. From the 
six main randomized placebo-controlled studies, four were negative for a protective 
effect [70–73], one found a small effect on the prevention of dementia [74], and the 
other [75] found a protective effect only for post-stroke dementia. Other studies, 
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with concomitant treatments other than hypertension therapy, failed to show an 
effect in cognition [76], and from three recent studies approaching multifactorial 
intervention including hypertension control risk, in different settings, only one had 
a positive outcome [77–79]. In fact those studies were probably performed in older 
ages than what was desirable to prevent dementia and, additionally, the follow-up 
was short.

 Role of Alcohol Intake and Smoking in Cognition

Influence of alcohol intake on brain structure and cognition has been a focus of 
interest in the two last decades. In the LADIS study [33], among subjects with white 
matter changes free of dementia and living independently, mild and moderate alco-
hol consumption was associated with better performance on global measures of 
cognition compared to non-drinkers (included never drinkers), but this relation was 
lost over time [33, 47]. Low or moderate alcohol intake was associated with reduced 
risk of AD in a systematic review with meta-analysis, compared to the risk of 
dementia in non-drinkers [80]. In this review, non-drinkers had a small higher risk 
compared also to excessive drinkers. However, non-drinkers could include former 
excessive drinkers that stopped consuming due to health problems [80]. These 
favorable results were replicated in a recent overview of systematic reviews under 
the topic [81]. However, a study conducted among older subjects could not find 
evidence that moderate alcohol intake could prevent cognitive decline [82]. 
Moreover, higher alcohol consumption and drinking have been associated with 
increased risk of dementia (both for vascular and Alzheimer’s dementia) [83]. A 
recent review approached alcohol dose associated with a stratified risk of dementia 
and found that low dose (6 g/day for best association and 12.5 g/day maximum dos-
age for benefit) had the best association with low risk for dementia [84]. High risk 
of dementia was particularly found with dosages above 23 drinks/week or 38 g/day 
[84]. Considering imaging data, controversial data exists considering brain atrophy: 
brain atrophy was associated with alcohol intake even for low drinkers [85], but a 
recent study suggested that wine (among different types of alcohol beverages) was 
associated with larger total brain volume [86]. Direct effect of alcohol consumption 
on WMC and infarcts remains unclear [85].

Risk of dementia associated with smoking has also been studied. Smoking habits 
could have a theoretical beneficial effect in cognition, mediated through the stimu-
lating effect of nicotine. In fact, the acute administration of nicotine in non-smoking 
young adults with attention deficit was associated with improvement in attention, 
executive functions, and working memory, probably mediated through the activa-
tion of the cholinergic system [87]. In a pilot study, an improvement in measures of 
attention, memory, and mental processing was found after 6 months of transdermal 
nicotine in non-smoking subjects with amnestic mild cognitive impairment, in a 
double-blind randomized trial [88]. Nevertheless, the deleterious effect of smoking, 
mediated through oxidative stress, triggering atherogenesis and inflammation could, 
even indirectly, mediate increased risk for cognitive decline. In a meta-analysis of 
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19 observational prospective studies, smoking increased the risk for dementia, not 
only vascular dementia, but also for degenerative dementias, an effect found mainly 
comparing active smokers against never-smokers [89]. This risk could potentially 
be more pronounced among persons without the APOE4 allele than among APOE4 
carriers [90]. In a small study using estimates of relative risk, an increased relative 
risk was found between cigarette smoking and AD [91].

 Role of Small Vessel Disease in Cognition

Small vessel disease is a broad concept used in several contexts and involves the 
cognitive, clinical, and imaging consequences of the pathological changes of the 
small vessels of the brain [92]. As small vessels are not visualized in vivo, visible 
imaging consequences of small vessel disease are usually considered as the marker 
of the disease. Clinical expression of small vessel disease is not uniform; to make it 
more complex, definition of small vessel disease varies between the different stud-
ies. Expression of small vessel disease includes lacunar infarcts, white matter 
changes, or hemorrhagic events, as microbleeds (Fig. 5.1). More recently, perivas-
cular spaces that are mostly visible through MRI gained attention as an additional 
marker of small vessel disease. In a recent study, using genome-wide association 
study data from two different large sets of cases and controls, Traylor et al. found 
results supporting a shared pathophysiological process between AD and specifically 
small vessel disease strokes [93]. Location of MRI-visible perivascular space may 
potentially be different in these two pathologies [94].

In this section we will focus on the cognitive implications of small vessel disease.
White matter changes designate the changes of the radiological appearance of 

the white matter of the brain, detected through CT or MRI, of probable vascular 
etiology, that are frequently described in older subjects with or without cognitive 
deficit [95–106]. White matter changes do not follow specific vascular territories 
and are usually described as periventricular and subcortical but can also appear 
infratentorial in the pons. Age is the most frequent risk factor, but white matter 
changes are increased in subjects with hypertension and stroke [107]. Traditional 
clinical manifestations of white matter changes include cognitive decline, gait 
disturbances, urinary dysfunction, personality, and mood changes [92]. The 
knowledge of an implication of white matter changes in cognition has more than 
a century, but it was only after the advent of brain imaging that this concept gained 
interest, and the term leukoaraiosis was introduced [108]. Periventricular white 
matter changes are frequent in demented subjects, independently of the type of 
dementia [98]. White matter changes are associated with worse cognitive perfor-
mance among nondemented older subjects, mainly in executive functions, atten-
tion, processing speed, and motor control [33, 99, 100, 109] but also in global 
measures of cognition [33, 99, 109], independently of other confounders. WMC 
severity is implicated in higher risk of cognitive impairment and dementia [47, 49, 
102–105], and the relation is stronger with vascular dementia [47, 106–111]. 
Recently, Kandiah N et al. showed that white matter changes increased over the 
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continuum of mild cognitive impairment and mild AD evolution, suggesting a 
synergistic effect between white matter changes and amyloid pathology [112]. 
Moreover, white matter changes were associated with cortical thickness [113], 
and effect found associated with other vascular lesions, as incident subcortical 
infarcts [114] and acute infarcts [50], and association eventually mediated through 
remote disconnecting phenomena. A nice summary of these effects is described in 
the METACOHORTS Consortium Statement [4].

Lacunes are frequently described in CT and MRI of elderly subjects and have 
been implicated in higher risk of dementia [115]. A recent systematic review and 
meta-analysis found an increased risk of mild cognitive impairment and dementia 
after lacunar stroke, the same risk described in other clinical non-lacunar strokes 
[116]. Similarly to white matter changes, lacunes have been implicated in worse 
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Fig. 5.1 Different expressions of small vessel disease, in the same patient. (1) Microbleeds. (2) 
Lacunes. (3) Periventricular white matter changes. (4) Subcortical white matter changes. (5) White 
matter changes in the pons
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executive functioning [117], processing speed, and motor control [118] among 
demented and nondemented subjects, with or without previous clinical stroke. The 
high frequency of lacunes in demented and nondemented subjects [119], and the 
coexistence to other small vessel disease types with lacunes [120] difficult the exact 
influence of lacunes in cognition. Specific locations, such as thalamic and basal 
ganglia lacunes, can have a specific impact in cognition [107], but further studies 
are needed to understand the individual effect of lacunes, even considering other 
concomitant confounders.

Cerebral microbleeds have been progressively described using specific suscep-
tible MRI sequences. Prevalence data is highly variable, lower in community stud-
ies (7–36%), higher among demented subjects, mainly in subcortical vascular 
dementia (up to 85%) [121–124], but also in AD, where cerebral microbleeds are 
located more frequently in lobar areas [125].

Cerebral microbleeds have been associated with worse performance mainly in 
executive functions [122, 126–128], processing and motor speed [129–131], and 
attention [130]. Some recent evidence sustains a specific association between lobar 
microbleeds and memory deficit [132], and an association between cerebral micro-
bleeds and cerebrospinal fluid biomarkers, emphasizing the link with amyloid 
pathology [131]. The increasing number of microbleeds seems to be associated with 
an increasing cognitive decline [127, 132], including AD [132].

 Conclusions
Vascular risk factors are associated with an increased risk of cognitive decline 
and dementia, including degenerative dementia, and even among nondemented 
subjects, are associated with worse cognitive performance. Treatment and con-
trol of vascular risk factors in midlife has a key role in order to prevent cognitive 
impairment associated with aging. Nowadays, enough evidence sustains treat-
ment of diabetes, prevention of stroke and stroke recurrence, and also treatment 
of hypertension in midlife, in order to prevent progression towards dementia. 
Further studies are needed to determine the type of intervention in each subject, 
considering other vascular risk factors [132]. Small vessel disease is increased in 
subjects with vascular risk factors, can be monitored with brain imaging, is asso-
ciated with cognitive decline, and can be used as a hallmark of cerebral vascular 
disease. In future studies, small vessel disease, namely, white matter changes, 
represents a potential end point of experimental studies.
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in Alzheimer’s Disease and Dementia
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Abstract
Along with global aging, the number of people suffering from dementia and 
Alzheimer’s disease (AD) will dramatically increase with burdensome conse-
quences at both individual and societal levels. Since so far no effective curative 
drugs have been found, the identification of modifiable factors to reduce the risk 
of cognitive decline remains a public health priority. Up to one-third of AD cases 
worldwide can be attributable to the presence of seven potentially modifiable risk 
factors: physical inactivity, smoking, midlife hypertension and obesity, DM, 
depression, and low level of education. Therefore, it might be possible to sub-
stantially reduce AD occurrence through public health interventions promoting 
activities enhancing cognitive reserve and healthy lifestyles. In this chapter, we 
summarize the major findings concerning risk and protective factors for demen-
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tia and AD, based on current epidemiological evidence from observational and 
interventional studies. We also discuss the impact of ongoing interventional stud-
ies testing the effect of preventive measures for dementia and AD.

Keywords
Alzheimer’s disease · Dementia · Risk factors · Prevention · Multi-domain 
intervention

 Introduction

Dementia represents a growing global challenge. The World Alzheimer Report esti-
mated that in 2015 approximately 47 million people were living with dementia 
worldwide. These figures are expected to reach 75 million by 2030, and 131 million 
by 2050, with the greatest increase expected in low- and middle-income countries 
[1]. The World Health Organization (WHO) has described this trend in terms of a 
fast-growing epidemic, concluding that Alzheimer’s disease (AD) and other demen-
tias should be regarded as a public health priority [2, 3], with global economic costs 
exceeding $818 billion in 2015 [1].

AD is the leading cause of dementia, accounting for 60–70% of cases, although 
increasing evidence has shown that mixed brain pathologies (AD together with vascu-
lar lesions) account for the majority of dementia cases, especially in advanced age (85+ 
years) [4]. Dementia and AD are multifactorial disorders, where genetic susceptibility 
and environmental factors (e.g. psychosocial, lifestyle and biological factors), as well 
as their interaction over the lifespan, contribute to the pathological process and the 
clinical expression of the disease (Table 6.1). The frequent co- occurrence of AD and 
cerebrovascular disease is consistent with the evidence that both disorders share several 
risk and protective factors, supporting the validity of dementia syndrome as a target for 
prevention. Findings from projection studies have suggested that prevention is likely to 
delay the onset and therefore reduce the prevalence of AD, which is currently incurable 
[5]. For example, it has been estimated that an intervention that delays AD onset of 1 
year would reduce the worldwide total number of AD cases by 11% [6]. Although 
population-based studies are not entirely consistent, it does appear that the incidence of 
all-cause dementia has been declining in high-income countries over the past decades 
[7–9], mainly due to the reduction in the prevalence of many vascular risk factors over 
time [7]. This supports the hypothesis that prevention is a strategy to halt or delay cog-
nitive decline in older people. In line with these findings, a growing body of literature 
has reported that multi-domain interventions, aimed at reducing several risk factors at 
the same time, can benefit cognition in older adults [10].

In this chapter, we summarize the major findings concerning risk and protective 
factors for dementia and AD, based on current epidemiological evidence from 
observational and interventional studies. As many epidemiological findings here 
discussed apply to both dementia and AD, these terms are used interchangeably 
when appropriate. We also discuss the impact of ongoing interventional studies test-
ing the effect of preventive measures for dementia/AD.

G. Grande et al.



95

 Non-modifiable Risk Factors

 Age

Age remains the strongest risk factor for the onset of dementia, particularly of AD 
type [11]. The incidence of dementia/AD approximately doubles every 5 years after 
the age of 60, with up to two-thirds of nursing home residents estimated to suffer from 
dementia [12]. In Europe, approximately 2 of every 1000 person-years become 
demented among people aged 65–69 years, and the incidence increases from 70 to 80 

Table 6.1 Risk and protective factors for cognitive decline and dementia

Risk factors Protective factors
Age
Gender (female sex)
Genetic
  Familial aggregation
  APOE ε4
  Different genes have been proposed (see Chap. 4)
Vascular and metabolic
  Hypercholesterolaemia
  Diabetes mellitus and pre-diabetes
  Cerebrovascular disorders (stroke,  clinically silent 

brain infarcts and cerebral microvascular lesions)
  Cardiovascular diseases (myocardial infarction,  

coronary heart disease, atrial fibrillation)
  Smoking
  Metabolic syndrome
Midlife positive association but late-life negative 
association
  Hypertension
  High BMI (overweight and obesity)
  High serum cholesterol
Diet
  Saturated fats
  Homocysteine
Others
  Depression
  Obstructive sleep apnea
  Hearing loss
  Traumatic brain injury
  Occupational exposure (heavy metals, ELF-EMFs)
  Air pollution
  Infective agents (herpes simplex virus type I, 

Chlamydophila pneumoniae, spirochetes)
  Drugs (benzodiazepines, anticholinergics, opioids, 

antipsychotics)

Genetic
  Different genes (e.g. APP, APOE ε2) 

have been proposed (see Chap. 4)
Psychosocial factors
  High levels of education and 

socioeconomic status
  High level of occupational 

complexity
  Rich social network and social 

engagement
  Mentally stimulating activities
Lifestyle
  Physical activity
  Moderate alcohol intake
Diet
  Mediterranean, DASH and MIND 

diets
  PUFAs and fish-related fats
  Vitamins B6 and B12, folate
  Antioxidant vitamins (A, C, and E)
  Vitamin D
Drugs
  Antihypertensive drugs
  Statins
  HRT
  NSAIDs

APP amyloid precursor protein, APOE apolipoprotein E, BMI body mass index, DASH Dietary 
Approaches to Stop Hypertension, ELF-EMF extremely low-frequency electromagnetic field, HRT 
hormone replacement therapy, MIND Mediterranean-DASH Intervention for Neurodegenerative 
Delay, NSAIDs non-steroidal anti-inflammatory drug, PUFA polyunsaturated fatty acid
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of every 1000 person-years among people aged 90+. It is still unclear if the incidence 
of dementia continues to increase in very advanced age or reaches a plateau. The 
Cache County Study found that the incidence of dementia increased with age, peaked, 
and then started to decline at extreme old ages for both men and women [13]. However, 
some meta-analyses and large-scale studies in Europe provided no evidence for the 
potential decline in the incidence of dementia among the oldest-old adults [14, 15].

 Familial Aggregation

Familial aggregation is an important risk factor for dementia, particularly of AD 
type. A first-degree relative history of dementia is associated with an approximately 
twofold increase in the relative risk of AD [16, 17]. Familial clustering might be 
explained by both shared disease susceptibility genes and similar lifestyle habits 
and environmental factors among family members [18]. Risk estimates gradually 
decline with advancing parental age at diagnosis of AD, with small or even no 
increased risk when the diagnosis is set after 80 years of age [19].

For a detailed discussion regarding the genetic factors in the occurrence of AD, 
refer to Chap. 4 of this book.

 Gender

Several studies have suggested that women have higher incidence and prevalence of 
dementia than men [20]. This can be partly due to sex differences in survival, with 
women having a longer life expectancy than men. Other factors which might con-
tribute to this gender difference include variations in risk factors exposure, namely, 
a lower cognitive reserve in women, due to a lower level of education with a less 
qualified occupational status. In addition, differences in sex-specific hormones (lev-
els of oestrogens vs. testosterone) might explain in part the gender difference in 
dementia occurrence [21, 22].

 Modifiable Risk Factors

 Vascular and Metabolic Risk Factors

Vascular and metabolic risk factors have been consistently associated with cognitive 
decline and dementia, both vascular and AD subtype. These associations are much 
stronger when exposure to these factors occurs in midlife rather later in life [23–25].

 Hypercholesterolaemia
Hypercholesterolaemia represents a major risk factor for atherosclerosis, and in 
both AD and vascular dementia a role of vascular damage has been highlighted. 
Hypercholesterolaemia during young and middle age (<65 years) has been 
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associated with an increased risk of dementia/AD, whereas low blood total choles-
terol in late-life (age >75 years) has been associated with subsequent development 
of dementia/AD [4]. It is plausible that the age-dependent association is due to the 
decrease of blood total cholesterol in the early, asymptomatic stages of dementia, 
which most likely occurs as a consequence of the disease (concept identified as 
“reverse causality”). The apolipoprotein E (APOE) genotype, a well-established 
risk factor for AD, might modify the impact of hypercholesterolaemia on dementia 
risk. The biological plausibility of this interaction derives from the role of APOE in 
encoding a brain cholesterol-transporter protein [26].

Although some retrospective observational studies have suggested that statins 
(cholesterol-lowering medications) use might reduce the risk of AD [27, 28], a 
meta-analysis of these studies [29] concluded that statins did not protect against 
dementia. Moreover, two randomized controlled trials (RCTs) on pravastatin and 
simvastatin, as well as a recent systematic review, failed in demonstrating a protec-
tive effect of statins on dementia incidence in older populations with high cardio-
vascular risk [30–32]. It is however worth to mention that these studies were not 
primarily designed to detect changes in AD incidence. It is also possible that a treat-
ment started in late-life is unlikely to halt an already established neurodegenerative 
process. In favour of a protective role of statins is the fact that these drugs reduce the 
risk of stroke and cerebrovascular diseases, which are established risk factors for 
cognitive decline and dementia [33]. On the other hand, the results of these studies 
might suffer from a confounding by indication bias, namely, clinicians might be less 
prone to prescribe statins to individuals with complex clinical conditions that 
already imply a high pharmacological burden and are associated with increased risk 
of dementia.

Firm conclusions of the use of statins on the occurrence of dementia or AD can-
not be drawn, and RCTs with AD as a primary outcome are needed to disentangle 
this association [34].

 Diabetes Mellitus
Robust evidence has related diabetes mellitus (DM) with cognitive decline and 
dementia/AD [35–39]. Both hyperglycaemia and insulin resistance seem to play a 
direct role in cognitive decline [40–42].

A systematic review of observational studies has found a 50–100% increased 
risk of AD and a 150% increased risk of vascular dementia in individuals with DM 
[43]. Typically, DM clusters with other cardiovascular risk factors or diseases and is 
consistently associated with the incidence of vascular dementia. On the other hand, 
Cherbuin and coworkers found an association between higher plasma glucose and 
hippocampal atrophy, suggesting a direct damage of hyperglycaemia in the ana-
tomical structures implicated in AD [44].

Approximately 3% of AD cases worldwide have been attributed to the presence 
of DM in the general population, which means around one million cases [5].

If the association between DM and dementia/AD is quite well established, the 
role of antidiabetic drugs in dementia/AD occurrence is rather questionable, and the 
evidence is still limited [45]. In the Rotterdam Study, individuals with DM treated 
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with insulin had a substantially greater risk of developing AD [35]. By contrast, a 
neuropathological study has reported that individuals treated with both insulin and 
oral antidiabetic drugs had a significantly lower neuritic plaque density than indi-
viduals without DM [46, 47]. However, some RCTs testing oral antidiabetic medi-
cations on people with mild to moderate AD have failed to demonstrate positive 
effects of these drugs on cognition, with the drawbacks of higher risk of adverse 
cardiovascular events of rosiglitazone [48]. Additionally, inconsistent data have 
been reported for metformin use and cognition in diabetic patients [49]. Finally, the 
cognitive benefits of an intensive glycaemic control in elderly subjects are not yet 
clear, due to the increased vulnerability of older adults to hypoglycaemia, which can 
in turn increase the risk of dementia [50].

 Blood Pressure
The association between blood pressure and dementia/AD is complex and varies 
with age [51]. Hypertension in midlife has been consistently associated with 
increased risk of dementia/AD later in life. Conversely, hypertension later in life is 
not significantly related with AD; instead, hypotension appears to be a risk factor 
for dementia/AD in older populations [52]. In the CAIDE cohort, a population- 
based study, midlife high systolic blood pressure nearly doubled the risk of late-life 
AD [53]. In another survey—the Honolulu-Asia Aging Study (HAAS)—untreated 
high diastolic blood pressure increased the risk of AD by four times [54]. Both the 
HAAS and the CAIDE have a long follow-up: 27 and 21 years, respectively. Other 
prospective population-based studies reported a U-shaped relationship between 
blood pressure and dementia/AD [55, 56].

Norton and colleagues [5] pooled the findings coming from observational studies 
associating midlife hypertension and AD and calculated a weighted relative risk of 
1.61 (95% confidence interval, CI: 1.16–2.24). Interestingly, the authors estimated 
that around 5% of AD cases worldwide could be related to the presence of hyperten-
sion in midlife.

Hypertension can raise the risk of dementia by boosting the risk of stroke and 
multi-lacunar cerebral infarcts. High blood pressure can also increase the burden of 
white matter lesions in the brain, thus lowering the threshold at which AD pathol-
ogy produces clinically relevant symptoms. Finally, hypertension can also exacer-
bate AD-related neurodegeneration.

The effect of antihypertensive treatments in reducing the risk of dementia/AD is 
stronger in midlife than in late-life [57]. Findings from longitudinal studies associ-
ated a decreased risk of both cognitive decline and dementia in people on antihyper-
tensive treatment [58], but RCTs have yielded mixed results. This heterogeneity 
may stem from the different length of the follow-up and the drugs considered. No 
consistency has been found to support the use of an antihypertensive molecule over 
another [59].

Additionally, there is insufficient knowledge on optimal therapeutic targets for 
blood pressure control among older adults and oldest-old adults (85+ years). 
Nevertheless, recommendations from the American Heart Association and American 
Stroke Associations (AHA/ASA) suggest that it is reasonable to lower blood 
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pressure in midlife to reduce the risk of post-stroke and vascular dementia later in 
life [57]. Caution is recommended regarding the same treatment among adults older 
than 80 years of age [51].

 Obesity
Midlife obesity—defined as body mass index (BMI) ≥30—has been often [53, 60–
62], but not always [63], found to be associated with higher risk of incident demen-
tia/AD. Not only obesity, but also being overweight (BMI ≥25) has been associated 
with an increased risk of dementia [60]. Moreover, a greater BMI has been associ-
ated with a higher risk of hospital or death certificate diagnosis of dementia during 
20–30 years of follow-up in a population-based study [61].

Based on the available evidence, a pooled relative risk of 1.60 (95% CI: 1.34–
1.92) has been estimated for midlife obesity and the risk of AD, with about 2% 
of all AD cases worldwide being potentially related to the presence of this risk 
factor [5].

Similar to hypertension and hypercholesterolaemia, findings suggest that the 
association between BMI and dementia/AD is age dependent, with both a higher 
BMI and obesity in late-life associated with a lower risk of developing dementia/
AD [64, 65]. In the HAAS study, weight loss accelerated the time of dementia diag-
nosis [66]. Another cohort study on older adults reported an increased rate of cogni-
tive decline in patients who lost one unit of BMI compared with those with stable 
BMI. Post-mortem data in a sub-sample of this cohort showed a higher degree of 
AD pathology in people with a lower BMI [67].

In conclusion, overweight and obesity in midlife can increase the risk of demen-
tia/AD later in life, probably by promoting hormonal imbalance, accelerated brain 
aging, and by enhancing vascular and neurodegenerative pathways in individuals 
with high levels of adiposity [68]. Conversely, underweight later in life is associated 
with dementia/AD development, reflecting more an early manifestation of the dis-
ease rather than a true risk factor [69].

 Smoking
Smoking is a renowned cardiovascular risk factor, and a meta-analysis of 19 studies 
showed that current smokers had higher dementia risk (relative risk: 1.27; 95% CI: 
1.02–1.60) as compared to those who never smoked, with a relative risk peaking up 
to 1.79 (95% CI: 1.43–2.23) when considering AD [70]. The same study reported a 
greater cognitive decline in older people who were current smokers.

Recent evidence reviewed by the WHO confirms the strong link between smok-
ing and the risk of dementia, reporting a dose-response effect. This means that the 
more a person smokes, the higher is the risk of cognitive decline and dementia [71]. 
It has been estimated that 14% of AD cases worldwide (about 4.7 million) are 
potentially attributable to smoking [5].

Less consistent results are available for the link between history of smoking and 
dementia/AD risk, possibly indicating that quitting smoking later in life is still ben-
eficial and could reduce the risk of AD or other forms of dementia compared with 
continued smoking [70].
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Potential mechanisms underlying the effect of smoking in the risk of dementia/
AD include promotion of both vascular and neurodegenerative damage. Smoking is 
also an indicator of an unhealthy lifestyle, with concurrent factors which can con-
tribute in increasing the risk of dementia/AD.

 Metabolic Syndrome and Other Vascular Risk Disorders
The metabolic syndrome is defined by the co-occurrence of cardiovascular risk fac-
tors, including hypertension, obesity, insulin resistance, and dyslipidaemia, and has 
been strongly related with cardiovascular diseases and mortality [72, 73]. 
Nonetheless, evidence associating the metabolic syndrome with dementia or cogni-
tive decline is somehow inconclusive, with longitudinal studies yielding mixed 
results [74, 75]. In the French Three-City Study [76], the metabolic syndrome was 
associated with cognitive decline, whereas in the HAAS study this association was 
weak and related to the incident risk of vascular dementia, but not AD.

Other vascular disorders related to increased risk of dementia/AD and cognitive 
decline include myocardial infarction, coronary heart disease, heart failure, carotid 
atherosclerosis, stroke, clinically silent brain infarcts and cerebral microvascular 
lesions [77–79]. Additionally, meta-analyses of longitudinal studies have reported a 
hazard ratio of 1.4 for atrial fibrillation and dementia [80, 81].

 Lifestyle

Physical, mental, and social activities are among the main components of the life-
style, and a growing body of evidence has linked these activities with dementia/AD 
occurrence.

So far, the majority of the findings on lifestyle and dementia comes from obser-
vational studies, and methodological challenges might affect the results. In this con-
text, it is arduous to avoid a reverse causation bias, since prodromal dementia may 
manifest itself with decreased initiative and interest, as well as low mood. These can 
lead to a reduced mental and physical activity and social isolation.

 Physical Activity
Physical activity is one of the lifestyle components collecting strong evidence as 
protective factor against dementia [82–84]. Exercise can indeed reduce the risk of 
cognitive decline, dementia, and AD when practised in midlife, but also when main-
tained or increased in late-life [4, 85]. Additionally, a systematic review reported an 
increased risk of cognitive impairment in physically inactive people in 20 out of the 
24 longitudinal studies included [86].

In the analysis by Norton and colleagues, which took into account seven modifi-
able risk factors for AD, physical inactivity accounted for the largest proportion of 
AD cases in Europe and the USA. The same study reported that about 13% of AD 
cases worldwide are potentially attributable to this risk factor [5].

The neuroprotective effects of physical activity have been investigated in neuroimag-
ing studies, which documented the reduction of age-related brain atrophy, and also the 
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increase of grey and white matter in brain areas involved in dementia/AD (i.e. frontal 
and temporal lobes). Additionally, animal studies have shown that exercise can enhance 
neuroplasticity, including angiogenesis and upregulation of growth factors [87].

 Education and Other Mentally Stimulating Activities
Higher levels of education have been consistently related to a reduced risk of AD 
[89, 90] and can also mitigate the risk of dementia due to the APOEε4 allele [88]. 
The greatest proportion, one out of five, of AD cases worldwide is attributable to a 
low educational attainment, according to the analyses reported by Norton and col-
leagues [5]. The prevailing model to explain this association hypothesizes a positive 
contribution of education to the cognitive reserve able to counteract the burden of 
neurodegenerative pathology [89–91]. In persons with higher cognitive reserve, 
more cerebral lesions are needed to clinically express dementia [92]. In line with 
this statement, an analysis of large autopsy data found that subjects with higher 
educational levels were less likely to suffer from pre-mortem clinical dementia 
symptoms, among those individuals with similar amount of neuropathological 
lesions [93]. Interestingly, once subjects express cognitive symptoms of AD, people 
with higher education experience a faster cognitive decline. This can be partially 
explained by the fact that they accumulated a greater amount of AD pathology with 
respect to those people with a lower level of education [94–96].

Activities providing mental stimulation include not only formal education, but 
also occupational complexity (i.e. intellectually demanding job) and leisure activi-
ties. Several observational studies have shown that greater cognitive engagement 
across the lifespan is associated with a decreased risk of AD [94, 97, 98]. Wilson 
and co-authors [99] conducted the analyses using physical and social activity levels 
as covariates, reporting that the protective role of cognitive engagement is indepen-
dent from both social and physical activities.

 Social Network
One of the main challenges in identifying the role of the social network in dementia/
AD occurrence is the heterogeneity in the definition of this component of the life-
style. The assessment of this factor includes objective measures such as marital sta-
tus, living situation, number of people in the social network, as well as subjective 
measures such as feelings of loneliness. Despite the methodological differences, sev-
eral studies point at social stimulation as a protective factor for late-life dementia/
AD, while poor social interaction has been associated with increased risk of demen-
tia [4]. Some studies reported that living with a partner during midlife was associated 
with reduced risk of cognitive impairment and dementia later in life, suggesting that 
being in a relationship entails cognitive and social challenges that can increase the 
cognitive reserve [4]. Additionally, accumulating evidence suggests that a higher 
degree of loneliness and being single and not cohabiting with a partner in later life 
are risk factors for AD [100, 101]. Social relationships may influence health through 
several mechanisms. For instance, social integration may have a beneficial effect on 
health through influencing health behaviours, while social support can benefit health 
through stress reduction, by providing psychological and material support.
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 Diet

Several cohort studies have investigated the association between specific nutrients 
and dietary patterns and risk of dementia/AD and cognitive decline. Nevertheless, 
results are still conflicting and RCTs are required for the formulation of dietary 
recommendations.

As an example, higher rates of cognitive decline have been related with higher 
intake of saturated fats or cholesterol [102–104], but some studies did not confirm 
such an association [105]. Moreover, if the protective role of fish oil (dietary intake) 
or omega-3 fatty acid supplementation on death from coronary heart disease is well 
established, the potential benefits of these nutrients against dementia are still ques-
tionable [106, 107]. More consistent findings have related a diet rich in fruit and 
vegetables with a decreased risk of dementia and AD.

 Dietary Patterns
Among dietary patterns, the Mediterranean diet is characterized by a high intake of 
legumes, cereals, fruits and vegetables and a moderately high intake of fish. It also 
contains high amounts of unsaturated fatty acids from vegetables oils (i.e. olive oil) 
and a low saturated fatty acid content. The intake of dairy products, such as cheese 
and yogurt, is low to moderate in this dietary pattern, and the intake of meat and 
poultry is limited. Finally, the Mediterranean diet is characterized by a regular but 
moderate amount of alcohol, primarily in the form of wine [108, 109].

Several longitudinal studies together with a large RCT (PREDIMED) [110] have 
suggested that adherence to the Mediterranean diet improves cardiovascular out-
comes, and as consequence reduces the risk of dementia, especially of vascular type 
[111]. High adherence to the Mediterranean diet has been also associated to a 
reduced risk of AD [4].

Other dietary patterns which seem to benefit cognition are the DASH (Dietary 
Approaches to Stop Hypertension) and the hybrid MIND (Mediterranean-DASH 
Intervention for Neurodegenerative Delay) diet [108, 112]. They are both similar to 
the Mediterranean diet, since they include a high intake of vegetables, nuts and 
legumes; preference for whole grains and low consumptions of red meat and high 
saturated fat foods. Differences in these dietary profiles entail indications of the 
quantity/quality of fruit and vegetable oils (in general high consumption), fish, 
poultry and dairy products (low-moderate intake).

 Antioxidant Vitamins
Oxidative and nitrosative stress are involved in AD pathophysiology, and some 
observational studies have reported a reduced risk of dementia/AD in relation to the 
dietary intake of antioxidant vitamins (A, C, E) [113]. These findings have led to 
test the neuroprotective effect of antioxidants (e.g. vitamin C, E, beta-carotene, fla-
vonoids) in RCTs, with overall negative results in terms of dementia/AD preven-
tion. Additionally, potential health risks have been reported with vitamin E 
supplementation [114]. Therefore, no recommendations can be given for supple-
mentations with antioxidants in the prevention of dementia/AD [115–117].
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 Vitamin B6, B12, and Folate
Observational studies have related elevated serum homocysteine and low serum 
levels of folate, vitamin B6 and B12 with cognitive decline and dementia, but data 
on B vitamins supplementation studies are inconsistent [118]. The association 
between B vitamins and late-life dementia/AD can be mediated both by their effect 
on neurodegenerative pathways, and through influence on blood levels of homocys-
teine, which is a risk factor for atherosclerosis.

 Alcohol Consumption
Alcohol abuse is unquestionably associated with poor cognitive performance and 
increased risk of dementia. Conversely, low to moderate alcohol intake has been 
found to be associated with a decreased risk of AD [119] in some studies, while 
others did not support this finding. In a meta-analysis, the pooled estimated relative 
risk for AD in light to moderate drinkers versus non-drinkers was 0.72 (95% CI: 
0.61–0.86) [119]. The underlying mechanism by which low/moderate alcohol con-
sumption might prevent AD is at present unknown. It might exert its protective 
effect via the reduction in vascular risk factors (e.g. lipid and lipoprotein levels, 
inflammatory and haemostatic factors) or through the antioxidant effect of polyphe-
nols, which are richly represented in red wine [120].

 Air Pollution

Air pollution has received increasing attention as a potential risk factor for cognitive 
decline and dementia. A recent systematic review has reported a consistent positive 
association between the exposure to at least one pollutant and dementia [121]. 
Nevertheless, several methodological limitations need to be taken into account 
when considering these findings. First, the studies might suffer from a misclassifica-
tion bias, coming from the identification of dementia cases from healthcare system 
records. Second, the majority of the studies used data on recent exposure to air pol-
lution as a proxy of long-term exposure. Third, it is extremely difficult to point out 
the specific putative causal agent across different pollutants. Despite these issues, 
the existing epidemiologic evidence is in favour of considering air pollution as a 
risk factor for dementia. Further studies with better designs are needed to better 
disentangle this association, in order to be a solid foundation for recommendations 
and possible interventions.

 Other Modifiable Risk Factors

 Depression

Although there is no doubt that depression and cognition are strictly linked, the 
direction of the association when investigating dementia occurrence is still unclear 
[122]. Depression has been associated with poor cognitive function, but it 
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represents a psychiatric symptom of AD as well [123, 124]. Therefore, understand-
ing the relation of depression and AD is complicated by the possibility that depres-
sion may be a prodromal symptom of AD rather than a risk factor for the disease.

In a meta-analysis including 23 longitudinal studies, late-life depression was 
associated with a higher risk of all-cause dementia (odd ratio, OR: 1.96; 95% CI: 
1.64–2.34), AD (OR: 1.85; 95% CI: 1.45–2.37), and vascular dementia (OR: 2.53; 
95% CI: 1.42–4.50) [125]. Overall, 8% of all AD cases worldwide are potentially 
attributable to depression, according to Norton and colleagues, with strong clinical 
and public health implications [5].

 Traumatic Brain Injuries

Accumulating and consistent evidence has shown that mild but repeated traumatic 
brain injuries could result in chronic traumatic encephalopathy (CTE), manifested 
with a worsening in cognitive performance, neuropsychiatric symptoms, and par-
kinsonism [126]. Traumatic brain injuries can occur in motor vehicle crashes and 
falls, as well as in contact sports. In a recent large autopsy study in deceased players 
of American football, CTE was neuropathologically diagnosed in 87% of the play-
ers, across all levels of play, supporting the link between repeated mild traumatic 
brain injuries and neuropathological damage [127].

 Obstructive Sleep Apnea Syndrome

Accumulating evidence relates obstructive sleep apnea (OSA) with mild cognitive 
impairment and dementia [128, 129]. This observation has led to the hypothesis that 
hypoxia may be implicated in the biological mechanism of dementia onset. The use 
of continuous positive airway pressure (CPAP) appears to be associated with a 
lower risk of impairment in cognition in subjects with OSA.

 Dementia Risk Scores

Risk and protective factors often co-occur in the same person, leading to interactive 
effects, which can amplify or reduce the overall dementia/AD risk. Cumulative 
exposure to risk factors can be accounted for by using risk scores, which help to 
estimate the overall risk of dementia in individuals. Several risk scores have been 
proposed, accounting for midlife or late-life risk factors (e.g. age, gender, educa-
tion, vascular disorders) [130]. Among others [131–134], the Cardiovascular Risk 
Factors, Aging, and Dementia (CAIDE) risk score [135] takes into account age, sex, 
education, and midlife risk factors, namely, blood pressure, BMI, total cholesterol 
and the level of physical activity. The CAIDE risk score provides an estimate of the 
risk to develop dementia over 20 years and has been validated in different popula-
tions [132, 136].
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In general, several key elements need to be considered when developing a risk 
score. First, since dementia is a slowly progressive disease, it becomes challenging 
to differentiate a diagnostic model—assessing the risk of a disease already pres-
ent—from a prognostic one estimating the risk of the disease that might occur later 
on. Second, the association between several risk factors and dementia/AD is age 
dependent; as a consequence, a score specifically developed for midlife risk factors 
can have a lower predictive value when applied in older populations.

Despite these challenges, risk scores can have several areas of application, either 
in the community—to help individuals in becoming aware of their risk profile—or 
in clinical settings—to improve patients’ lifestyle and/or adherence to pharmaco-
logical treatments. Dementia risk scores can also be utilized for early identification 
of at-risk subjects, who can be target of preventative interventions.

 Multi-domain Preventative Interventions

Based on the aforementioned epidemiologic evidence and biologic plausibility on the 
role of vascular care, lifestyle and dementia, it appears reasonable to promote preventa-
tive interventions based on the management of vascular and lifestyle- related risk factors. 
The multifactorial nature of late-life cognitive impairment and dementia/AD suggests 
that multi-domain interventions targeting several risk factors simultaneously are needed 
for optimum preventive effects. Three large European RCTs [137–139] on prevention of 
dementia recently tested pioneering multi-domain interventions in older adults, mainly 
based on improvement of lifestyle and adherence to medical treatments for vascular risk 
factors and vascular diseases. The crucial aspects of these studies are the multi-domain 
approach and the use of clinical evaluation and neuropsychological tests to detect cogni-
tive changes and dementia incidence. The Finnish Geriatric Intervention Study to 
Prevent Cognitive Impairment and Disability (FINGER) tested a 2-year multi-domain 
intervention comprising nutritional guidance, exercise, cognitive training, social activ-
ity, and intensive monitoring/management of metabolic and vascular risk factors. The 
intervention targeted subjects with higher dementia risk, based on the CAIDE risk score, 
and was associated with improvement or stability of global cognition and specific cogni-
tive domains (processing speed and executive function), which are important for carry-
ing on activities of daily living [137]. Follow-up of participants is ongoing to determine 
the effect of the interventions on dementia/AD onset.

The Dutch Prevention of Dementia by Intensive Vascular Care (PreDIVA) study 
lasted 6 years and compared standard and intensive care of cardiovascular risk fac-
tors in an unselected population of older people. The multi-domain intervention did 
not result in an overall decrease of dementia incidence, but reduced occurrence of 
dementia was found in a subgroup of people with baseline untreated hypertension, 
for whom therapy was initiated. This highlights the importance of focusing preven-
tive interventions in at-risk groups [139, 140].

In the French Multidomain Alzheimer Preventive Trial (MAPT), a 3-year multi- 
domain lifestyle intervention (cognitive training, advice on nutrition and physical 
activity), administered alone or in combination with omega-3 polyunsaturated 
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fatty- acid supplementation, did not change the occurrence of cognitive decline 
among older persons with memory complaints [138, 141].

Even if divergent, the findings generated by these RCTs are crucial to model 
future trials based on multi-domain interventions [10]. Methodological challenges 
include the identification of risk profiles which can benefit from specific interven-
tions. Duration and intensity of the interventions can also vary depending on the 
target group, and tailored interventions, shaped for different cultural and geographi-
cal settings are needed. International collaborations are pivotal to reach these goals, 
and a recent step in this direction has been the launch of the World Wide FINGERS 
network (http://wwfingers.com/), which aims to promote globally the collaboration 
in the dementia/AD prevention field. Within this initiative, the FINGER RCT model 
is tested in other countries, including China, Singapore, the USA, and the UK, with 
the aim to generate robust evidence to define effective preventive approaches for 
various at-risk groups and settings.

 Conclusions
Given the increasing number of people with dementia and AD, together with the 
current lack of curative treatments, prevention has been highlighted by interna-
tional bodies as a key strategy to halt this growing epidemic [2, 3, 142]. Up to one-
third of AD cases worldwide can be attributable to the presence of seven potentially 
modifiable risk factors: physical inactivity, smoking, midlife hypertension and 
obesity, DM, depression, and low level of education [5]. Therefore, it might be 
possible to substantially reduce AD prevalence through public health interventions 
promoting activities enhancing the cognitive reserve and healthy lifestyles. To be 
successful, preventative interventions should be carried out in the framework of a 
life-course approach. Moreover, despite the many risk factors, the beneficial effect 
is probably higher when they are managed in midlife, and improvement of sub-
jects’ risk profile in older age can still prevent or postpone cognitive impairment 
and dementia, supporting the role of prevention in older adults.

Multi-domain interventions are deemed promising preventative strategies, which 
need to be further investigated, to define effective and feasible interventions for 
specific risk profiles. Ongoing international collaborations, such as World Wide 
FINGERS, are crucial to address this issue in the most comprehensive way.

It is also important to consider that the majority of dementia cases in the gen-
eral population occurs in subjects with advanced age (75+ years), making 
dementia one of the most burdensome geriatric syndromes. As such, prevention 
of dementia in subjects with advanced age demands the multidimensional 
approach which defines the comprehensive geriatric assessment. Through such 
approach, all the factors contributing to cognitive and behavioural symptoms are 
evaluated and addressed, wherever possible.

Overall, the current available knowledge allows to identifying risk factors 
which can be managed to reduce the risk of dementia/AD in late-life. At the same 
time, ongoing coordinated international efforts will help to define evidence-
based preventative approaches accessible and sustainable for populations with 
different geographical, economic and cultural settings.
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Abstract
Frontotemporal dementia (FTD) is a progressive neurodegenerative disease that can 
present with three different clinical syndromes: behavioural-variant frontotemporal 
dementia (bvFTD), associated with behavioural and executive deficits; non-fluent 
variant primary progressive aphasia (nfPPA), with progressive deficits in speech, 
grammar, and word output; and semantic variant primary progressive aphasia 
(svPPA), which is a progressive disorder of semantic knowledge and naming.

The disease can mimic various psychiatric disorders and sometimes can be 
difficult to discriminate against other forms of dementia. Advances in clinical, 
imaging, and molecular characterisation have increased the accuracy of the diag-
nosis of frontotemporal dementia. Updated diagnostic criteria have been devel-
oped and are now widely used. Recognition and accurate diagnoses of FTD 
subtypes will aid the neurologist in the management of patients.
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 Introduction

The term frontotemporal dementia (FTD) refers to a heterogeneous group of syn-
dromes caused by progressive and selective degeneration of the frontal and tempo-
ral lobes that cause changes in behaviour or language deficits.
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Arnold Pick in 1892 made the first description of a patient with frontotemporal 
dementia, presenting with aphasia, lobar atrophy, and presenile dementia [1]. In 
1911, Alois Alzheimer recognised the characteristic association with Pick bodies 
and named the clinicopathological entity Pick’s disease [2]. In 1982, Mesulam 
described a language subtype of the disorder, later defined as primary progressive 
aphasia [3]. New discoveries have raised the attention on the disease, and recently 
revised diagnostic criteria have been issued [4, 5].

FTD is the second most prevalent type of dementia in patients younger than 65 
years [6] and the third in all age groups [7]. FTD affects both genders in roughly 
equal distribution. The estimated prevalence of FTD is highest in the 45–64 year age 
group and ranges from 15 to 22 per 100,000 persons [8], but it is probably underes-
timated due to lack of recognition and diagnosis of the FTD syndromes [9].

 Clinical Features

There are three clinical variants of FTD: behavioural-variant frontotemporal demen-
tia (bvFTD), which is associated with early behavioural and executive deficits; 
semantic variant primary progressive aphasia (svPPA), which is a progressive disor-
der of semantic knowledge and naming, and non-fluent variant primary progressive 
aphasia (nfPPA), with progressive deficits in speech, grammar, and word output.

As the disease progresses, the symptoms of the three clinical variants can con-
verge, as an initially focal degeneration can become more diffuse. Over time, 
patients develop global cognitive impairment and can have motor deficits, including 
parkinsonism, and few of them develop motor neuron disease. Patients with end- 
stage disease have difficulty eating, moving, and swallowing. Death occurs on aver-
age 8 years after symptom onset and is typically caused by pneumonia or other 
secondary infections [10].

 Behavioural-Variant Frontotemporal Dementia

The most common reported early symptoms of bvFTD include personality changes, 
with disinhibition and impulsivity or apathy. Behavioural disinhibition can result in 
tactless and socially inappropriate behaviour, impulsive or careless actions, and 
offensive personal remarks. Reduced inhibition often results in bad fiscal decisions 
and these patients, that can be overly trusting, may also become susceptible to finan-
cial scams. In some instances, patients are overly friendly and start conversations 
that are inappropriately explicit or personal. Patients may lose the ability to 
empathise with their families and friends with a decrease in social interest and 
responsiveness to the emotions and needs of other people. Patients may become 
more irritable and may commit antisocial or even criminal acts. Such acts, however, 
are usually not malevolent but rather poorly thought out or impulsive in nature. 
Although patients might make inappropriate sexual comments, they usually have 
decreased libido. Apathy manifests as reduced interest in work, hobbies, social 
interaction, and hygiene and can be mistaken for depression. Patients often show 
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stereotyped behaviours that vary from simple repetitive movements (like foot tap-
ping or pacing) or repetitive use of verbal phrases to compulsive ritualistic behav-
iours. Hoarding is common. Some patients become more mentally rigid and resistant 
to changes in scheduled routines or plans [11]. Some patients with bvFTD, particu-
larly the carriers of a chromosome 9 open reading frame 72 (C9ORF72) expansion, 
may exhibit psychotic features early in the disease course, including visual or audi-
tory hallucinations and bizarre or somatic delusions [12].

Eating habits frequently change in patients with bvFTD. Some patients develop 
a strong preference for sweets, binge eating, or even attempts to eat nonedible 
objects [13]. Family members may have to lock kitchen cabinets to stop the patient 
from stealing food. In addition, many patients with bvFTD demonstrate changes 
with language, including echolalia, progressive reduction of speech, and semantic 
deficits.

Patients have limited insight into their own behaviour making an informant criti-
cally important when collecting the patient history [14]. Neuropsychological testing 
in patients with bvFTD frequently reveals executive dysfunction. Although memory 
can be better than in Alzheimer’s disease (AD), episodic memory can be impaired 
even in early stages of the disease, which may contribute to misdiagnoses of AD [15]. 
By contrast, drawing and other visuospatial functions are often remarkably spared.

Amyotrophic lateral sclerosis accompanies bvFTD in about 15% of cases and 
can be suggested by the presence of upper and lower motor neuron findings [16, 17].

Parkinsonism may also be present in patients with bvFTD [18], especially those 
signs typical of progressive supranuclear palsy (PSP) or corticobasal syndrome 
(CBS). The classical PSP findings of vertical gaze palsy and axial-predominant par-
kinsonism may occur early or emerge later in some patients with bvFTD. Similarly, 
asymmetric parkinsonism, alien limb phenomena, hemineglect and apraxia, as in 
the corticobasal syndrome, are often associated with FTD neuropathology. Both 
parkinsonism and motor neuron disease, however, can be caused by a variety of 
other disorders which must be taken into consideration.

Some individuals have a very slow disease course with slow progression of cog-
nitive impairment and often normal MRI and PET studies. Their disease is classified 
as frontotemporal dementia phenocopy [19].

While patients may exhibit either increased or decreased activity in the begin-
ning of their disease course, all eventually develop symptoms of apathy and inertia. 
This may progress to mutism and immobility in the end stages of the disease.

 Primary Progressive Aphasia

Patients with primary progressive aphasia (PPA) present an insidious decline in 
linguistic skills during the initial phase of the disease, and language dysfunction 
remains the main symptom for the first years of the illness. Deficits include lan-
guage production, object naming, syntax, or word comprehension and are apparent 
during conversation or through speech and language assessment.

Although the underlying cause is more often frontotemporal dementia, PPA can 
also be associated with AD in the form of logopenic aphasia.
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 Semantic Variant Primary Progressive Aphasia (svPPA)
Semantic loss causes anomia, word-finding difficulties, and impaired word compre-
hension. Anomia tends to be more pronounced for nouns than for verbs or pronouns, 
and typically patients ask what a word means. Comprehension of individual words 
is impaired, especially for words that are not routinely used by the patient. Patients 
may lose the normal give and take of conversation, talking incessantly and requiring 
interruption to conduct the examination. The deficits in recognition of objects and 
people go beyond the visual domain, and tactile, olfactory, or gustatory clues do not 
help. Patients have surface dyslexia and dysgraphia, impairments in which words 
with atypical spelling or pronunciation are regularised. Other language domains are 
spared, especially during the initial disease phase, and patients retain correct gram-
mar and fluent speech [5]. Patients with svPPA also demonstrate abnormal behav-
iours, such as irritability, emotional withdrawal, insomnia, and strict or selective 
eating, often focused around one particular type of food; sometimes depression 
emerges [20]. As the disease progresses, speech becomes increasingly empty, with 
vague words or jargon phrases replacing specific nouns and verbs, and patients may 
also develop visual agnosia and prosopagnosia. Symptoms result from early asym-
metrical (left more than right) degeneration of anterior temporal lobes. Patients with 
right-sided temporal atrophy may present with behavioural features and relatively 
preserved language but over time will also develop semantic deficits.

 Non-fluent Variant Primary Progressive Aphasia
Non-fluent variant primary progressive aphasia is characterised by slow, hesitant, and 
halting speech production and by agrammatism. Patients often make inconsistent 
speech sound errors, including insertions, deletions, substitutions, transpositions, and 
distortions. Patients might have trouble understanding sentences with complex syntac-
tic constructions but retain the ability to understand simpler sentences with the same 
semantic content. Grammatical errors are observed in spontaneous speech and fre-
quently include omission of small words and conjuctions, dropping of verb endings, 
and errors in subject/verb agreement. Early in the disease, written language production 
and syntactic comprehension tests reveal mild grammatical errors. Some patients 
maintain intact writing despite the presence of marked deficits in spoken language. 
Single-word comprehension and object knowledge are not affected although patients 
can have a mild anomia that is usually more pronounced for verbs than for nouns [5]. 
Patients with nfPPA frequently also demonstrate apraxia of speech, defined as impaired 
motor speech planning, manifest by articulation deficits. Patients may also demonstrate 
or develop behavioural changes of bvFTD or features of CBS or PSP.

 Diagnostic Criteria

In 2011, an international consortium developed revised criteria for the diagnosis of 
bvFTD [4]. The diagnostic criteria outline features that increase the likelihood that 
frontotemporal dementia-related neuropathology will be identified [4, 5].

The patients can be classified as possible bvFTD if they present at least three 
among disinhibition, apathy, loss of empathy, stereotyped or ritualistic behaviour, 
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hyperorality, and typical neuropsychological profile (executive deficit with relative 
sparing of memory and visuospatial functions). The progressive deterioration of 
behaviour or cognition by observation or history must be present in all the catego-
ries and should not be accounted better by another psychiatric or medical disease. 
Biomarkers strongly indicative of AD or other neurodegenerative process are con-
sidered exclusionary criteria for bvFTD.

Regarding PPA, the Gorno-Tempini criteria have been developed to distinguish 
the different subtypes. svPPA must have impaired object naming and single-word 
comprehension with at least three among impaired object knowledge, surface dys-
lexia or dysgraphia, spared repetition and spared grammaticality, or motor aspect of 
the speech.

On the other hand, to be diagnosed with non-fluent PPA is mandatory to have 
agrammatism in language production or effortful, halting speech with at least two 
among impaired comprehension of syntactically complex sentences, spared single- 
word comprehension, and spared object knowledge [5].

If patients have a significant functional decline over time and show atrophy, 
hypometabolism, or hypoperfusion at neuroimaging in the typical areas (frontal 
and/or temporal lobes for bvFTD, predominant anterior temporal for semantic PPA, 
and predominant left posterior fronto-insular for non-fluent PPA), the diagnosis can 
be considered as probable.

The status of definite diagnosis is reserved only for those that are carriers of a 
known pathogenic mutation or have a histopathologic evidence on biopsy or at 
postmortem.

 Imaging

Neuroimaging results are required by the current criteria [4, 5] to rank the diagnosis 
as “probable”; however early in the disease, imaging may show only subtle changes.

Structural imaging, with CT and structural MRI, allows to evaluate the regional 
atrophy, and visual rating scales can be useful in the clinical setting to guide and 
quantify the atrophy [21, 22].

bvFTD patients typically show atrophy in the frontal and temporal lobes, svPPA 
shows predominant temporal pole atrophy usually more pronounced on the left side 
whereas nfPPA more left-sided fronto-opercular atrophy. In the case of genetic 
cases, it is also possible to identify typical pattern of atrophy for mutation: in MAPT 
mutations, the involvement is anteromedial temporal simmetrically, in GRN is 
fronto-temporo-parietal asimmetrically, and in C9ORF72 expansions atrophy is 
predominantly in the frontal lobes, with some atrophy also observed in the thala-
mus, the cerebellum, the anterior temporal, parietal, and occipital lobes [23].

Other MRI techniques such as functional MRI have shown promise in the dif-
ferential diagnosis of FTD in research but are not yet part of the current clinical 
practice.

Fluorodeoxyglucose positron emission tomography (FDG-PET) imaging may be 
more sensitive than MRI in early stages and can be clinically useful in distinguish-
ing FTD from AD [24]. FDG-PET reveals hypometabolism of frontal, anterior 
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cingulate, and anterior temporal regions in FTD, in contrast to temporoparietal and 
posterior cingulate hypometabolism in AD.

Patterns of frontal or anterior temporal hypoperfusion with preserved parietal 
signal on single-photon emission computed tomography (SPECT) can also be use-
ful in distinguishing FTD from AD [25].

PET amyloid imaging allows the identification of amyloid deposition in vivo. This 
can be particularly useful for the differential of PPA with patients with FTD pathology 
typically showing low levels of amyloid binding on PET (amyloid negative), while 
patients with AD pathology showing elevate amyloid binding (amyloid positive) [26].

Several PET tau ligands are currently under investigation in FTD and other form 
of dementia but are not validated to date.

 Workout

The first step of the workout to diagnose FTD is a careful history collected by an 
informant that include symptoms onset, progression over time and family history of 
dementia, movement disorders, or psychosis.

Ascertainment of behavioural changes can be facilitated by standardised ques-
tionnaires such as the frontal behavioural inventory [27] or the frontotemporal 
dementia rating scale [28].

A full neurological examination should be performed, especially the assessment 
of vertical saccades, axial tone, the presence of parkinsonism, cortical sensory tests, 
apraxia testing, and frontal release signs.

Standard neuropsychological testing is useful to assess different cognitive 
domains and should show primarily executive dysfunction with relative sparing of 
visuospatial ability and memory although some patients with bvFTD have signifi-
cant episodic memory deficits [29].

In patients with PPA, language should be tested, including spontaneous speech, 
picture naming, word and sentence comprehension and repetition, semantic asso-
ciation, reading, and writing.

Laboratory studies should be done in all patients, including liver and kidney 
function tests, complete blood count, vitamin B12, and thyroid function.

Neuroimaging studies should always be available, with MRI giving more infor-
mation than CT scan, to rule out structural and vascular abnormalities and to assess 
patterns of focal atrophy.

When structural imaging is inconclusive, FDG-PET or SPECT imaging can sup-
port the diagnosis in case of a hypomethabolism or hypoperfusion in frontal and/or 
temporal lobes [24].

PET amyloid is helpful, particularly in young patients or with language prob-
lems, to rule out AD, although AD and FTD neuropathology can co-occur.

Lumbar puncture may help to distinguish between FTD and AD or Creutzfeldt–
Jakob disease (CJD); in fact, low cerebrospinal fluid beta-amyloid concentrations 
are suggestive of Alzheimer’s disease, whereas very high cerebrospinal tau concen-
trations could suggest CJD [30]. Unfortunately, there are no validated biomarkers 
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that can reliably distinguish patients with FTD from controls or other dementias, but 
low serum progranulin levels can predict GRN mutation status in carriers and 
patients [31].

Genetic testing is available for several mutations that cause familial FTD. Such test-
ing should be done selectively and guided by the family history, clinical syndrome, and 
imaging. Genetic counselling is advisable for those who wish to know the results [32]. 
Knowledge of genetic status can confirm a diagnosis and may aid referral of patients 
and carriers to current and future clinical trials targeting specific FTD mutations.

 Differential Diagnosis

Among the many condition that can mimic FTD, reversible causes should always be 
considered such as neurological infections (syphilis, HIV), toxic-metabolic disor-
ders (heavy metals, illicit drugs), and vascular and paraneoplastic diseases. Both 
normal pressure hydrocephalus and low intracranial pressure syndromes can some-
times be misdiagnosed as FTD [33].

Psychiatric disorders can mimic FTD; however, an onset of symptoms in patients 
in middle age should lead to consideration of bvFTD’s inclusion in the differential 
diagnosis [34]. A misdiagnosis of obsessive-compulsive disorder can be made not-
ing the repetitive and compulsive behaviours in patients with FTD. Often apathy 
and emotional withdrawal might lead to a misdiagnosis of depression, although 
FTD patients do not usually have other symptoms typical of depression and often 
deny sadness. Frontotemporal dementia can cause delusions and euphoria, which 
are features of bipolar disorder and schizophrenia. Personality disorders can be the 
heralding sign of the behavioural-variant and borderline, antisocial, schizoid, and 
schizotypal personality changes, and addictive disorders are common features of 
patients in the early stages of bvFTD. A high rate of late-onset psychosis is a char-
acteristic feature of FTD associated with C9ORF72 mutations which have also been 
found in patients with schizophrenia and bipolar disorder [35–37].

The main differential is with other types of dementia particularly AD, vascular 
dementia, and dementia with Lewy bodies (DLB). AD pathology could be sug-
gested by predominance of memory and visuospatial deficits, social appropriate-
ness, normal neurological examination, and evidence of generalised brain atrophy 
on imaging. Among the PPA, a form with prominent anomia, acalculia, and word- 
finding pauses is the logopenic variant primary progressive aphasia, which is usu-
ally caused by AD neuropathology [5].

Executive dysfunction, parkinsonism, and hallucinations can be seen in both DLB 
and FTD; however, patients with DLB have more pronounced parkinsonism, visuo-
spatial deficits, and cognitive fluctuations compared with patients with FTD [38, 39].

The movement abnormalities in FTD, PSP, and CBS are typically less responsive 
to levodopa than those in classic Parkinson’s disease. A diagnosis of PSP is sug-
gested with predominant postural imbalance, slowing of saccadic velocities, a his-
tory of early falls, dysphagia, and pseudobulbar affect. PSP and CBS can initially 
present as either bvFTD or nfPPA [40].
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8Autosomal Dominant Frontotemporal 
Lobar Degeneration: From Genotype 
to Phenotype

Maria Serpente and Daniela Galimberti

Abstract
Frontotemporal lobar degeneration (FTLD) is the most frequent dementia in pre-
senile population. It presents with different syndromes, including frontotemporal 
dementia (FTD), primary non-fluent aphasia (PNFA), and semantic dementia 
(SD). Motor neuron disease often co-occur with FTLD.  In the last few years, 
different autosomal dominant mutations have been demonstrated to be the cause 
of the familial aggregation frequently reported in FTLD. Major causal genes so 
far discovered include microtubule-associated protein tau (MAPT), progranulin 
(GRN), and chromosome 9 open reading frame (C9ORF) 72. Mutations in MAPT 
are generally associated with early onset and with the FTD phenotype, whereas 
mutations in GRN and C9ORF72 are associated with high clinical heterogeneity 
and age at disease onset. In addition, other genes are linked to rare cases of famil-
ial FTLD. Moreover, the use of next-generation sequencing approach allowed 
the identification of disease modifier (risk) genes such as common variants in the 
transmembrane protein 106b.
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 Introduction

Frontotemporal lobar degeneration (FTLD) refers to a clinically, pathologically, and 
genetically heterogeneous group of disorders that affect principally the frontal and 
temporal lobes of the brain. After Alzheimer’s disease (AD), FTLD is the second 
most common form of dementia with presenile onset (<65 years) and a mean aver-
age in the 50s. Its prevalence has been estimated at 10.8 per 100,000 and lifetime 
risk at 1 in 742 [1]. There is, however, a wide variation in the age at onset as well as 
in age disease duration. The mean duration of symptoms from onset until death is 
around 8 years, and the progression may be rapid or very slow.

FTLD encompasses three main clinical syndromes: frontotemporal dementia 
(FTD), progressive non-fluent aphasia (PNFA), and semantic dementia (SD).

 Clinical Syndromes

The most common clinical syndrome, which accounts for more than half of cases 
[2], is FTD, which is characterized by behavioral changes and progressive deterio-
ration of personality. Main behavioral features are social disinhibition, apathy, loss 
of empathy for others, repetitive, obsessive, and stereotyped behaviors, and dietary 
changes. These key characteristics form the basis for contemporary clinical diag-
nostic criteria [3]. Moreover, it is now recognized that some FTD patients experi-
ence psychotic symptoms of delusions and hallucination [4]. Behavioral changes 
are accompanied by cognitive impairments in frontal executive functions, with rela-
tive sparing of memory.

A second, less frequent, clinical syndrome is termed PNFA [5], or non-fluent 
variant primary progressive aphasia [6]. It is a disorder of expressive language, 
associated with asymmetric atrophy of left hemisphere, typically characterized by 
effortful speech and impaired use of grammar, but there are no uniform and precise 
language impairments across patients [7].

The third syndrome is SD, which is characterized by impaired understanding of 
a meaning of words, faces, objects, and other sensory stimuli. SD is also known as 
semantic variant primary progressive aphasia [6] because of the prominence of lan-
guage-related problems. Neuroimaging data shows bilateral but often asymmetric 
atrophy of the temporal lobes [8]. The symptoms depend on the side of atrophy; for 
example, patients with left-sided atrophy have difficulties with the comprehension 
of words, whereas right-predominant patients show impairment in face recognition 
[9]. Nevertheless, there is a gradual loss of conceptual understanding that finally 
affects all sensory domains.

FTLD can also be associated with an extrapyramidal movement disorder, such as 
parkinsonism or corticobasal syndrome (CBS), or with amyotrophic lateral sclero-
sis (ALS). The presence of ALS accelerates the disease course [10] and accounts for 
patients with very short disease duration. Moreover, the overlap with ALS influ-
ences also the gender distribution of the disease; in fact, FTLD affects male and 
female equally, but the presence of ALS produces a significant male bias [11]. 
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Moreover, ALS is most often seen in combination with FTD, whereas an associa-
tion with PNFA or SD is rare [11]. In these frameworks, to date, ALS and FTLD are 
considered part of a disease spectrum based on clinical, pathological, and genetic 
evidence [12, 13].

 Neuropathology of FTLD

The first histopathological description was done in 1911 by Alois Alzheimer, who 
observed, in the brain of a patient with language and behavior disturbances, the 
presence of ballooned neurons containing tau protein and argyrophilic intracyto-
plasmic inclusions. He named them “Pick cells” and “Pick bodies”, respectively, 
after Arnold Pick, who reported that case in 1892.

Nevertheless, the Pick pathology is not always present. From the neuropathologi-
cal point of view, FTLD patients are classified according to the main components of 
pathological protein aggregates. Currently, there are three neuropathological catego-
ries: FTLD-tau, FTLD-TAR DNA-binding protein (TDP)-43, and FTLD-FET (FUS 
and its related proteins, EWS and TAF15, namely, FET family) [14]. In about 45% of 
neuropathological confirmed FTLD cases, neuronal and glial inclusions of the micro-
tubule-(MT)-binding protein tau (FTLD-tau) have been observed. Microtubule-
associated protein tau (MAPT) gene may generate six different tau isoforms that are 
expressed in the adult brain and consist of either three (3R) or four (4R) MT-binding 
repeats. FTLD patients are classified according to predominant accumulation of tau 
species [13]. Accumulation of 3R tau forms produces typical rounded bodies, known 
as Pick bodies, whereas 4R tau can be found also in patients with CBS.

However, the majority of FTLD patients present pathological inclusion negative 
for tau protein but positive for ubiquitin. In fact, in about 50% of FTLD patients, 
aggregates of RNA- and DNA-binding protein (TDP-43) are present in those inclu-
sions with subsequently creation of a new subtype called FTLD-TDP. A harmonized 
nomenclature defines four different subtypes of FTLD-TDP (A-D) based on the mor-
phology and anatomical distribution of TDP-43 inclusions [15]. The remaining 5% 
of FTLD patients present ubiquitinated inclusion bodies positive for the fused in 
sarcoma (FUS) protein [15]. Recently, it was shown that in addition to FUS two other 
members of FET family proteins, such as Transportin-1, TATA-binding protein-asso-
ciated factor 15 (TAF15), and Ewing’s sarcoma protein (EWS), are found in the 
inclusions. Thus, this group of FTLD patients was renamed to FTLD-FET [15].

The clinical phenotypes do not easily predict the underlying type of FTLD pathol-
ogy. For example, FTD can be associated with FTLD-tau, FTLD-TDP, and also with 
FTD-FUS pathology. However, when behavioral disorder occurs in combination with 
ALS, FTD is often associated with FTLD-TDP rather than tau pathology. Moreover, 
a very early onset of disease is a strong predictor of FUS pathology.

Although this heterogeneity is a bias for genetic studies of FTLD, significant 
progresses in causal gene identification have been made thank to the study of indi-
vidual FTLD families and the use of pathologically homogenous confirmed sub-
population of patients.
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 Genetics of FTLD: Causal Genes and Disease Genetic Modifiers

The majority of FTLD cases are sporadic and likely caused by the interaction 
between genetic and environmental factors. A number of cases, however, present 
familial aggregation and are inherited in an autosomal dominant fashion, suggesting 
a genetic cause [16–18]. Up to 40% of patients have a family history, suggesting 
FTLD in at least one extra family member [17, 19]. A clearly autosomal dominant 
pattern of inheritance is documented in about 10% of patients.

The current knowledge about genetics of FTLD has been recently enlarged by 
the identification of multiple novel genetic defects and chromosomal loci involved 
in hereditary forms. At present, three major causal genes have been identified: 
MAPT, GRN, and C9ORF72. Mutations in other genes have also, less commonly, 
associated with FTLD. Of these, the most notable is charged multivesicular body 2 
protein gene (CHMP2B), and the others are valosin-containing protein gene (VCP), 
sequestosome 1 gene (SQSTM2, also known as p62), coiled-coil-helix-coiled- 
coil-helix domain containing 10 (CHCHD10), TANK-binding protein gene (TBK1), 
TARDBP, and FUS.

 Major Causal Genes

 MAPT
The first evidence of a genetic cause for familial FTLD came from the demonstra-
tion of a linkage with chromosome 17q21.2 in autosomal dominantly inherited form 
of FTD with parkinsonism [20], named FTDP-17. A comparison of the linked 
regions in each analyzed family localized the disease gene to a 3-cM region at chro-
mosome 17q21-22 [21]. The gene responsible for such association, MAPT, was 
discovered few years later [22]. MAPT encodes the microtubule-associated protein 
tau, which is involved in microtubule stabilization, assembly, and cytoskeletal 
dynamics [12]. It is composed by 15 exons and transcribed, by alternative splicing, 
in six different isoforms ranging from 353 to 441 amino acids. All six isoforms play 
a role in the maintenance of microtubular structure. If one or more fails, microtubule 
formation will become more difficult or the stability compromised. Any excess of 
tau protein can be bundled into protein aggregates that fill the cells and induce neu-
rotoxicity. Tau has four repeat domains in the C-terminus, which mediate the inter-
action with microtubules. These domains are encoded by exons 9, 10, 11, and 12 in 
which the majority of pathogenic mutations have been reported. Alternative splicing 
of exon 10 leads to two different isoforms that contain either three (3R) or four (4R) 
31-amino acids repeats [23].

All patients with MAPT mutations are characterized by the deposition of insolu-
ble aggregated tau proteins within neurons and glial cells in the cerebral cortex and 
in other brain regions.

To date, more than 40 pathogenic MAPT mutations have been described and 
classified according to their position in the gene [24], their effects on MAPT tran-
scription, and the type of tauopathy. MAPT mutations include missense mutations, 
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deletions, or intronic mutations located close to the splice-donor site of the intron 
after the alternatively spliced exon 10. They are mainly clustered in exons 9–13, 
which contain the microtubule-binding regions, except for two mutations in exon 1 
[25]. The frequency of MAPT mutations is highly variable, but in general MAPT 
mutations are very rare in sporadic patients, whereas in most familial cases the fre-
quency ranges between 5% and 20% depending on the geographic distribution [26].

The pathogenic mechanism of each different mutation depends on the type and 
location of the genetic defect and affects the normal function of tau, i.e., the stabili-
zation of microtubules promoting their assembly by binding tubulin. Some muta-
tions increase the free cytoplasmic portion of the protein promoting tau aggregation, 
while others lead to an aberrant phosphorylation of tau protein, which damages 
microtubule stabilization [26]. The mechanism is clearest for mutations localized in 
the donor splicing site following exon 10. It was shown that these intronic mutants 
increase the inclusion of MAPT exon 10 by destabilizing the stem-loop structure 
that spans the splice site of exon 10 resulting in an increased production of 4R pro-
tein tau. Mutations in the acceptor splicing site following exon 10 lead to an 
enhanced inclusion of this exon [27].

Alternatively, other mutations affect the alternative splicing, thus producing 
altered ratios of the different isoforms (3R/4R tau). Most of missense mutations, 
such as the p.P301L mutation, reduce the ability of tau to binding microtubules 
leading to a decreased tau capacity to promote microtubules assembly [28]. 
Moreover, it was observed in vitro studies that several coding mutations accelerate 
the aggregation of tau [29]. So far, five mutations have been identified outside the 
tau repeat domains: p.R5H, p.R5L (N-terminal), p.K369I, p.K389R, and p.R406W 
(C-terminal) [25].

Grisart et al. observed a microduplication on chromosome 17g21.31 that was asso-
ciated with behavioral problems and skills impairments [30]. The authors suggested 
that the overexpression of MAPT in neurons could contribute to the behavioral changes 
and the duplication of the corticotropin-releasing hormone receptor 1 gene (CRHR1), 
located 59 kb centromeric from MAPT, could explain the impaired motor skills. The 
presence of structural changes at the MAPT locus in the presence of behavioral 
changes led the authors to believe that rearrangements at this locus might be associ-
ated with FTLD [31]. Several subsequently studies failed to identify abnormal copy 
number variations (CNVs) at the genetic region encompassing GRN and MAPT [31]. 
However, in 2009, Rovelet-Lecrux et al. identified a heterozygous 17.3 kb deletion 
responsible for the removal of exons 6–9 of MAPT in one FTD patient [32]. This dele-
tion caused the loss of the first microtubule-binding domain and a decrease in the 
binding abilities of tau to the microtubules. The same group reported a 439-kb dupli-
cation in the region encompassing CRHR1, MAPT, and saithoin (STH) in one patient 
affected by behavioral and amnestic disorders [33]. These are the first evidence of a 
possible link between rearrangements at the MAPT locus and the FTLD.

Rossi et al. recently suggested that tau plays a role in genome and chromosome 
stability that can be ascribed to its function as a microtubule-associated protein as 
well as a protein protecting chromatin integrity through interaction with DNA [34]. 
At autopsy, patients with MAPT mutations show tau-positive inclusions [26].
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The clinical presentation in MAPT mutation carriers is heterogeneous, but behav-
ioral changes, semantic impairment, episodic memory decline, and parkinsonism 
have been proposed as key clinical features [35]. From a pathological point of view, 
patients present atrophy of the frontotemporal lobes and basal ganglia and variable 
presences of tau-positive inclusions, typical of FTLD-tau [14].

Although MAPT mutations are considered to have complete penetrance, in 2015 
Rossi and Tagliavini observed the presence of unaffected carriers in the same family 
suggesting the possibility of incomplete or delayed penetrance [36].

 GRN
After the discovery of MAPT as causal gene for FTDP-17, there were still numerous 
autosomal dominant FTLD cases genetically linked to the same chromosomal 
region of MAPT (chr17q21), without any mutation in MAPT, in spite of an extensive 
fine mapping of the gene. A small region rich of genes, localized approximately 
6.2 Mb in physical distance to MAPT locus, had been recognized as that one con-
taining the gene responsible for the disease in these families. The first identified 
mutation in GRN, identified in 2006, consisted of a 4-bp insertion of CTGC between 
coding nucleotides 90 and 91, causing a frameshift and premature termination in 
progranulin (C31LfsX34) [37]. In another parallel study, Cruts et  al., analyzing 
other families with a FTLD pathology without MAPT mutation, found at the same 
time another mutation of five base pairs into the intron following the first noncoding 
exon of GRN (IVS1 + 5G > C) [38]. This mutation causes the splicing out of the 
intron 0, leading the retention of mRNA within the nucleus and its degradation.

GRN mutations were subsequently found to account for 5–20% of FTLD patients 
with positive family history and 1–5% of apparently sporadic patients [39].

GRN gene encodes for the growth regulation factor named progranulin. GRN is 
an 88-kDa secreted glycoprotein, which in the brain is expressed by neurons and 
microglia [40]. Its expression is low in early development and increases with age, 
and it is composed by seven and one half cysteine-rich granulin domains and can be 
cleaved by several proteases into 6 kDa units called granulins. It belongs to a family 
of proteins involved in multiple biological functions, including development, wound 
repair, and inflammation, by activating signaling cascades that control cell cycle 
progression and cell motility.

Since the original identification of null mutations in FTLD, more than 70 differ-
ent mutations have been described so far in 231 families. Most of the known patho-
genic GRN mutations, particularly frameshift, splice-site, and nonsense mutations, 
are predicted to result in a premature stop codon. The resulting aberrant mRNA is 
degraded through the process of nonsense-mediated decay, leading to haploinsuffi-
ciency [41] and to a 50% loss in GRN protein levels. Moreover, a number of mis-
sense GRN mutations have been described, but only one, p.A9D, has been confirmed 
as pathogenic. It was observed that in vitro p.A9D mutant GRN was not secreted but 
sequestered in the Golgi network [42]. Other potential pathogenic missense muta-
tions are p.P248L, p.R432C (alteration of GRN secretion), p.C139R, and p.C521Y 
(alteration of cysteine residues leading to impaired physiological processing of 
GRN) [43].
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At the neuropathological examination, GRN-mutated FTLD cases displayed 
ubiquitin-positive, tau-negative inclusions (FTLD-U) similar to the microvacu-
olar type still observed in a large proportion of apparently sporadic FTLD that 
were different from the tau-positive inclusions typical of MAPT mutated cases. 
According to the novel neuropathological classification of FTLD-TDP pathology 
in FTLD, TDP- 43 neuropathological subtype A is consistently found in associa-
tion with GRN- mutated cases [15]. Truncated and hyperphosphorylated isoforms 
of the TDP-43 were recognized as main components of the ubiquitin-positive 
inclusions typical of the GRN-mutated families, as well as of idiopathic FTLD 
and of a proportion of ALS cases [44]. Nevertheless, at present, the linkage 
between progranulin haploinsufficiency and TDP-43 accumulation in the cyto-
plasm has not been clarified.

As mentioned above, GRN mutation accounts for about 5–10% of all FTD 
cases, markedly varying depending on the population considered. A collabora-
tive study [45] analyzing GRN mutations in 434 FTLD patients, clinically rang-
ing from bvFTD to PNFA, FTLD associated with parkinsonism or MND, 
estimates a frequency of 6.9% of all included FTLD-spectrum cases. About 56% 
of such cases were represented by FTLD subjects with ubiquitinated inclusions 
at the neuropathology (FTLD-U) with a positive family history of FTLD. The 
most common phenotype was bvFTD, but a few patients were diagnosed with 
PNFA, AD, or CBS. As expected, the majority of GRN mutations introduced a 
premature termination codon, suggesting that their corresponding mRNA has 
been degraded through nonsense- mediated decay, thus supporting the hypothe-
sis that most GRN mutations create a functionally null allele [37]. Accumulation 
of ubiquitinated proteins, p62, and lysosomal proteases was observed probably 
resulting from impairment in proteasomal or lysosomal activity. Intriguingly, 
this is particular relevant for homozygous GRN mutations that are, recently, 
associated with the lysosomal storage disorder, neuronal ceroid lipofuscinosis 
(NCL) [46].

From a clinical point of view, mutations in GRN are associated with extremely 
heterogeneous phenotypes, but the main clinical diagnosis is bvFTD followed by 
diagnosis of PPA [47]. Language impairment seems to be more relevant as the dis-
ease progresses. About 40% of patients who have parkinsonism and episodic mem-
ory impairment are frequently observed leading to a clinical diagnosis of AD in 
some cases [48]. Although rarely, an overlap between psychiatric disorders and 
genetically determined FTLD can occur, as shown by Rainero et  al. [49], who 
described a patient with heterosexual pedophilia who was a carrier of a GRN muta-
tion and developed bvFTD over time, and by Cerami et al. [50], who reported two 
clinically different, apparently sporadic FTLD cases sharing the Thr272fs GRN 
mutation, who had had a premorbid bipolar disorder history.

The penetrance for GRN mutations is age dependent with only 50% of GRN 
mutation carriers affected at the age of 60s and 90% of mutation carriers affected at 
70 years of age.

Age at disease onset is extremely wide, even in the same family, ranging from 47 
to 79 years [51].
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For example, in a large Calabrian family harboring a heterozygous c.1145insA 
mutation, the age at onset ranged from 35 to 87 years whereas the age of death from 
56 to 87  years [52]. In that family the clinical presentation is homogenous; all 
affected members had clinical diagnosis of FTD with subsequent language 
impairment.

A major contribution to achieve a correct diagnosis independent of the pheno-
typic presentation is the demonstration that progranulin plasma levels are extremely 
low in GRN mutation carriers, even in asymptomatic subjects [51, 53].

Regarding the function of progranulin, Pickford et al. [54] demonstrated, in an 
in vitro model, that it has chemotactic properties towards cultured mouse neurons. 
In addition, progranulin-treated primary neurons secrete a number of cytokines and 
chemokines, particularly those involved in proliferation (i.e., IL-4), and, impor-
tantly, induce microglia to switch from a pro-inflammatory to an anti-inflammatory 
phenotype [54]. Another recent observation is that progranulin binds the TNFR2 
that is expressed specifically in neuronal subtypes and glial cells in the brain, lead-
ing to an anti-inflammatory cascade [55].

Yin et al. [56] generated conditional GRN knockout mice. They observed that 
GRN-deficient macrophages produced more pro-inflammatory cytokines and 
chemokines, including CCL2, CXCL1, IL-6, IL-12p40, and TNF, but less anti- 
inflammatory cytokine IL-10 compared to wild-type (wt) macrophages, when 
exposed to bacterial lipopolysaccharide. However, GRN-deficient mice failed to 
clear bacterial infection as fast as wt mice and were characterized by an exag-
gerated inflammatory tissue damage. Immunostaining of brain sections for 
CD68 revealed greater activation of microglia with age in GRN-deficient than 
wt mice. Moreover, GRN-deficient microglia responded to inflammatory stimuli 
by becoming more cytotoxic than wt microglia, and GRN-deficient neurons 
were more susceptible than wt to damage by activated microglia and by certain 
cytotoxic stresses, such as depletion of glucose and oxygen. They also showed 
enhanced hippocampal ubiquitin immunostaining and increased phosphoryla-
tion of TDP-43 in the hippocampus and thalamus of old GRN-deficient mice. In 
light of these observations, authors hypothesized that FTLD may arise from the 
congruence of two independent phenotypes of GRN insufficiency: deregulated 
inflammation and increased neuronal vulnerability to damage [56].

In vivo studies in progranulin heterozygous mice (Grn+/−), that mimic 
progranulin haploinsufficiency, were carried out as well. These mice devel-
oped age- dependent social and emotional deficits potentially relevant to 
bvFTD. Nevertheless, no gliosis or neuroinflammation was observed, suggesting 
that microglial activation is independent from functional deficits, and thus pro-
granulin deficiency could have effects directly on neurons [57]. It is important to 
underlie that the understanding of GRN physiological roles and the identification 
of factors that are able to upregulate GRN may be an important therapeutic area. 
For example, several studies identified sortilin and prosaponin as key regulators 
of GRN lysosomal trafficking and modulators of GRN secretion in human [56]. 
Moreover, it was observed that, in mouse models of PD and AD, the addiction of 
GRN had neuroprotective effect [57].

M. Serpente and D. Galimberti



131

 C9ORF72
One of the most intriguing discoveries in the genetics of FTLD has been the inves-
tigation of FTD/MND families linked to a locus on chromosome 9q21-22. The first 
evidence of linkage with this locus comes from a study carried out in families with 
autosomal dominant FTD-MND [58]. Additional data confirmed the linkage to 
chr9q21-22 in FTD-MND families [59], until, in 2011, two international groups of 
researchers identified the gene responsible for the disease in this locus, C9ORF72 
[60, 61]. The mutation consists of a large hexanucleotide (GGGGCC) repeat expan-
sion in the first intron of a gene named Open Reading Frame 72 (C9ORF72) that 
segregates with ALS or combined FTD-MND phenotype and TDP-43-based 
pathology.

In healthy subjects, most individuals carry between 2 and 20 repeats but FTD and 
ALS patients from 100 to also 1000s of copies of repeat. The minimum repeat 
length to confer risk of disease is unknown, probably due to the presence of somatic 
mosaicism. In fact, the length of repeat is different between tissues even in the same 
individual, and this phenomenon complicates correlative genotype-phenotype stud-
ies [62].

C9ORF72 repeat expansion is the most common cause of FTLD (with or without 
ALS) worldwide, explaining about 25% of familial FTLD and 5% of apparently 
sporadic FTLD cases. However, there is a particular high frequency in Finland pop-
ulation leading a suggestion of a single founder or predisposing disease haplotype. 
The frequency in ALS cohort of patients is higher, taking into account that c9orf72 
repeat expansion is present in about 22.5% of familial ALS and 21% of sporadic 
cases. Despite the high presence of this mutation in North America and Europa, 
studies in Asian cohorts have reported much lower frequencies [63].

The clinical phenotypes are very variable [64] as well as the age at onset and 
disease duration; in fact, age at onset can range between 27 and 83 years and disease 
duration from 1 to 22 years [65]. Moreover, few but very important studies about the 
frequency of C9ORF72 repeat expansion in older control groups have observed a 
frequency of 0.17%, suggesting an age-dependent disease penetrance and potential 
lifelong reduced penetrance associated with this mutation [65].

Regarding the clinical presentation, the most common is FTD, ALS, or both. As 
mentioned above, in families where FTLD-ALS is the clinical phenotype, C9ORF72 
repeat expansion is very common explaining the disease in more than 50% of fami-
lies [66]. In FTLD, patients present behavioral disturbances, whereas language 
impairments (PNFA or SD) are less commonly observed [67]. In addition to classi-
cal behavioral presentations, such as apathy, disinhibition, socially inappropriate 
conducts and loss of empathy, C9ORF72 expansion carriers present a high fre-
quency of hallucinations, psychosis, and delusions [68], which lead to a primary 
diagnosis of bipolar disorders and schizophrenia [69]. Sometimes, patients have 
episodic memory problems at the beginnings of the disease course, receiving a pri-
mary diagnosis of AD [70]. It is notable to underlie that 1% of clinically diagnosed 
AD patients carry a C9ORF72 expansion with FTLD-TDP pathology [70]. 
Moreover, C9ORF72 expansions were reported as the most common cause of 
Huntington disease photocopies, in which mutations in huntingtin gene were 
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excluded [71]. Early parkinsonism has also been reported in C9ORF72 expansion 
carriers similar to MAPT and GRN mutation carriers, but C9ORF72 expansion is 
very rare in patients diagnosed with PD, CBS, and dementia with Lewy bodies.

From a neuropathological point of view, postmortem examination showed that 
C9ORF72 expansion carriers present TDP-43-positive inclusions in different brain 
areas. Most patients present with FTLD-TDP A or B. In addition, they have neuro-
nal inclusions in the cerebellar granule cell layer, hippocampal pyramidal neurons, 
and other anatomic sites that are positive for ubiquitin and p62 proteins. These 
inclusions are composed by dipeptide repeat proteins (DPRs), translated from the 
GGGGCC repeat through unconventional repeat-associated non-ATG translation 
[72]. Poly-GP, poly-GA, and poly-GR are generated from sense strand and detected 
in hippocampus and cerebellum of expansion carriers. From the antisense strand, 
poly-PA, poly-PR, and again poly-GP DPRs are also generated.

However, little is known about the normal function of C9orf72 protein, though 
homology suggests that it may be part of the DENN (differentially expressed in 
normal and neoplastic cells) family proteins, which are GDP/GTP exchange factors 
that activate Rab-GTPases [60]. Regarding the function of the C9ORF72 product 
and the mechanisms at the basis of the pathogenesis of the disease in the expansion 
carriers, quite few information are available. As previously mentioned, the presence 
of toxic DPRs and/or RNA toxicity is one of the possible pathogenic mechanisms 
proposed.

Sense and antisense RNA foci are generated from expanded repeat, and they are 
observed in different brain areas of C9orf72 expansion carriers [73]. RNA foci, 
which lead to the sequestration and altered activity of RNA-binding proteins, have 
been implicated in several neurodegenerative noncoding expansion disorders [73]. 
Reddy et al. [74] demonstrated that the r(GGGGCC)n RNA forms extremely stable 
G-quadruplex structures, which are known to theoretically affect promoter activity, 
genetic instability, RNA splicing, translation, and neurite mRNA localization.

Moreover, several studies, conducted in derived cells and tissue of patients, dem-
onstrated that these foci are able to sequester RNA-binding protein, including 
hnRNP h, hnRNP A1, and SC35, affecting the mRNA nuclear transport system 
[75]. Nevertheless, the clear mechanism linking RNA foci and sequestered proteins 
to neurodegeneration has not been fully understood.

The production of DPRs with unconventional mechanisms of non-ATG-initiated 
translation called RAN may also contribute to neurodegeneration. In cultured cells 
and primary neurons, poly-GA overexpression led to the generation of p62-positive 
inclusions and neurotoxicity attributed to impaired ubiquitin proteasome function 
[76]. On the other hand, arginine-rich dipeptide (poly-GR and poly-PR) led to the 
formation of nucleolar inclusions in fly models [77]. Since the clinical utility as well 
as the significance and the temporal course of DPRs in the pathogenesis of the dis-
ease is still unclear, Lehmer et al. established a poly-GP immunoassay from cere-
brospinal fluid (CSF) in order to identify and characterized C9ORF72 patients. 
They observed the poly-GP CSF levels were already detectable in C9ORF72 
asymptomatic carriers compared to healthy subjects, and these levels are similar in 
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symptomatic expansion carriers demonstrating their possible use as diagnostic bio-
marker in addition to genetic screening [78].

Recently, in vivo studies observed that toxicity from RNA foci and DPRs can be 
suppressed by modulation of nuclear transport, suggesting an impairment of nucleo- 
cytoplasmic transport as common pathogenic mechanism underlying RNA foci and 
DPRs [77]. Moreover, a defect in the localization of RanGAP1 protein, a compo-
nent of nuclear pore complex, was observed in the brain of C9ORF72 expansion 
carriers supporting the hypothesis that a compromised nucleo-cytoplasmic transport 
also contributes to the human form of disease [77]. Given that both foci formation 
and RAN translation in c9FTD/ALS require the synthesis of GGGGCC repeat 
expansion RNA, therapeutic strategies that target these transcripts and result in their 
neutralization or degradation could effectively block these two potential pathogenic 
mechanisms and provide a much needed treatment for c9FTD/ALS. For example, 
the use of antisense oligonucleotides targeting both strands of C9ORF72 repeat and 
the use of small molecules binding the secondary structures formed by C9ORF72 
repeat have been proposed [79]. Another possible therapeutic strategy might be to 
remove or prevent the DPRs formation by improving the cellular degradation sys-
tems. A very recent study demonstrated that while the DPRs are mainly processed 
via autophagy, this system is unable to fully clear their aggregated forms, and thus 
they tend to accumulate in basal conditions. Overexpression of the small heat shock 
protein B8 (HSPB8), which facilitates the autophagy-mediated disposal of a large 
variety of classical misfolded proteins, significantly decreased the accumulation of 
most DPR insoluble species. Thus, the induction of HSPB8 might represent a valid 
approach to decrease DPR-mediated toxicity and maintain neuron viability [80].

 Rare Causal Genes

 CHMP2B
Few FTLD families display mutations in CHMP2B, located on chromosome 3p11.2, 
which encodes a component of the heteromeric ESCRT III complex, involved in the 
endosomal trafficking and degradation [81]. In particular, CHMP2B protein is 
involved in sorting and trafficking surface receptors or proteins into intraluminal 
vesicles for lysosomal degradation and binding the Vps4 protein responsible for the 
dissociation of ESCRT components [82]. CHMP2B is a 213-amino acid-long pro-
tein that presents a coiled-coil domain at the N-terminus, a microtubule-interacting 
transport (MIT), and microtubule-interacting region (MIR) at the C-terminus. The 
first mutation in CHMP2B was identified in one large kindred from Denmark, and 
it occurs in the splice acceptor site for the sixth and final CHMP2B exon, leading to 
a formation of two novel transcripts termed CHMP2BIntron5 and CHMP2BDelta10 
[84]. To date, 11 different mutations, of which four in five families seem to exert a 
pathogenic action (http://www.molgen.vib-ua.be/), have been so far described; for 
this reason, CHMP2B is considered an extremely rare genetic cause of FTLD 
pathology. It is important to note that all mutations described (missense and trunca-
tion mutations) show a common mechanism of action: the deletion of the C-terminus 
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of the protein [82]. Probably, the loss of the Vsp-4 binding domain located in 
C-terminus of the protein causes the accumulation of mutated CHMP2B on the 
endosomal membrane and prevents the recruitment of other proteins necessary for 
endosomal fusion with lysosomal. This phenomenon leads to the impairment of the 
late endosomal trafficking and contributes to neurodegenerative processes in FTD 
[83]. This can be observed as enlarged and abnormal endosomal structures in post-
mortem brain tissue from patients [84]. From a histological point of view, patients 
with CHMP2B mutations present FTLD-U with ubiquitin- and p62-positive but 
TDP-43-negative neuronal cytoplasmic inclusions [85]. Recently, it was observed 
in transgenic mice expressing either human CHMP2Bintron5 or human wild-type 
protein, that only CHMP2Bintron5, but not wild-type or CHMP2B knockout mice 
developed neuropathology consistent with that seen in FTLD patients carrying 
CHMP2B mutations [86]. These data support the hypothesis that CHMP2B muta-
tions act through a gain-of-function mechanism. Moreover, the use of RNA interfer-
ence approach against mutant CHMP2B in primary patient fibroblasts has shown 
that this treatment reverses the mutant endosomal phenotype. Importantly, this mor-
phological change is also observed in CHMP2B mutation brain tissue, suggesting 
that RNA interference might be a future therapeutic approach for the treatment of 
FTLD patients with CHMP2B mutations [87].

Behavioral and cognitive impairment associated with extrapyramidal and pyra-
midal signs are the main clinical manifestations in CHMP2B. Myoclonus can occur 
late in the course of the disease, and motor neuron disorders have been described in 
only two cases [88]. To assess the earliest neuropsychological changes in CHMP2B 
mutation carriers, a longitudinal prospective study spanning over 8 years and includ-
ing 17 asymptomatic individuals with CHMP2B mutations was carried out. 
Longitudinal analyses showed a gradual decline in psychomotor speed, working 
memory capacity, and global executive measures in the mutation carriers group 
compared with controls. This decline starts several years before they fulfill diagnos-
tic criteria for FTD, but the level of cognitive changes over time varied considerably 
among different individuals [89].

 VCP-1 and SQSTM1
Mutations in VCP were firstly described as cause of hereditary inclusion body 
myopathy (IBM) with Paget’s disease of the bone (PDB) and frontotemporal 
dementia (IBMPFD) [90]. Myopathy is the more frequent clinical symptom, present 
in about 90% of affected subjects, whereas FTD is seen in about 33%, usually many 
years after the onset of muscle symptoms. From a histological point of view, brain 
tissues of patients carrying VCP mutations are characterized by FTLD-TDP type D 
pathology with TDP43- and p62-positive inclusions within neuronal nuclei [91]. In 
2015, Taylor et al. introduced the term multisystem proteinopathy (MSP) to describe 
a multisystem disorder that affects bone, muscle, and nervous system and that is 
now used to describe VCP mutation carriers [92].

(VCP)-1 is located on chromosome 9p13.3 and encodes a monomeric protein 
composed by 806 amino acids. The VCP hexamer is a member of the AAA-ATPase 
superfamily that is composed by six monomers, forming a ring around a central 
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pore with two AAA+ protein domain called D1 and D2 domains [93]. It is known as 
regulator of many cellular processes, such as ubiquitin-dependent protein quality 
control, labeling proteins for degradation and coordination of the removal of protein 
aggregates via multivesicular body formation [94].

More than 30 different mutations in VCP-1 have been now described [95]. The 
most relevant mutations are located in the N-terminal that is important for binding 
substrates and cofactors required for protein processing. R155H (the most frequent) 
was the first pathogenic missense mutation reported in FTD and is located in the 
cofactor-binding domain at the N-terminus of the protein; missense mutations asso-
ciated with IBMFD have been identified in different domains such as N-terminus 
domain, the linker L1 connecting N-terminus and D1 domain. One missense muta-
tion was identified in linker L2 and one in D2 domain [96]. Moreover, VCP is also 
present in the inclusions of several diseases including ALS, PD, and HD [93]. Very 
recently, Komatsu et al. identified a novel mutation (G156S) associated with IBM, 
Paget disease, and FTD [97].

Another gene involved in the mechanism of protein degradation as well as in 
FTLD pathogenesis is SQSTM1. This gene encodes for p62 protein, a connector 
between ubiquitinated proteins and autophagy receptor or proteasome degradation 
pathways [98]. Mutations in SQSTM1 gene were firstly described in PDB and are 
responsible for around 30% of familial PDB cases. To date, mutations in this gene 
are also associated with FTLD and ALS, and SQSTM1 is now included in the list of 
causal gene responsible for MPS [99]. Regarding FTLD, SQSTM1 mutations 
explain about 3% of cases, but segregation of these mutations with FTLD has been 
shown in few families. In 2014, Van der Zee et al. published a large-scale resequenc-
ing study in FTLD cohort of patients and identified a number of mutations in the 
C-terminal of the gene that are involved in the binding with ubiquitinated proteins 
[100]. It is interesting to note that several studies reported cases of FTLD patients 
with mutations in SQSTM1 gene but also with C9ORF72 expansion. The co- 
presence of C9ORF72  mutation may influence the phenotype; thus, finding one 
FTLD-related mutation does not exclude the presence of further influential genetic 
alterations.

 CHCHD10
CHCHD10 gene is located on chromosome 22 and encodes a mitochondrial pro-
tein that is enriched at cristae junctions in the intermembrane space. By exome 
sequencing, it was possible to identify the first pathogenic mutation, p.S59L, in an 
atypical family with late-onset motor neuron disease, FTD, cerebellar ataxia, and 
mitochondrial myopathy [100]. Subsequent genetic studies identified additional 
potential pathogenic mutation in FTLD and ALS patients with 1–3% of frequency 
[101]. A recent study, conducted on Asian FTLD patients showed that the fre-
quency of CHCHD10 mutations in this population was 7.7%, whereas mutations 
in the three major causal genes (MAPT, GRN, and C9ORF72) explained <3% of 
cases, suggesting that CHCHD10 is the most common FTLD gene in Asia [102]. 
In silico prediction programs suggest that CHCHD10 mutations are pathogenic, 
but no segregation in families could be performed. However, functional in vitro 
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studies demonstrated that CHCHD10 mutations disrupt the mitochondrial contact 
site and cristae organization system leading to respiratory chain deficiency, nucle-
oid disorganization, and decrease of apoptosis [103]. Very recently, Perrone et al. 
identified a novel nonsense mutation (p.Gln108*) in a patient with atypical clini-
cal FTD and pathology- confirmed Parkinson’s disease (1/459, 0.22%) leading to 
loss of transcript. They further observed three previously described missense vari-
ants (p.Pro34Ser, p.Pro80Leu, and p.Pro96Thr) that were also present in the 
matched control series [104].

 TBK1
In 2015, a large exome sequencing case-control study identified mutations in TBK1 
in sporadic ALS cohort of patients [105]. Subsequent studies showed TBK1 loss-of- 
function mutations in families with FTLD-ALS but also in clinical FTLD and 
pathologically confirmed FTLD-TDP even in the absence of motor neuron disease 
[106]. Most mutation identified are loss-of-function mutations leading in a loss of 
50% of TBK1 levels or missense mutations impairing the binding of TBK1 to opti-
neurin (OPTN) or its kinase activity. TBK1 mutations explain 2% of FTLD-TDP 
and 1% of FTLD-ALS cases. Just as VCP or p62, also TBK1 is involved in protein 
degradation and autophagy mechanisms. In fact, it phosphorylates p62 and OPTN, 
another member of autophagy pathway. OPTN gene was first reported as cause of 
autosomal recessive ALS in Japanese population (deletion in exon5) [106]. In 2015, 
Potteir et al. discovered, in a pathologically confirmed cohort of patients, one het-
erozygous mutation and one deletion in OPTN as well as a nonsense mutation in 
TBK1 suggesting that both genes contribute to FTLD-TDP etiology [106].

The age at onset and also the clinical presentation of TBK1 mutation carriers are 
very heterogeneous. The onset age ranges from 48 to 80 years, and clinical pheno-
type included bvFTD, AD, and FTLD-ALS [107].

 TARDBP
TARDBP gene is constituted by six exons and located on chromosome 1p36.22. It 
encodes for TDP-43 protein, whose major form is translated from exons 2 to 6, 
resulting in a highly conserved 43 kDa protein. TDP-43 is localized in the nucleus 
of the cell where it is able to form heterogeneous nuclear ribonucleoprotein (hnRNP) 
complexes with several functions such as RNA regulation, mRNA stability and 
transport, and splicing control. A link between FTLD and ALS and TDP-43 was 
supported by the evidence that TDP-43 regulate axon growth in vivo and in vitro 
suggesting that the capacity of motor neuron to produce and maintain an axon is 
compromised by TDP-43 dysregulation [107]. Mutations in TARDBP are cause of 
5% of familial ALS cases and 1% of sporadic patients. However, these mutations 
are rarely found in FTLD and FTD-MND although TDP-43 is the major component 
of neuronal ubiquitin-positive inclusion seen in FTLD-TDP patients. To date, 40 
missense mutations in TARDBP gene are described, and most of them are localized 
in the C-terminal glycine-rich domain, encoded by exon 6 and involved in protein–
protein interaction. It is interesting to note that more than 6000 RNAs are known to 
interact with TDP-43, but few of them have been studied. Moreover, it is not clear 
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whether the main pathogenic mechanism is a loss-of-function or a gain-of-function 
one because the functional consequences of TARDBP mutations are still under 
investigation. Nevertheless, most evidence for a role of TARBDP mutations in 
FTLD and not only in ALS pathogenesis comes from Sardinian population. Here, 
the variant p.A328T is observed in about 21% of familial FTLD cases suggesting a 
common founder effect [13].

 FUS
Similar to TDP-43, fused in sarcoma (FUS) is highly conserved ubiquitously 
expressed protein-coding gene located on chromosome 16. FUS is a component of 
the hnRNP complex and a member of FET protein family which works to facilitate 
RNA transport in and out of the nucleus, RNA splicing, and DNA/RNA metabolism 
[108]. FUS protein contains an amino-terminal glycine-rich domain, an RNA rec-
ognition motif and a zinc finger motif. The most important is the prion-like domain 
which plays a critical role in FUS misfolding. In 2009, FUS mutations were discov-
ered to be the cause of 3% of familial ALS, and they are mostly located in the 
C-terminal of the protein particularly in nuclear localization sequence resulting in 
an impairment of transportin (TRN1)-mediated nuclear import of FUS [108]. From 
a neuropathological point of view, in ALS patients with FUS mutations, there are 
abnormal cytoplasmic neuronal and glial inclusions positive for FUS. However, in 
FTLD-FUS subset of FTLD patients, no FUS mutations have been identified. The 
pathological inclusions in FTLD-FUS, but not in FUS-ALS, patients are also posi-
tive for EWS and TAF15 protein suggesting a different pathogenic mechanism.

 Other Rare Causal Genes

A number of other genes have been studied in relation to FTLD. One of these is 
ubiquilin 2 (UBQLN2) gene that is involved in a rare form of chromosome X-linked 
familial ALS and FTLD-ALS [109]. Mutations are located in proline residues in the 
highly conserved PXXP repeat domain involved in the degradation of misfolded 
proteins via ubiquitin proteasome system and autophagy. Moreover, UBQLN2- 
positive inclusions are observed in the hippocampus of ALS-FTLD patients even in 
the absence of UBQLN2 mutations. Another one is tubulin alpha 4a (TUBA4A) gene 
on chromosome 2q35. TUBA4A encodes 1 of 8 human a-tubulins (448 amino acids), 
which polymerize with b-tubulins to form the microtubule cytoskeleton, implicating 
the neuroskeletal architecture. TUBA4A mutations have primarily been associated 
with ALS although some patients also had cognitive involvement ranging from mild 
cognitive impairment to FTD.

In TUBA4A, 10 missense, 1 nonsense, and 1 splice donor site mutation have 
been identified in both sporadic and familial ALS patients, with some also pre-
senting with FTD [104]. Lastly, recessive mutations in the triggering receptor 
expressed on myeloid cells 2 gene (TREM2) have been described in patients 
with atypical FTLD, very young age at onset and with matter lesions on brain 
imaging [110].
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 FTLD Genetic Modifiers

In addition to genes mentioned above and generally involved in families showing 
autosomal dominant transmission, several genetic risk factors have been studied. 
The most important and replicated is the transmembrane protein 106b gene 
(TMEM106B). In 2010, Van Deerlin and coworkers published the first GWAS on 
515 FTD patients with TDP-43 pathology; they identified a possible susceptibil-
ity locus, which encompasses TMEM106B gene on chromosome 7p21 [111]. In 
particular, the study identified three associated single nucleotide polymorphisms 
(SNPs), rs102004, rs6966915, and rs1990622, which are correlated with an 
increase of TMEM106b expression level [111]. Several subsequently studies 
showed that the highest association with TMEM106b locus was found in FTL-
TDP patients with GRN mutations [112, 113]. These results increased our knowl-
edge about the genetics of FTLD-TDP and represent a starting point from where 
researchers can look into a possible new pathogenic pathway. It is also true that 
these data are specific for a subgroup of FTLD patients, suggesting that the con-
nection between TMEM106B and FTLD cannot be extended to the general FTLD 
population. In GRN FTD mutation carriers, the presence of protective C allele of 
SNP rs1990622 protects these patients from developing disease [113]. 
TMEM106b is a glycosylated type 2 membrane protein that localized to late 
endosomes and lysosomes where it seems to have an important function. 
Overexpression of TMEM106b in cell cultures showed an aberrant vacuole for-
mation and an impairment of endolysosomal pathway [114]. These data suggest 
a key role for lysosomal biology in FTLD-TDP.

Common SNPs in the major causal genes have been studied to determine their 
association as FTLD risk factors. For example, rs5848, located in the 3′UTR of 
GRN gene in a putative miRNA binding site, has been investigated. Unfortunately, 
its role remains unclear with significant association in initial series of FTD-TDP 
patients but not in subsequent series of clinical patients [115]. Moreover, the H1/
H2 haplotype in MAPTgene has been considered as FTLD risk factor. H1 haplo-
type is predominantly associated with FTLD- tau- related disease such as CBD; 
however, the genetic association of H1/H2 haplotype with clinical FTLD has been 
not confirmed [116]. More recently, a two-stage genome-wide association study 
(GWAS) identified the HLA locus at chromosome 6p21.3 and a locus at chromo-
some 11q14 encompassing RAB38 and cathepsin C (CTSC). These two genes are 
especially associated with FTD, and it was observed an association between the 
top SNP at RAB8/CTSC locus and a 50% reduction of RAB8 levels in the blood 
of patients suggesting that a loss of RAB8 function may play a role in the develop-
ment of FTLD. RAB8 is a protein involved in the regulation of lysosomal biology 
and protein trafficking. The HLA locus, instead, suggests a link between FTLD 
and immune system as well as other neurodegenerative diseases. Ferrari et al., in 
2015, identified, in a sub-analysis of Italian FTLD cohort of patients, an associa-
tion of two additional loci on chromosome 2p16.3 and on chromosome 17q25.3 
within a region near CEP131, ENTHD2, and C17ORF89 [117].
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 Conclusions and Future Prospective

The discoveries of the last few years showed that the term “FTLD” actually comprises 
diseases with a different etiology. It has become clearer and clearer that there are mul-
tiple genetic autosomal dominant mutations leading to the development of FTLD. The 
most frequent are so far MAPT, GRN, and C9ORF72 mutations. The description of 
peculiar clinical phenotypes showed that there is an overlap among neurodegenerative 
disorders in terms of symptoms and pathogenic events leading to neurodegeneration. 
From a clinical point of view, the same genetic defect has been observed in patients 
with different diseases, i.e., bvFTD, MND, or both, raising the question whether there 
are additional unknown genetic or environmental factors influencing the phenotype. 
In addition, GRN and C9ORF72 mutations are associated with a wide range of pheno-
types and age at disease onset, including memory and psychosis, making difficult to 
predict the presence of a mutation basing on symptoms and/or familial history. 
Moreover, the situation is even more complex considering the incomplete penetrance 
of such mutations. Moreover, emerging data suggest that a significant number of 
FTLD patients carry potential pathogenic mutations in different genes. This is an oli-
gogenic model disease in which multiple genes contribute to FTLD pathogenesis 
probably affecting disease penetrance and progression. Initially, several studies 
reported double mutations considering the second one only a polymorphism, but now 
the presence of C9ORF72 expansion in combination with mutations in more than 15 
genes significantly challenged this view [118].

Concerning pathogenic mechanisms related to FTLD, a growing number of 
genes are now discovered, and new disease pathways are emerged and are likely 
implicated with FTLD. The first pathway clusters around the degradation and clear-
ance of misfolded proteins by proteasome degradation and autophagy and includes 
CHMP2B, VCP, UBQLN2, SQSTM1, TBK1, and OPTN.

A second pathway includes genes involved in lysosomal/endosomal biology 
such as GRN, TMEM106B, and RAB8. Moreover, there are mechanisms involved in 
DNA/RNA metabolism in which C9ORF72, TARDBP, and FUS are implicated.

New findings about genetics and molecular biology of FTLD recently described 
have some implications for FTLD diagnosis and treatment. First, biomarkers for 
identifying mutation carriers are needed. So far, given the heterogeneity of age at 
disease onset and presentation symptoms, it is not possible to predict the presence 
of a causal mutation basing on the clinical picture only. In this regard, low plasma 
progranulin levels are very good predictors of the presence of a GRN mutation lead-
ing to haploinsufficiency. Second, in view of the availability of future tailored thera-
pies aimed to modify the course of the disease by acting on pathogenic mechanisms 
(i.e., replacing progranulin loss or hampering tau deposition), it would be extremely 
important to develop tools to predict the ongoing pathology (i.e., tau deposition or 
TDP-43 altered functioning). In this framework, the study of autosomal dominant 
families provides an opportunity to learn about the early stage of the disease follow-
ing asymptomatic subjects in order to discover new disease biomarkers. Thus, in 
2012 it was carried out a multicenter study, the genetic and frontotemporal dementia 
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initiative (GENFI), in which British, European, and Canadian research sites recruit 
symptomatic and asymptomatic known carriers of pathogenic mutations in MAPT, 
GRN, or C9ORF72. In 2015, Roher et al. analyzed imaging data from 118 GENFI 
mutation carriers and 102 non-carriers and observed that structural imaging can be 
identified up to 10 years before the expected onset of symptoms in asymptomatic 
subjects [119]. Another similar initiative, promoted, for example, by the National 
Institute of Health, is Longitudinal Evaluation of Familial Frontotemporal Dementia 
that includes North American and Canadian centers. The aim is to identify robust 
reliable methods to track disease progression in order to design appropriate clinical 
trials.

In conclusion, the discovery of several gene mutations provided a high number 
of information leading to the identification of specific disease pathways that are cur-
rently being explored in the search for new therapeutic strategies. In the near future, 
the use of patient-derived iPS cell lines might contribute to understand the link 
between genetic and other factors in FTLD development. Nevertheless, next- 
generation sequencing and innovative biostatistical approach might lead to the iden-
tification of new and additional FTLD causal and/or disease modifier genes.
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Abstract
Frontotemporal dementia (FTD) is a complex multifactorial disorder character-
ized by heterogeneous clinical, pathological and genetic features.

FTD is subdivided in familial and sporadic on the basis of the form of inheri-
tance: familial (or Mendelian) cases are those defined by a family history of FTD 
or closely related neurodegenerative disorders, whilst sporadic cases are those 
where a family history is not evident. Families are genetically studied to identify 
genes or genetic markers segregating with (and strongly contributing to) disease 
through strategies that developed from positional cloning, linkage studies to more 
recently family-focused whole exome sequencing (WES) approaches. The study of 
the idiopathic cases is less straightforward: here, besides screening the known can-
didate (Mendelian) genes (that generally are extremely rare in sporadic cases), the 
currently most cost-effective strategy is to perform genome-wide association stud-
ies (GWAS) to highlight risk-loci. These then need to be further genetically and 
functionally characterize through, for example, targeted re-sequencing and expres-
sion quantitative trait loci (eQTL), to name a few methods.

This chapter focuses on the current status of our genetic understanding of 
sporadic FTD thanks to the GWAS type of approach. This is followed by con-
clusive critical remarks on the ways ahead, driven by ever-advancing tech-
nologies and integrative strategies, for the dissection of complex disorders, 
including FTD.
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 Introduction

The overall improved quality of life in our societies has led to unprecedented popu-
lation growth over the past seven decades. Although this is in many ways an extraor-
dinary achievement, it cannot be ignored that it has accounted and is accounting for 
an increased incidence of diseases of the old age, including disorders of the brain 
such as dementia.

In high-income countries (HIC), as well as low-/middle-income countries 
(LMIC), ageing represents one of the major risk factor contributing to dementia [1] 
suggesting that, globally, its incidence and prevalence can only increase in the next 
decades [2]. In 2010 there were approximately 4.7% of individuals over 60 years of 
age (~36 million people) affected by dementia and it has been estimated that inci-
dence of dementia will reach ~115 million by 2050, worldwide [1].

Dementia is among the major causes for a wide range of deficits that impact 
memory, cognition and executive functions and that contribute to a progressive 
deterioration in the performance of normal daily activities leaving an affected indi-
vidual in need of assistance of a caregiver [1]. The diagnostic and statistical manual 
of mental disorders (DSM) indicates that dementias fall within the extended cate-
gory of neurocognitive disorders (NCDs) [3], where the main feature driving the 
diagnosis is ‘impaired cognition’ defined as an ‘acquired’ rather than ‘inborn’ con-
dition [3]. Dementias are subdivided in two distinct groups: ‘Alzheimer’s’ and ‘non- 
Alzheimer’s’ types of dementia that are distinguished by their clinical presentation 
as well as by their pathological signatures [3]. The former group is exclusively 
identified by Alzheimer’s disease (AD)—defined by its unique (early) clinical sig-
natures that include short-term memory loss, visuo-spatial deficits, along with cog-
nitive decline and language impairment [4]. The latter group encompasses multiple 
syndromes that, conversely, do not present ‘short-term memory loss’ and ‘visuo- 
spatial deficits’ (at least in the early stages of disease) and include vascular demen-
tia (VD), dementia with Lewy bodies (DLB), Creutzfeldt–Jakob (prion) disease, 
frontotemporal dementia (FTD) as well as forms of NCDs characterized by a major 
motor component and occasionally by symptoms of dementia such as in the case of 
Parkinson’s disease (PD), progressive supranuclear palsy (PSP), corticobasal syn-
drome/degeneration (CBS/D) and amyotrophic lateral sclerosis (ALS) [3].

NCDs are complex and multifactorial disorders meaning that they are the result 
of a combination of genetic and environmental factors as well as lifestyle [5]. 
Although this implies the interplay between these elements for a complete disease 
pathogenesis, it is recognized that there is a genetic component to almost every 
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condition with variable levels of penetrance that span from strong monogenic 
(Mendelian forms of disease) to small/moderate oligo- or polygenic effects (spo-
radic forms of disease) [6–8]. Within this scenario, it is fundamental to further the 
study of the genetic underpinnings of complex disorders to set the basis for a better 
understanding of their underlying biological and molecular mechanisms as such 
knowledge will eventually be critical for developing preventive and therapeutic 
strategies that are currently lacking in NCDs [9–11].

The focus of this chapter is the NCD called frontotemporal dementia (FTD). A 
broad range of clinical manifestations, pathological signatures and genetic variabil-
ity characterize FTD (see next sections). Genetics of FTD is currently able to 
explain a small proportion (10–30%) of cases, called familial or Mendelian, whilst 
the vast majority of cases, called sporadic (70–90%), are not yet genetically well 
characterized [12, 13]. Here we will highlight the current status of genetics of spo-
radic FTD with a particular focus on genome-wide association types of study 
(GWAS) and their contribution to a better dissection of sporadic FTD. We further 
explore the major future avenues for improving our understanding of the genetics of 
sporadic FTD and the molecular mechanisms involved in FTD pathogenesis.

 Frontotemporal Dementia (FTD)

 Synopsis

FTD is the second most common form of young-onset ‘non- Alzheimer’s’ type of 
dementia and contributes to ~10–20% of all dementias [14]. It affects approximately 
3–15 out of 100,000 individuals that are in their mid- to late 50s or early 60s [15]. 
FTD has insidious onset, it is categorized in familial (~10–30% of cases) or spo-
radic (~70–90% of cases) [12, 13], and its incidence is almost equal among men and 
women [16].

Clinically, FTD is characterized by (1) cognitive decline and behavioural dys-
function (behavioural variant [bvFTD]), which result in changes in personal and 
social conduct as well as deficits in executive functions such as planning, reasoning 
and problem-solving [17], and (2) language dysfunctions broadly called primary 
progressive aphasia (PPA). PPA is subdivided into semantic dementia (SD) (or 
semantic variant PPA), progressive nonfluent aphasia (PNFA) (or nonfluent/agram-
matic variant PPA) and logopenic progressive aphasia (LPA) (or logopenic variant 
PPA) [17, 18]. SD affects conceptual knowledge through severe word comprehen-
sion impairment, whilst speech output remains fluent [18]. PNFA entails deficits in 
expressive language characterized by effortful nonfluent speech, phonological and 
grammatical errors and by difficulties in word retrieval [18]. LPA features impair-
ments in word retrieval and repetition deficits [18] yet it has been suggested that 
LPA may be a subtle and atypical early presentation of AD [19]. However, within 
this extended and heterogeneous clinical picture, memory and visuo-spatial abnor-
malities remain initially intact in FTD. The Neary criteria [17] have been the most 
commonly used diagnostic criteria for FTD since 1998, yet two international 
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consortia recently developed revised guidelines for diagnosing the behavioural and 
language variants increasing the sensitivity of each syndrome’s clinical diagnosis. 
These guidelines can be reviewed in [18, 20].

From a pathological perspective, the brains of FTD patients show shrinkage in 
the frontal and temporal areas. Based on the topography of the lesions, frontotem-
poral dementia is also called FTLD (frontotemporal lobar degeneration). In bvFTD 
atrophy affects frontal lobes bilaterally, specifically the medial frontal lobes and the 
anterior temporal lobes [21]. SD shows asymmetric atrophy in the middle, inferior 
and medial anterior temporal lobe [18, 21], whilst PNFA presents mainly with left 
posterior frontal and insular regions atrophy [18]. FTLD’s molecular pathology is 
characterized by (1) abnormal accumulation of protein aggregates [22] that cause 
inclusion bodies (i.e. neuronal cytoplasmic inclusions [NCI] and/or neuronal intra-
nuclear inclusions [NII]) in neurons and/or glial cells and (2) dystrophic neurites 
(DN) [23]. FTLD pathology is classified on the basis of the type of proteins that 
constitute the abnormal inclusions in FTD brains: ≤40 to 50% of FTLD cases show 
tau pathology (FTLD-tau), ≤40 to 50% ubiquitin/TDP-43 pathology (FTLD-TDP), 
≤10% FUS pathology (FTLD-FUS) and ≤1 to 2% ubiquitin/p62 pathology (FTLD- 
UPS) [23]. Comprehensive features of FTLD’s pathology can be reviewed in [24].

 Genetics

In line with the clinical and pathological ones also the genetic features of FTD are 
heterogeneous (Fig. 9.1). Although there is no clear-cut subdivision between famil-
ial (or Mendelian) and non-familial patients (or sporadic), Mendelian and sporadic 
cases account for up to ~30% and ~70% of all FTD cases, respectively [12, 13] 
(Fig. 9.1a).

Mendelian FTD, in the vast majority of cases (≥25/30%), has been explained by 
pathogenic mutations in the microtubule-associated protein tau (MAPT) and pro-
granulin (GRN) genes [12] and by an abnormal repeat expansion in either the pro-
moter region or the first intron of chromosome 9 open reading frame 72 (C9orf72) 
[25, 26]. A remainder of Mendelian cases (≪5/30%) has been associated with rare 
variability in a number of genes that include the charged multivesicular body pro-
tein 2B (CHMP2B) [27, 28], the valosin-containing protein (VCP) [29], sequesto-
some 1 (SQSTM1) [30], ubiquilin 2 (UBQLN2) [31], intraflagellar transport 74 
(IFT74) [32], optineurin (OPTN) [33], coiled-coil-helix-coiled-coil-helix domain 
containing 10 (CHCHD10) [34], TANK-binding kinase 1 (TBK1) [33, 35, 36] and, 
most recently, the T-cell-restricted intracellular antigen-1 (TIA1) [37]. It is impor-
tant to note that all such genes have also been associated—with variable prevalence 
and penetrance—with a number of other syndromes. Although mutations in MAPT, 
GRN and CHMP2B have been mainly seen in FTD cases, genetic variability in these 
three genes has also been described (with fairly low prevalence, i.e. ≪1%) in AD, 
CBD and PSP pedigrees for MAPT [38–47], AD and CBS pedigrees for GRN [48–
53], and ALS and CBS pedigrees for CHMP2B [54, 55]. Conversely, the expansion 
in C9orf72 (that is clearly prevalent in FTD as indicated above) has also been 
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Fig. 9.1 Summary of FTD genetics. (a) Genetic prevalence of familial and sporadic FTD; the 
details of the currently known genetic aetiology of both familial and sporadic FTD is represented 
in a pie chart. (b) Distinction between ‘major’ (colour green) and ‘spectrum’ (colour light blue) 
FTD genes across FTD phenotypes; the size of shapes representing each gene is directly propor-
tional to their level of prevalence (and penetrance)
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reported, with variable prevalence (~1–20%) and penetrance, in a wide range of 
phenotypes that include ALS (and ALS-FTD), AD, Parkinsonian syndromes, 
Huntington’s disease (HD) phenocopies, CBS and ataxia, to name a few (and, not to 
forget, in a number of normal/non-demented subjects across studies) [6, 26, 56–64]. 
Interestingly, VCP mutations not only are rare, but also appear to underpin a rather 
more complex phenotype which results from the combination of three conditions, 
namely, inclusion body myopathy (IBM) with Paget disease of the bone (PDB) and 
frontotemporal dementia (IBMPFD) [65]. Finally, variability in SQSTM1, UBQLN2, 
IFT74, OPTN, CHCHD10, TBK1 and TIA1 has mainly been associated with ALS 
and/or the FTD-ALS spectrum [30–34, 36, 66]. A particular mention is necessary 
for the TAR DNA-binding protein (TARDBP) and fused in sarcoma (FUS) genes: 
although variability has been reported in a handful of FTD cases [67, 68] and TDP- 
43 and FUS clearly are FTLD pathological hallmarks [23], they unlikely are FTD 
genes as pathogenic variability has been too rare or equivocal to fully support such 
claim [68–70]. Therefore, while interpreting Mendelian genetics of FTD, it might 
be more accurate to label all such candidate genes as ‘major’ and ‘spectrum’ FTD 
genes where the former are those that have mainly or exclusively been identified in 
FTD cases—MAPT, GRN and CHMP2B (although only two CHMP2B mutations 
appear convincing exclusively in one family, whereas any other has been equivo-
cally associated with disease or replicated [28, 69])—and the latter are those that 
encompass a rather heterogeneous array of disorders—C9orf72, VCP, SQSTM1, 
UBQLN2, IFT74, OPTN, CHCHD10, TBK1 and TIA1 (Fig. 9.1b).

Sporadic FTD includes individuals with no familial history of FTD (or other 
neurodegenerative conditions) and/or with no clear genetic aetiology [71]. Sporadic 
cases are routinely screened for the known candidate genes and, to date, pathogenic 
variants are known to be confined to MAPT (0–3%), GRN (1–4%) or C9orf72 (~6%) 
in about ≤10 of all idiopathic cases [66, 72] (Fig. 9.1a). The genetic architecture 
underlying idiopathic FTD appears to point to multiple risk markers with small 
effect size that act in concert and are modulated by variable modifying (including 
environmental) factors [73]. It is important to note that the best current approaches 
to identify novel genetic risk factors and candidate genes contributing to sporadic 
FTD are array-based as well as next-generation sequencing (NGS) techniques. In 
classical genome-wide association study (GWAS), the design involves comparing 
two cohorts (diseased vs. control), looking for statistically significant differences in 
allele frequencies (genome-wide association study [GWAS; see ‘Genetic Studies of 
Complex Disorders’ section]) or presence/absence of markers in either cohort 
(exome-chips array or NGS) [74]. Approaches that use genome- wide arrays (exclud-
ing exome-chips) explore differences in allele frequencies for common markers 
(MAF > 1–50%), whilst approaches that use exome-chip arrays and/or NGS target 
rare variants (MAF ≪  1%). Provided availability of well-defined cohorts, large 
numbers are required in either type of study to identify significant genotype-pheno-
type associations [75]. It is important to note that, whilst looking at the same trait, a 
GWAS and a NGS feature same parameters differently: (1) GWAS screens ‘com-
mon variants’ (MAF > 1–50%), whilst NGS tests ‘rare variants’ (MAF ≪ 1%); (2) 
in GWAS the association analysis tests each marker individually, thus statistical 

R. Ferrari et al.



153

correction is in the range of millions (Bonferroni correction) leading to a ‘signifi-
cance threshold’ of 5 × 10−8, whilst for NGS tests vary on the basis of the research 
question (i.e. the focus might be (1) all genes and coding variants or (2) subset of 
genes and a subset of coding variants or (3) only non-coding variants, thus here one 
might correct more or less times leading to variable ‘thresholds’); and (4) in GWAS 
common variants are associated with a small-to-moderate effect size defined for the 
most by odds ratios (OR) of 1.5–2, whilst NGS variants are expected to be very rare 
and highly penetrant (OR ≫ 3). Therefore, the sample numbers of 1000 cases and 
1000 controls lead to completely different results in GWAS and NGS; (1) in the case 
of a GWAS, a ‘significance threshold’ of 5  ×  10−8, a ‘disease prevalence’ of 
10/100,000, assessing ‘common markers’ (MAF > 1–50%) and OR of 1.5 lead to a 
power to detect association of ~82.6% [76]; (2) in the case of NGS, specifically 
whole exome sequencing (WES), a ‘significance threshold’ of 5 × 10−5 (considering 
20,000 genes), a ‘disease prevalence’ of 10/100,000, assessing ‘rare variants’ 
(MAF < 1%) and OR of 3 lead to a power to detect association of ~64.5% [76]. It 
follows that different combinations of these parameters influence the power of WES 
more robustly than in the case of GWAS; thus, the former is more sensitive to the 
sample size. Additionally, the financial cost of NGS is still about twofold greater 
than GWAS. Taken all this together, although in the near future, NGS will allow to 
screen populations’ genomes at an incommensurable level of resolution, for many 
scientific questions, GWAS still remains the platform of choice for genetic investi-
gation due to computational-, time- and cost-effectiveness.

A comprehensive assessment of FTD genetics can be further reviewed in [58, 
66]. In the next sections, we review the major features of GWAS and results obtained 
to date by applying GWAS strategies to the study of sporadic FTD. Overall features 
of FTD genetics are summarized in Fig. 9.1.

 Genetic Studies of Complex Disorders

 Synopsis

In the era of modern genetics, there is an array of techniques that can be used to 
explore the genetics associated with a particular trait. Genetic and, latterly, genomic 
data have been generated with increasing speed and efficiency, allowing the transi-
tion from studies focused on individual genes to comparing genomes of whole pop-
ulations [77]. Examining genetic background is, therefore, of great importance for 
identifying individual mutations and/or variants causing or increasing risk for 
developing diseases [78]. More specifically, these overall variants can be harmful, 
increasing susceptibility for a condition (i.e. a cluster of variants with low pene-
trance) or directly causing a disease (i.e. one or few variants with high penetrance) 
[73]. Clearly, different techniques are used to answer different questions or to sup-
port different types of study design. Particularly, it is worth noting that in complex 
diseases there is a trend to grossly subdivide the patient groups into familial or 
sporadic. The familial cases generally include a so-called index patient who is 
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affected by a particular condition and a number of close relatives (including parents 
and siblings) some of whom also present similar or same symptomatology. These 
individuals are generally screened via next-generation sequencing (NGS) tech-
niques, particularly whole exome sequencing (WES), to identify pathogenic muta-
tions in candidate or novel genes that segregate with the disease within the family. 
These types of study are likely to identify a gene that causes or strongly associates 
with the trait or condition under study (Mendelian forms of inheritance).

Nevertheless, for the most part, familial cases represent a small minority of 
cases affected by a particular trait. Although familial studies are of great impor-
tance as they highlight the Mendelian candidate genes (that are also basis of func-
tional/biological studies to understand disease mechanism), at the same time the 
vast majority of patients fall in the category of the sporadic cases, which are more 
difficult to characterize genetically. Sporadic cases are generally unique as they 
present typical clinical symptoms, falling within the clinical description of a par-
ticular trait, yet only rarely the known candidate genes appear to be the genetic 
cause or strongly contribute to their pathogenesis. Sporadic cases are generally 
investigated via genome-wide association types of study (GWAS). A typical 
GWAS design involves using microarray to genotype a cohort of interest and to 
identify variants associating with a particular trait in a hypothesis-free discovery 
study. A GWAS results in a list of SNPs evaluated for their frequency in relation 
to the trait under study. Most reported associations in GWAS are intronic or inter-
genic affecting DNA structure and gene expression rather than protein sequence 
[73]. Although GWAS identify risk loci, defined by SNPs that might be the actual 
reason of the signal or just in linkage disequilibrium (LD) with it, the associated 
variants might be informative implying to causal or susceptibility functional path-
ways [79]. The exponential growth in the number of GWAS in the past 10 years 
has led to the discovery of thousands of published associations for a range of traits 
(over 25,300 unique SNP-trait associations from over 2500 studies in GWAS 
Catalog [http://www.ebi.ac.uk/gwas]). Although most of the associating SNPs 
have a small effect size, they provide important clues to the pathobiology of the 
disease and even may suggest new therapeutic approaches (e.g. in sickle-cell dis-
ease, BCL11A was identified as a gene controlling foetal haemoglobin levels [80, 
81]; in Crohn’s disease, GWAS underlined the pathogenic role of specific pro-
cesses such as autophagy and the innate immunity [82]). Another opportunity 
supported by GWAS is the possibility of comparing the genetic architecture 
between traits (LD score regression, [83]). Conversely, a common criticism is that 
significant SNPs still do not explain the entire genetic contribution to the trait (i.e. 
missing heritability [84]). However, models incorporating all SNPs regardless of 
their statistical significance in GWAS, substantially improve the genetic study of 
the trait [85] for which, ultimately, the remaining missing heritability is likely 
explained by rare variants (therefore not captured in GWAS). It follows that in the 
genetic study of complex disorders, the choice between a microarray or NGS 
approach (or both) should be based on the pertinent scientific or medical 
question(s) under consideration [79, 86].
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 Basics of Genetic Variability

In Homo sapiens, the haploid genome consists of three billion DNA base pairs 
(bps). These make up the coding regions (1–2% of the entire genome) and the 
remaining 98–99% (non-coding regions) which appear to hold structural and func-
tional relevance [78, 87, 88]. Genetic variability (i.e. difference in genotype) in the 
genome is among the main driving factors at the basis of differences between indi-
viduals and populations, yet the majority of the variants are benign. However, some 
rare variants (≪1%) can be harmful either in a Mendelian fashion (gene/mutation/
disease), like in rare or familial forms of disease such as Huntington’s disease [89] 
or cystic fibrosis [90]. As well variants/mutations might contribute to increased risk 
of developing common/complex disorders through an interplay between genetic 
and environmental factors with variable effect size as in the case of late onset 
Alzheimer’s disease (LOAD) [91]. Each disorder has a genetic component (with 
low, intermediate or full penetrance). A better understanding of the variants in the 
genome and a better genotype-phenotype correlation are critical for identifying the 
genetic factors that influence health and disease. Currently, two major categories of 
variants are recognized: the simple nucleotide variations (SNVs) and the structural 
variations (SVs) (Fig.  9.2). SNVs, comprising single nucleotide polymorphisms 
(SNPs) and small insertion/deletions (small indels), affect single or few bases. 
Structural variants (SVs) comprise copy number polymorphisms (CNPs) that 
include large indels (100 bp–1 kb) and copy number variations (CNVs) (>1 kb) and 
affect larger genomic regions. Inversions and translocations belong to the category 
of SVs.

Small insertion/deletions (small indels)

Single nucleotide polymorphisms (SNPs)
(1) SIMPLE NUCLEOTIDE

VARIATIONS (SNVs)

(2) STRUCTURAL
VARIATIONS (SVs)

Copy number polymorphisms (CNPs):
Large indels (100bp – 1Kb)
Copy number variations (CNVs) (>1Kb)

Inversions
Translocations

Fig. 9.2 Types of genetic variants. Summary of the main types of variants in the genome involv-
ing (1) single (or few) base pairs (bp) or (2) larger areas of the genome
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In the majority of cases, SNVs (Fig. 9.3) can cause direct changes to proteins 
(when located in the coding regions), affect cis and/or trans gene expression, or 
splicing (when located in intergenic or promoter regions or in introns). Changes 
within the coding regions can result in synonymous, missense, non-sense and 
frameshift mutations. Non-sense mutations cause a premature truncation of the pro-
tein, and frameshift mutations cause a shift in the reading frame giving rise to novel 
translated elements. Missense, non-sense and frameshift mutations can be harmful 
and exert a pathogenic effect through mechanisms such as loss or toxic gain of func-
tion. Conversely, changes in promoter regions can affect gene expression by nega-
tively modulating the activity of transcription factors, blocking gene expression or 
causing aberrant gene expression. Changes in introns can affect splicing leading to 
non-functional or toxic forms of m-RNA and a decrease in protein production (i.e. 
haploinsufficiency).

SVs (Fig. 9.4) affect larger parts of the genome. These types of variants can 
cause the loss of portions of DNA (deletions) that, in turn, may lead to haploin-
sufficiency or aberrant regulation of gene expression. On the other hand, dupli-
cations, which lead to multiple tandem copies of an allele, can cause aberrant 
phenotypes due to gene over-expression. Duplications can also happen at the 
level of chromosomes causing over-expression of the set of genes located on 
that chromosome.

(1) SIMPLE NUCLEOTIDE VARIATIONS (SNVs)
Single nucleotide polymorphisms (SNPs)
Small insertion/deletions (small indels)

Synonymous mutation

Missense mutation

Non sense mutation

Directly affect proteins

Frameshift mutation

  Can exert pathogenic effect causing
loss or toxic gain of function

Alter gene expression

Block gene expression or cause gene overexpression

Affect introns splicing leading to non-functional or toxic forms of
m-RNA and a consequent decrease in protein production (i.e.
haploinsufficiency)

Coding regions

Intergenic regions

promoter regions

introns

or

or

Fig. 9.3 Characteristics of simple nucleotide variations. Schematic view of the main single 
nucleotide variations (SNVs) and their related effect
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Current techniques to capture genetic variants such as SNVs and SVs include (1) 
Sanger sequencing [92], (2) DNA microarrays [93] and (3) next-generation sequenc-
ing (NGS) [94]. Both microarrays and NGS approaches allow the identification of 
SNVs as well as some types of CNVs (Fig. 9.2); nevertheless, microarrays are more 
limited compared to NGS strategies as they are based on a priori knowledge of 
sequence and SNVs, whilst NGS allows detection of novel changes. Particularly, 
NGS allows the sequencing of specifically targeted regions, whole exome (WES) 
and whole genomes (WGS) of individuals. WES allows the screening of all variants 
(including rare) in the coding region, including mutations with a direct effect on the 
protein; WGS allows the identification of all common and rare coding and non- 
coding variants [94, 95].

 The Study of Genetic Variability

The human genome was sequenced and released in the early 2000s by the public 
Human Genome Project (HGP) [78]. The reference genome is paired with a genome- 
wide map of common variability, thanks to the International HapMap Project [96]. 
This project identified common variants (minor allele frequency [MAF] ≥  5%) 
across the genome of different populations (African, Asian and European ancestry) 
leading to the awareness that up to 99.5% of the genome across any two individuals 

(2) STRUCTURAL VARIATIONS (SVs)
Copy number polymorphisms (CNPs):

Gene deletions loss (haploinsufficiency)

Gene duplication

Presence of an entire extra
chromosome: e.g. chr 21 trisomy (down
syndrome)

cut a gene within its open reading frame causing:
gene loss
creation of “new genes”
(if insertion falls within other genes elsewhere in the genome)

disruption of promoter or enhancer regions impacting:
gene expression

loss of the transcription of certain proximal or in cis genes
aberrant transcription of genes in other portions of the genome

Large indels
(100bp – 1Kb)

Copy number
variations
(CNVs) (>1Kb)

Inversions
Translocations

Fig. 9.4 Characteristics of structural variations. Schematic view of the main structural variations 
(SVs) and their related effect
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is identical and, in addition, to the mapping of up to 10M SNPs. Importantly, the 
HapMap project allowed to complement the HGP with additional information such 
as that of haplotype blocks, based on the concept of linkage disequilibrium (LD) the 
grounding foundation of GWAS [77]. To increase the resolution achieved by 
HapMap, the 1000 Genomes Project was concluded in 2015 with 2504 genomes 
sequenced from 26 populations [97] to produce an extensive public catalog of 
human genetic variation, including rarer SNPs (MAF ≥ 1%) and SVs. This data 
(reference genome  +  HapMap  +  1000 Genomes projects) is publicly available, 
greatly fostering high-resolution and population-specific GWAS and filtering of 
benign common and rare variants for NGS data analysis.

The HGP, HapMap and 1000 Genome projects have laid the cornerstone of 
today’s deep analysis of the human genome and continuing development of plat-
forms and bioinformatics tools available for the study of genetics of disease. By 
means of evenly distributed known SNPs and based on the ever-developing knowl-
edge on LD blocks, GWAS are able to identify loci associated with disease. The 
primary outcome of GWAS is the identification of a locus, a genetic region that 
might be associated with a trait/disease; the association, normally, is further inves-
tigated to discover the possible underlying causal variants through fine mapping, 
dense genotyping and DNA sequencing. The expected outcome of GWAS is not 
exclusively the identification of one or several coding changes affecting the func-
tions of a protein but the identification of variants affecting transcription and trans-
lation or variants that are in LD with the causal variants [98]. GWAS have now 
reached the level of almost standard technique and have been used to investigate the 
genetic bases of a large variety of different disorders. For a complete list of GWAS 
accomplished to date, see http://www.ebi.ac.uk/gwas, whilst for a complete list of 
GWAS on neurological disorders, see http://www.alzgene.org.

 Genome-Wide Association Studies (GWAS)

 GWAS: Study Design
GWAS follow the broad hypothesis of ‘common disease—common variant(s)’ and 
represent a large-scale example of classical cases vs. control studies to assess differ-
ences in the allelic frequencies of genotyped (and imputed) genetic markers between 
the two study groups. Specifically, differences in the frequencies of the alleles are 
statistically evaluated for each SNP in order to detect discriminants that may associ-
ate with/contribute to disease. Conceptually, GWAS interrogate the genome in an 
unbiased manner by means of hundreds of thousands of evenly distributed SNPs 
and allow for the identification of loci that increase susceptibility for disease, i.e. 
genetic markers within genetic regions with small to moderate effect size. A GWAS 
consists of two phases: a discovery and a replication phase. The discovery phase (or 
phase I) is hypothesis free and allows identification of one or more genetic risk-loci. 
The statistically significant loci and those that are suggestive of association in phase 
I are selected for replication (phase II) that is to be performed in a novel indepen-
dent cohort of cases and controls for validation. When and if results of phase I are 
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replicated in phase II, it is sensible to infer that most probably the locus/loci that 
show association contain or are in LD with the SNP(s) that is/are responsible for the 
association.

Finally, after completion of phase II, the associated loci are further investigated 
through fine mapping, i.e. genotyping a smaller number of SNPs (~10K SNPs) 
within a smaller region (1–5 Mbp) comprising the associated SNP, to identify other 
associated SNPs and/or, possibly, disease-associated haplotypes, or through direct 
sequencing of all the neighbouring genes implicated by the associated SNP [98].

 GWAS: Good Practice for Success
GWAS is a long, complex and error-prone experimental procedure with confound-
ing elements to contaminate the final outcome of the study. The most common 
errors include phenotyping, sample quality, genotyping errors/artefacts and popula-
tion stratification (heterogeneous genetic background within the study cohorts), to 
name the most relevant. However, there are a number of good practices to imple-
ment in order to minimize errors. As such, the requirements and the workflow for a 
successful GWAS can be summarized as follows:

 1. Choice of appropriate genotyping array in order to evenly cover the genome and 
best target the genetic background of the study population.

 2. Detailed characterization of the study cohorts through stringent clinical and/
or pathological inclusion/exclusion criteria and a well-defined disease 
phenotype.

 3. Accurate match of cases and controls and large enough sample and control size 
in order to increase the power of the study.

 4. Use of stringent quality control (QC) steps prior to and after genotyping. Prior to 
genotyping excluding poor quality samples is fundamental to avoid genotyping 
errors/artefacts. After genotyping, there are several quality control measures to 
be implemented in order to target and filter both SNPs and samples included in 
the association analysis.

 5. SNPs: SNPs with call rates ≥0.95 should be included. This measure can be more 
stringent (≥0.97–0.99) based, mainly, on study design. To eliminate possible 
confounding factors, all SNPs with no call, or the outliers, or those that deviate 
from the Hardy-Weinberg equilibrium law or those that have a MAF < 0.01 need 
to be excluded. These inclusion/exclusion criteria need to be applied for both 
cases and control sample sets.

 6. Samples: cases and controls will need to be matched based on ancestry in order 
to exclude possible false positives simply due to differences in the genetic back-
ground of the two cohorts (population stratification). Samples with missing data 
for >5% of SNPs, samples that might be related and samples with discordant 
gender (gender mismatch) need to be excluded because of their high probability 
of contaminating the results of the association analysis.

After the preliminary QC steps, the clean dataset (which means all informative 
cases, controls and SNPs have been identified and filtered) is used for the 
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association analysis. The latter is performed by means of online free open-source 
whole genome association analysis toolsets such as Plink (http://pngu.mgh.harvard.
edu/~purcell/plink/) and R (http://www.r-project.org/). In studies evaluating for 
dichotomous traits (i.e. cases vs. control), the association needs to be tested for its 
significance and the effect size. Significance can be assessed through a number of 
methods including the Chi-squared test with either one degree of freedom (df) 
(allelic) or two df (genotypic), the Fisher’s exact test or logistic regression. The 
significance is expressed in p-values for which, currently, an association is consid-
ered genome-wide significant when the p-value is <5 × 10−08. Once the association 
analysis is performed, there is an additional step to evaluate the impact on results of 
possible confounding factors. This is the assessment of the distribution of the data 
through the quantile-quantile plots (QQ plots) that allow appreciating inflation/
deflation from the expected distribution (Fig. 9.5). The genomic inflation factor (λ) 
defines the deviation from the expected distribution under the null model (null 
hypothesis). Inflation (λ > 1) is generally a signal of possible population stratifica-
tion, or an issue of relatedness (sample duplicates), or a technical bias or due to 
DNA poor quality, whilst deflation (λ < 1) is generally a sign of possible phenotype 
discordance. However, a value of λ ~ 1.05 is considered acceptable in GWAS. Effect 
size is measured in the vast majority of GWAS through odds ratio (OR). An OR 
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Fig. 9.5 Example of quantile-quantile plot. Example of a QQ plot. The red line identifies 
the expected distribution in concordance with the null hypothesis. The black line represents the 
observed distribution. The majority of the observed distribution (up to 99%) overlaps with 
the expected distribution. Only a minority of SNPs (≤1%) deviates from the expected distribution 
because of presumable association with the trait (disease). However, the deviation underlying true 
association is expected to be minimal as a major deviation (inflation: λ > 1 or deflation λ < 1) rep-
resents confounding issues (e.g. population stratification)
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greater than 1 generally suggests increased risk, whilst an odds ratio smaller than 1 
indicates protection.

 Keywords and Definitions
Null hypothesis: the hypothesis that there is no association between genotype and 
phenotype (i.e. no association between any allelic frequency and disease).

p-value: probability of finding an association exclusively by chance.
Type I error (α): probability of identifying an association when there is actually 

none (false positive also called spurious association).
Type II error (β): probability of not identifying an association when there is 

actually one (false negative).
Power: probability of identifying an association when there is actually one 

(1 − β). The power is function of (1) sample size, (2) allele frequency, (3) effect size 
and (4) haplotype structure.

Effect size: magnitude of risk conferred by a certain allele.
Odds ratio (OR): the measure of association by comparing the odds of an event 

happening in the presence or absence of a specific variable (e.g. an allele). In the 
specific case of GWAS the OR is:

 

OR

presence of allele A and presence of phenotype
presence o

=

/
ff allele A and absence of phenotype

absence of allele A and preesence of phenotype
absence of allele A and absence of phen

/
ootype  

 GWAS: Interpretation of the Results
To date, one of the most important lessons in interpretation of GWAS results is that the 
SNPs with the smallest p-values might not necessarily be the real reason for the asso-
ciation. In the majority of cases, the SNPs with highest association are tag-SNPs 
which act as a surrogate for association indirectly pointing to neighbouring SNPs in 
LD for the real cause of association at that locus. In addition, the SNPs showing asso-
ciation are rarely coding, rather intronic or intergenic. When a GWAS is concluded 
(discovery + replication phases), caution is warranted in the interpretation of the out-
come, and the following steps are generally recommended (Fig. 9.6): (1) identifying 
and sequencing all genes in proximity of the top hits to identify possible coding 
changes, that is, pathogenic coding variants and novel genes associated with the dis-
ease under study; (2) selecting all identified known polymorphisms to build haplo-
types within and around the associated locus/loci to possibly identify disease-specific 
haplotypes and/or particular SNPs that are in linkage disequilibrium with the GWAS 
top hits to be further studied; and (3) evaluating effects of the associated SNPs (and of 
those in LD with the associated SNPs) on expression and/or splicing. For the latter 
analysis, all SNPs (intergenic, intronic or even synonymous variants) that show asso-
ciation or are in LD with associate SNPs are informative. In fact, when the associated 
loci do not affect proteins directly, it is likely that they exert their effect by (1) altering 
constitutively transcript levels, (2) modulating transcript expression and (3) affecting 
splicing [98].

9 Genetic Risk Factors for Sporadic Frontotemporal Dementia



162

 GWAS in FTD

 Synopsis

To date, three major GWAS have been performed in the field of frontotemporal 
dementia. The first study was released in 2010 [99] and focused on a subgroup of 
the FTD spectrum defined by TDP-43 pathology (FTLD-TDP). The second study 
was published in 2014 and was performed on clinical FTD including the major 
syndromes—bvFTD and PPAs—as well as FTD overlapping with motor neuron 
disease (MND) [100]. The last was a population-specific association study explor-
ing the genetic underpinnings of clinical Italian FTD and was published in 2015 
[101]. All such studies were performed to further the understanding of, and to iden-
tify novel genetic risk factors associated with, sporadic FTD.

 International FTLD-TDP GWAS

 The Study and Lessons Learned
This work included FTD cases meeting either pathological or genetic (i.e. presence 
of pathogenic GRN mutations) criteria for FTLD-TDP and was designed as a 

Genome wide associated SNPs (P<E-8)

YES (rarely) NO (more commonly)

Are these SNPs the reason of association?

Assessment of effect:

coding change affecting protein
function and pathways?

non-coding change affecting
expression and/or splicing?

Sequence genes where the GWAS SNPs
locate to; sequence also proximal genes

(within 10Kbp-1Mbp from GWAS hits)

Identification of variants

Non-coding variantsCoding variants

Are there missense/truncation
mutations detrimental to the

protein?

Possible/probable reason
of association

Use of all variants to identify SNPs
in high LD with the GWAS hits

Are there SNPs in LD with GWAS hits?

Is there a disease-specific haplotype?

Fig. 9.6 Post-GWAS workflow. Diagram highlighting the recommended workflow subsequent to 
completion of discovery and replication phases of a GWAS. These are the main (but not exclusive) 
immediate steps warranted for further interpreting the results of a GWAS
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classical case-control study with a discovery and a replication phase. The discovery 
phase included 515 FTLD-TDP pathologically confirmed cases (89 of which car-
ried GRN mutations) and 2509 disease-free population controls and used standard 
Illumina array chips such as the 550K and 610K BeadChips to generate genotypes. 
The replication phase was performed on 89 independent FTLD-TDP cases and 553 
Caucasian controls using the TaqMan SNP genotyping technology.

The discovery phase highlighted three significant SNPs—rs6966915, rs1020004 
and rs1990622 (Table  9.1A)—mapping to a 68  kb interval on chromosome 7 at 
7p21.3 and encompassing the transmembrane protein 106B (TMEM106B) gene: the 
top SNP, rs1990622, locates 6.9 kb downstream of TMEM106B, whilst rs1020004 
and rs6966915 map to introns 3 and 5, respectively, of TMEM106B. When condi-
tioning the analysis upon presence (n = 89) or absence (n = 426) of GRN mutation 
carriers, the signal at 7p21.3 persisted, yet there was a robust inflation for the GRN+ 
cohort strongly suggesting TMEM106B modulating or being modulated by GRN 
mutations. Replication could be only performed for two of the top SNPs (i.e. 
rs1020004 and rs1990622) indicating significant association and same direction of 
effect as in discovery phase (Table 9.1A). Of note, however, replication was only 
achieved in the FTLD-TDP replication-cohort, whilst the results could not be repli-
cated in additional 192 individuals with unspecified FTLD [99]. To evaluate the 
biological effect of the associated risk alleles, authors firstly interrogated a database 
for lymphoblastoid cell lines that suggested the risk allele (T) of rs1990622 associ-
ating with higher TMEM106B mRNA levels. This was supported by additional 
assessments of TMEM106B’s expression in frontal cortex in FTLD-TDP post- 
mortem (n = 18) and neurologically normal control (n = 7) brains for rs1020004 and 
rs1990622 indicating that risk allele carriers had 2.5-fold higher expression rates of 
TMEM106B compared to controls [99]. Finally, testing TMEM106B expression lev-
els in FTLD-TDP with and without GRN mutations indicated that GRN+ carriers 
displayed highest increase of TMEM106B expression comparatively to GRN indi-
viduals and controls (and this was independent from the rs1990622 risk allele) [99].

Altogether, this study indicated SNPs encompassing the TMEM106B gene as 
risk factors for the FTLD-TDP subtype with the risk alleles exerting their effect by 
influencing an increase in TMEM106B expression levels in brain areas typically 
affected in FTD (i.e. frontal cortex). Additionally, this study suggested TMEM106B 
risk alleles being particularly enriched in GRN mutation carriers strongly suggest-
ing TMEM106B as a GRN modifier.

 Follow-Up Studies
After completion of the original GWAS [99], multiple follow-up studies have been 
performed in order to further the understanding of TMEM106B’s biology.

Such works have both investigated genetic replication of the risk SNPs and tried 
to shed light on their functional meaning. Genetic replication studies have led, to 
date, to rather variable results, and this might be partially ascribed to the differences 
in the study designs that is differences in cohort sizes, in the diagnoses of the anal-
ysed cases (i.e. clinical FTD or FTLD-TDP), genetic background (i.e. presence/
absence of GRN or C9orf72 variability) or population subtypes. As indicated by the 
original study, TMEM106B appears to be a risk factor confined to the FTLD-TDP 
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endophenotype; in fact, authors failed to replicate their findings in 192 clinical or 
non-FTLD-TDP cases indicating as a reason the lack of power due to sample size 
[99]. Nevertheless, when different and larger cohorts were analysed, results were at 
times equivocal. In a North American study, only nominal significance was reached 
for the three TMEM106B GWAS-SNPs in a cohort of over 600 FTD cases [102]: 
patients were subdivided in n = 482 clinical FTD, n = 80 GRN− FTLD-TDP and 
n = 78 GRN+ FTLD-TDP. Only rs1990622 resulted significantly associated in the 
GRN+ subgroup whilst analysed in a recessive genetic model [102]. Of note, the 
GRN+ cases that concomitantly carried the protective (minor) allele (C)—especially 
in the case of homozygotes—showed a later age of onset [102]. In support of this 
finding, carriers of the homozygous allele T (rs1990622) showed association with 
13 years earlier age of onset in another North American cohort of sporadic FTLD- 
TDP cases with GRN mutations (n  =  50) [103]. Significant association for the 
rs1990622 risk alleles was reported in a Belgian, mainly clinical, FTLD cohort 
(n ~ 290) that included GRN mutation carriers (n = 13), FTLD-ALS (n = 22) and 
FTLD-TDP cases (n  =  14) [104]. Yet this resulted an isolated replication of the 
original findings in clinical FTD as association for TMEM106B risk alleles failed in 
a British (Manchester and London) clinical FTLD cohort sized n > 400 with no 
GRN mutations carriers [105]. Replication also failed in the largest dataset (n ~ 2200; 
discovery phase) of clinical sporadic North American and European FTD to date 
(see ‘International Clinical FTD GWAS’ section and [100]); assessing the three 
TMEM106B GWAS-SNPs, lowest p-values (in the range of 5 × 10−3) were seen for 
rs1990622 in the bvFTD subtype and the meta-analysis of the entire cohort, whilst 
for any other combination of SNPs and phenotype, p-values were negligible 
(Table  9.2). Additionally, replication failed in an Italian cohort of clinical FTD 
(n  =  530; see ‘Italian Clinical FTD GWAS’ section and [101]) where the three 
TMEM106B GWAS-SNPs reached p-values ranging between 3 and 6  ×  10−1 
(Table 9.2). Genetic analyses were also carried out in an ALS population (n = 85), 
from North America, excluding association with increased risk of developing ALS 
for the major risk allele (T) of rs1990622, although there was a hint of association 
when focusing on those ALS cases with a concomitant cognitive impairment (whilst 
distribution and severity of TDP-43 pathology seemed independent from 
TMEM106B genotypes) [106]. It follows that, thus far, studies suggested a major 
implication of TMEM106B risk alleles almost exclusively in FTLD-TDP cases car-
rying GRN mutations, with, additionally, a modulating effect on age of onset where 
risk alleles or protective alleles (especially in the homozygous state) contributed to 
earlier or later age of onset, respectively. The focus of the next studies became veri-
fication of their effects as modifiers in presence of C9orf72 expansion, all the more 
considering that cases carrying the expansion, similar to the case of GRN mutations, 
are grossly associated with FTLD-TDP pathology [24]. One study on over 300 
FTLD C9orf72 expansion carriers from North American extraction, subdivided into 
FTD (n = 86), FTD-MND (n = 78) and MND (n = 127), used a recessive genetic 
model to verify frequencies of the protective (minor) alleles for rs3173615 and 
rs1990622. They stratified by disease phenotype, and major protection was yielded 
in FTD and least in MND cases (although the effect was less penetrant than in the 
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case of GRN as previously described [99, 102, 103]). Also, the TDP-43 burden was 
attenuated in presence of homozygous protective TMEM106B alleles [107]. Of 
note, a reduced association for the MND cases appeared in line with previous 
reports [106]. However, another study [108], published back-to-back with [107], 
counterintuitively contradicted findings of the latter: using utterly small discovery 
(n = 14) and replication (n = 75) cohorts of North American and British extraction—
all defined as FTLD-TDP cases carrying C9orf72 expansion—Gallagher and col-
leagues also applied the recessive genetic model and found correlation between 
homozygous minor (protective) alleles for rs1990622 and earlier disease age of 
onset as well as shorter disease duration [108]. This was in complete contradiction 
with [107] and previous literature reports [102, 103]. A third work studied a FTD 
cohort of southern European extraction (French and Italian) with either no muta-
tions in known genes (n = 384) or C9orf72 expansion (n = 145) or GRN mutations 
(n = 76) indicated association with increased risk for disease for the major (risk) 
allele T of rs1990622 exclusively in the GRN mutation carriers group, yet no asso-
ciation or effect on age of onset or disease duration was found [109]. A more recent 
study in the Spanish population of 146 clinical FTD patients illustrated a tendency, 
yet not fully statistically significant, of increased risk for the risk (major) allele T for 
rs1990622 [110].

The investigation of biological effects of the TMEM106B GWAS-SNPs relied on 
the assessment of effects on TMEM106B expression as well as on plasma levels of 
TMEM106B and GRN and on functional studies aimed at exploring TMEM106B’s 
biology in relation to lysosomes. In the original study [99], the effect alleles were 
shown to influence an increased expression of TMEM106B although it was also 
shown that increased TMEM106B mRNA levels could be seen in GRN mutation 
carriers, independently of the TMEM106B GWAS-SNPs genotypes [99]. Another 
study indicated that the minor (protective) alleles of the GWAS-SNPs showed asso-
ciation with reduced levels of TMEM106B mRNA and concomitant higher GRN 
mRNA and GRN plasma levels [102]. Nevertheless, as in the case of the previously 
described genetic replication studies, studies evaluating effects on TMEM106B 
expression led to contradicting results, as multiple studies did not detect an increase 
of TMEM106B mRNA in presence of TMEM106B GWAS-risk alleles as evidenced 
in [103, 104, 111]. It had also been suggested that increased levels of TMEM106B 
protein may modulate GRN plasma levels and contribute to pathogenic processes in 
this fashion [112]. Another effect on TMEM106B protein levels appears to be 
exerted by rs3173615 that leads to the missense mutation T185S. Rs3173615 is the 
only coding variant in strong LD with the TMEM106B GWAS-SNPs [102]. It was 
shown that when the T185 isoform was overexpressed there was nearly a twofold 
increase in TMEM106B protein expression as compared to the S185 isoform, 
despite equal mRNA expression levels; it was also shown that the higher levels of 
TMEM106B T185 protein were due to more rapid lysosomal degradation of the 
TMEM106B S185 protein [113]. Considering these two pieces of information 
together, one might speculate that a basal higher expression level of TMEM106B  
is the functional/biological reason contributing to increased risk of developing  
the disorder.
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TMEM106B encodes the 274 amino acid long protein TMEM106B, which is a 
type 2 integral transmembrane protein located on endosomal and/or lysosomal 
membranes [114]. TMEM106B protein is found in neurons, glial and endothelial 
cells [115]. Currently, the suggested disease model indicates the increased level of 
TMEM106B as detrimental. A number of studies in different (non-neuronal) cell 
lines indicated that increased levels of TMEM106B protein seemed to interfere with 
the generation of mature and/or functional lysosomes leading to a delay in 
endolysosomal- dependent degradation and concomitant cytotoxicity [112, 116, 
117] as well as causing translocation of transcription factor EB (TFEB) to the 
nucleus and to upregulate gene expression from the Coordinated Lysosomal 
Expression and Regulation (CLEAR) gene network [117], which is a marker of 
lysosomal stress [118]. These results were only partially replicated in mouse pri-
mary neurons: more specifically, in this setting, effects of higher TMEM106B pro-
tein levels were compared with effects on lysosomal size, but not on cell viability, 
TFEB translocation (thus lysosomal stress) or lysosomal acidification [117, 119]. 
Functional interplay between TMEM106B and GRN, and C9orf72 at the lysosomal 
cellular level has started to be investigated. A recent animal model indicated that grn 
and tmem106b have opposite effects on lysosomal enzyme levels (increase follow-
ing GRN depletion and decrease after TMEM106B depletion) and that tmem106b 
deletion in grn knockout mice normalized lysosomal protein levels partially rescu-
ing behavioural abnormalities in the mice [120]. Conversely, in multiple cell types 
(including neurons) it was shown that TMEM106B-induced defects were rescued 
after C9orf72 knockdown suggesting that TMEM106B and C9orf72 might interact 
within lysosomal pathophysiology [116]. Although further functional studies are 
needed to investigate TMEM106B’s interplay with GRN and C9orf72 and its impli-
cation in FTLD-TDP, overall, it currently appears that well-regulated TMEM106B 
levels are important to support correct lysosomal functional.

 International Clinical FTD GWAS

 The Study and Lessons Learned
This study included FTD cases falling within the four clinical subgroups bvFTD, 
PPAs (SD and PNFA) and FTD-MND and followed the classical two-phased (dis-
covery +  replication) case-control strategy. Cases collected during discovery and 
replication phases had been diagnosed following the Neary [17] and the Rascovsky 
& Gorno-Tempini criteria [18, 20], respectively. Metadata accompanying all sam-
ples—including diagnosis, pathology and/or imaging data and genetic characteriza-
tion for the known candidate genes—were collected in order to better stratify 
analyses (e.g. exclusion of MAPT and GRN mutation carriers). Up to 2154 cases vs. 
4308 neurologically normal controls (discovery phase) and 1372 cases vs. 5092 
neurologically normal controls (replication phase)—for a total (discovery + replica-
tion phases) of 3526 FTD samples and 9400 controls—were analysed in this study. 
The samples in discovery phase were genotyped on the Illumina 660K BeadChips, 
whilst the samples in replication phase were genotyped on a semi- custom 
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exome-chip designed for ad hoc genetic studies in neurodegenerative conditions (as 
explained in the original study [100]). Of note, during phase I of this study there was 
no knowledge of the C9orf72 repeat expansion; thus, cases carrying the expansion 
were blindly included in the discovery phase; same design was thus kept in replica-
tion phase for the C9orf72-positive cases to ease post hoc analyses.

The primary association analyses (discovery phase) were performed separately 
for the four subtypes (bvFTD, SD, PNFA and FTD-MND), followed by a meta- 
analysis on the entire cohort. For the bvFTD subtype, 1377 cases vs. 2754 con-
trols were analysed leading to the identification of two significant SNPs—rs302652 
and rs74977128—mapping to chromosome 11q14 (Table 9.1A). Rs302652 locates 
to intron 1 of the gene RAB38, member of RAS oncogene family (RAB38), whilst 
rs74977128 maps to the intergenic region between RAB38 and cathepsin C 
(CTSC), ~25 kb upstream from RAB38 open reading frame (ORF). For the remain-
der subtypes, association analysis was performed on 308 SD cases (vs. 616 con-
trols), 269 PNFA cases (vs. 538 controls) and 200 FTD-MND cases (vs. 400 
controls), and no SNP reached genome-wide significance likely due to small sam-
ple size, thus insufficient power. The meta-analysis on all four subtypes indicated 
significant SNPs at the 6p21.3 locus: rs1980493, locating to intron 5 of the butyr-
ophilin-like 2 (MHC class II associated) gene (BTNL2), and rs9268877 and 
rs9268856, both mapping ~18.5–20 kb downstream from HLA-DRA, between the 
major histocompatibility complex class II, DR alpha and DR beta 5 genes (HLA-
DRA; HLA-DRB5) (Table  9.1A). Replication was assessed through surrogate/
proxy SNPs for the bvFTD subtype in n = 690 bvFTD cases (vs. 5094 controls) at 
chr11q14: rs302668, locating to intron 2 of RAB38 was significant, whilst 
rs16913634, locating to the intergenic region between RAB38 and CTSC, wasn’t, 
and, accordingly, joint analysis showed suggestive p-values only for rs302668 
(Table 9.1A), probably reflecting a decrease in power due to proxy-based replica-
tion and smaller sample size (i.e. 690 cases). Replication for the entire cohort at 
the 6p21.3 locus was significant for rs9268856 and rs1980493, and joint analysis 
confirmed strong association for the three top SNPs rs9268877, rs9268856 and 
rs1980493 (Table 9.1A). To then assess the potential biological effects of the risk 
alleles, expression and methylation quantitative trait loci data (e/mQTL) in brain 
were evaluated: although no cis changes of expression in brain were evident, the 
top SNP at the RAB38/CTSC locus (rs302652) was associated with decreased 
levels of RAB38 expression in blood, suggesting that a loss of RAB38 function 
might play a role in bvFTD pathogenesis. Also, a significant cis-mQTL at 6p21.3 
for rs1980493 associating with changes in the methylation levels related to HLA-
DRA in the frontal cortex was reported [100].

After the completion of this project, two novel susceptibility loci associated with 
clinical FTD were identified: one on chromosome 11 encompassing RAB38/CTSC 
for the bvFTD subtype and one on chromosome 6 encompassing BTNL2 and HLA- 
DRA/DRB5 for the entire cohort, suggesting that FTD pathogenesis might involve 
lysosomal/phagosomal pathways (link to chromosome 11) and immune system pro-
cesses (link to chromosome 6) with risk alleles exerting their effect by modulating 
expression and methylation levels on cis genes, respectively.
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 Follow-Up Studies
To date not many replication studies have been performed for the GWAS-SNPs 
associated with clinical FTD [100]. One first replication attempt was performed in 
the Italian clinical FTD GWAS (see ‘Italian Clinical FTD GWAS’ section and 
[101]): this resulted in lack of replication of the original findings (Table 9.2) indi-
cating that a population substructure might be at the basis of the lack of associa-
tion. Particularly, this may be due to the fact that, besides the European ancestry, 
the Mediterranean population might not exactly share the same risk factors as that 
of Western/Central/North American-European extraction. Additionally, the only 
other studies exploring the markers defined by the International clinical FTD 
GWAS were done in the Chinese population: a first study in the Northern Han 
Chinese population investigated potential association of theses SNPs in 984 spo-
radic late-onset Alzheimer’s disease (LOAD) cases identifying significant associa-
tion for rs302668 (RAB38/CTSC), rs9268877 (HLA-DRA/HLA-DRB5), rs9268856 
(HLA-DRA/HLA- DRB5) and rs1980493 (BTNL2) [121]. Additionally, another Han 
Chinese population, from southwest China, was assessed for these SNPs (see 
above) in 400 patients with sporadic ALS, 554 with sporadic PD indicating that the 
AA genotype for rs9268856 increased risk of ALS and shorter mean survival time 
[122]. Besides being surprising (but not impossible) that SNPs originally found 
significant in populations with European ancestry do replicate in a fairly diverse 
population such as the Chinese one, it is not clear why in these two studies FTD-
GWAS SNPs were tested in different neurodegenerative disorders (i.e. AD, ALS 
and PD) rather than FTD itself in the first place. No other replication studies for 
these markers saw the light yet.

 Italian Clinical FTD GWAS

 The Study and Lessons Learned
This study was performed on a population-specific subgroup for which authors had 
access to raw data of 634 samples from 8 Italian research centres through the 
International clinical FTD GWAS [101]. The inclusion criteria were in line with 
those of the original study [100] and the work was executed through a standard 
cases vs. controls association study in the discovery phase, whilst three different 
statistical methods such as GATES, supervised PCA (sPCA) and the sequential ker-
nel machine association test (SKAT)—representing three different ways to score 
and prioritize genes in the same dataset (also called ‘SNPs-to-genes’ analysis as 
explained in the original study [101])—were used during replication phase. After 
quality check (QC) steps, 530 patients diagnosed with bvFTD (n  =  418), SD 
(n = 27), PNFA (n = 61) and FTD-MND (n = 23) were included in the study and 
compared to 926 controls obtained from the European Network for Genetic- 
Epidemiological Studies Hypergenes [123].

Although no SNP reached genome-wide significant p-values, there were two 
suggestive loci: one on chromosome 2, at 2p16.3, defined by 7 SNPs with p-values 
ranging between 2 and 8 × 10−7 with odds ratios (OR) exceeding 2.5 (Table 9.1B) 
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and locating to introns of the uncharacterized gene LOC730100, which immediately 
maps downstream (centromeric) from the neurexin 1 (NRXN1) gene. No significant 
cis effects on transcription in brain tissues were seen for the risk alleles. The other 
locus mapped to chromosome 17, at 17q25.3, and was also defined by seven sugges-
tive SNPs with p-values ranging from 1 to 8 × 10−7 and OR barely exceeding 1.5 
(Table 9.1B). These markers are located to the introns of two genes, the centrosomal 
protein 131 (CEP131) and the yet uncharacterized C17orf89, and to the 3′-UTR of 
the ENTH domain containing 2 (ENTHD2) gene. Interestingly, the risk alleles at 
17q25.3 defined a suggestive risk haplotype encompassing CEP131, ENTHD2 and 
C17orf89 and causing decreased expression of the cis genes RFNG, AATK and 
MIR1250 suggesting their cumulative effect on transcription processes as the bio-
logical mechanism underlying the association at this locus. During replication, the 
GATES analysis indicated 13 FDR significant genes, and CEP131, ENTHD2 and 
C17orf89 had lowest p-values; the sPCA analysis revealed 30 FDR significant 
genes, and CEP131 and ENTHD2 had lowest p-values; and the SKAT analysis indi-
cated four FDR significant genes, and CEP131, ENTHD2 and C17orf89 had lowest 
p-values again (Table  9.1B and [101]). All this taken together, replication phase 
revealed that the two genes (CEP131 and ENTHD2) were consistently identified 
across the three analysis methods (GATES, sPCA or SKAT); these genes map 
exactly to the strongly suggestive locus 17q25.3 as per association analysis 
(Table 9.1B and [101]). Of note, there was no replication for the suggestive locus 
2p16.3 because of power issues as explained in [101].

In summary, this study, the first of this size in the Italian FTD population, identi-
fied two novel potential loci for FTD. Particularly, one of the two new loci (17q25.3) 
showed a haplotype substructure significantly associating with disease and affecting 
expression (decrease) of nearby cis genes. From a functional perspective, this study 
directly (CEP131 and ENTHD2) or indirectly (NRXN1, RFNG and AATK) pointed 
to genes involved in variable processes spanning from control of genome stability 
and neuronal apoptosis to trans-Golgi vesicular network, neuronal development, 
differentiation and maturation, and axonogenesis.

 Follow-Up Studies
To date there have not been replication studies for these markers in the Italian popu-
lation yet. The only evaluation made to date was a retrospective assessment in the 
extended International FTD GWAS [100] dataset showing a lack of association 
given the non-significant p-values ranging from 4 to 7 × 10−1. As previously indi-
cated whilst assessing replication of the GWAS-SNPs of the original study [100] in 
the Italian cohort [101], the lack of replication in a bidirectional manner as seen here 
may underlie the fact that differences in populations play an important role in deter-
mining genetic association, even more than sample size and statistical power.

 Summary and Significance of These Studies

An overlap of all loci associated with FTD, as per the GWAS performed to date, is 
summarized in Fig. 9.7.
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The FTLD-TDP GWAS screened a rather homogeneous cohort defined by TDP- 
43 pathology; this was a sensible choice in that homogeneity in the tested cohort is 
an important feature in GWAS type of studies (see ‘Genetic Studies of Complex 
Disorders’ section). This clearly balanced a potential issue represented by sample 
size as n = 515 as discovery cohort is a remarkably small number and led to the iden-
tification of a locus associated with this pathologically defined subtype with good 
confidence. The SNPs defining the identified locus were three markers encompass-
ing the TMEM106B gene; this study indicated three major outcomes: (1) the associa-
tion was the strongest in cases carrying GRN mutations; (2) the risk alleles influence 
TMEM106B expression levels being associated with an increase of TMEM106B 
mRNA; (3) TMEM106B expression levels were increased also just in presence of 
GRN mutations and independently from the TMEM106B allele genotypes [99]; and 
(4) the increase of expression might exert a functional detrimental effect by influenc-
ing lysosomal biology, that is, lysosomal size and function. This is important as it 
immediately indicates that TMEM106B is a disease modifier mainly restricted to 
FTLD-TDP pathology and presence of GRN mutations. Replication studies in fact 
supported this view in that, for the most, clinical FTD cohorts and cohorts negative 
for GRN mutations did not replicate the original genetic findings [99–102, 105]. 
Nevertheless, in presence of GRN mutations multiple studies tended to confirm the 
original findings and, all the more, indicated a likely effect on disease age of onset 
[102, 103] that is an earlier age of onset and shorter disease duration. Similar results 
were observed in the case of presence of C9orf72 expansion although strength of 
association was less than in the case of GRN mutation carriers [107] yet results were 
rather equivocal [108]. It follows that, as both GRN+ and C9orf72+ cases are associ-
ated with TDP-43 pathology, it is sensible to consider TMEM106B, a marker of 
FTLD-TDP, as a modifier in presence of both genetic mutations. Not least, an 
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important message of the body of work characterizing the biology of TMEM106B is 
the putative effect on lysosomal biology; the interplay between TMEM106B and 
GRN in the lysosomal biology needs to be further studied to identify their exact 
implications, whilst that between TMEM106B and C9orf72 and lysosomal biology 
needs to be clarified as to date no convincing results have been published.

The International clinical FTD GWAS by far exceeded cohort size of the FTLD- 
TDP GWAS study in both discovery and replication phases. This was critical to 
overcome an associated caveat with the International clinical project deriving from 
the inclusion of the two major FTD syndromes, behavioural and language variants, 
and FTD overlapping with MND, thus cohort heterogeneity and power issues when 
focusing on single subtypes. This study is to date the largest on sporadic FTD and 
resulted also in the foundation of the International FTD-Genomics Consortium 
(IFGC; https://ifgcsite.wordpress.com/), a group of International experts in FTD 
with the goal of expanding on the genetics and functional biology of sporadic 
FTD. The study by itself indicated association with a locus pointing to lysosomal 
biology in the case of bvFTD, that is, the RAB38/CTSC locus, and indicated that a 
risk factor for FTD globally might reside in an aberrant behaviour of the adaptive 
immune system through the HLA locus on chromosome 6. Additionally, although 
no statistical significance was reached in the language (SD and PNFA) as well as the 
FTD-MND subtypes, results in those cohorts pointed to a number of unique sugges-
tive loci (p-values ~ 10−6/7) that will need to be repeated and further explored when 
bigger cohorts become available for novel larger discovery and meta-analyses. 
Nevertheless, this study provided a number of informative points on sporadic 
FTD. First, based on the study design, there was no association at the expected or 
known loci such as those encompassing MAPT and GRN genes on chromosome 17, 
or C9orf72 on chromosome 9, the most likely reasons being (1) the fact that all 
known chromosome 17 mutation carriers were excluded from analysis and (2) the 
frequency of C9orf72 expansion carriers within the whole discovery cohort was 
~8% (n  =  194/2412) as revealed by post hoc analysis (which reflects currently 
known or expected prevalence of the expansion in the FTD sporadic population [see 
‘Frontotemporal Dementia (FTD)’ section, ‘Genetics’ section]), therefore probably 
insufficient for contributing to a genome-wide significant signal. Considering the 
FTD-MND subgroup, the expansion frequency was much higher (=52/221, 23.5%) 
compared to the other subtypes (Table 9.3). As such, if any signal was absent in the 
bvFTD, SD and PNFA subtypes (as well as in the whole cohort), a signal at the 
C9orf72 locus was barely detectable in the FTD-MND subtype with an associated 
p-value = 2.12 × 10−06.

The locus associating with bvFTD includes the two genes RAB38 and CTSC. 
RAB38, an oncogene that was reported being mutated in melanoma [124], encodes 
the transmembrane protein RAB38 which is ubiquitously expressed across tissues, 
including the brain. From a functional perspective, RAB38 has been suggested to be 
involved in mediation of protein trafficking to lysosomal-related organelles within 
the trans-Golgi network (TGN) [125, 126], maturation of phagosomes that envelop 
pathogens [127] and neurite outgrowth [128]. CTSC is a lysosomal cysteine- 
proteinase that participates in the activation of serine proteinases in immune/
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inflammatory cells that are involved in immune and inflammatory processes includ-
ing phagocytosis of pathogens and local activation/deactivation of inflammatory 
factors (e.g. cytokines) (OMIM: #602365). Both RAB38 and CTSC correlate with 
lysosomal as well as phagosomal biology suggesting that autophagosomal/lyso-
somal dysfunctions might play a critical role in the development and progression of 
bvFTD.  Conversely, the locus encompasses the HLA-DRA/B and BTNL2 genes. 
HLA-DRA/B encode monomorphic/polymorphic class II HLA-DR transmembrane 
chains, which are expressed on the surface of antigen-presenting immune cells. The 
HLA-DR molecules are known to be expressed on the surface of microglia, and it 
has been suggested that increased expression of HLA-DR molecules on microglia 
may reflect pathological activity, as previously reported, for example, in AD and PD 
[129]. BTNL2, which encodes a membrane protein that is ubiquitously expressed 
across different tissues including the brain, is involved in repressing T-cells prolif-
eration [130]. The immune system is highly important in modulating several pro-
cesses in the central nervous system (CNS): for example, in normal conditions, 
microglial cells play an important role during brain development by pruning neu-
rons and maintain CNS homeostasis through removal of either debris and apoptotic 
cells or pathogens via phagocytosis [131, 132]. All together, these notions offer 
insight into a possible role of aberrant/detrimental immune responses in the brain 
affecting neurodegeneration and a potential role for the adaptive immune system in 
FTD. Undoubtedly, these loci will need to be replicated in other FTD cohorts and 
further investigated in order to establish a link between the genetic association and 
biological processes underlying disease. These findings however hold promise for a 
better understanding of the pathogenesis of FTD and for the development of tools to 
be implemented for preventive and therapeutic measures.

The Italian clinical FTD GWAS was the first (and to date still unique) study of 
this size in the Italian clinical FTD population. This study highlighted two sugges-
tive loci. The one at the 2p16.3 locus—showing high OR (>2.5) for the risk alleles—
encompasses the LOC730100 gene, a long non-coding RNA (lncRNA): lncRNAs 
are known to be implicated in a number of complex processes that include chroma-
tin stabilization, histone methylation as well as pre-transcriptional and post- 
transcriptional (cis- and trans-) regulation [133]. The other locus at 17q25.3 showed 
suggestive association with OR > 1.5 for each risk alleles. These SNPs map to three 
genes: CEP131, ENTHD2 and C17orf89. If C17orf89 is still uncharacterized, 
CEP131 encodes a centrosomal protein of 131 kDa weight, which is part of the 
centrosomal complex and seems involved in cilia formation and genome stability 
processes [134]. ENTHD2 encodes a protein that localizes to the cytoplasm and 
seems to be involved in trans-Golgi network vesicular processes [135]. Interestingly, 
the seven risk alleles of these suggestive SNPs define a haplotype substructure that 
is significantly associated with disease status (OR = 1.45), and second, each of the 
risk alleles had significant or suggestive effects on transcription, specifically, caus-
ing a decrease in expression of cis genes such as RFNG, AATK and MIR1250. RFNG 
encodes an N-acetylglucosaminyltransferase for which involvement in neurogene-
sis and a role in modulating Notch signalling have been previously suggested [136]. 
AATK was shown to have a potential role in apoptotic processes in mature neurons 
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and neuronal differentiation [137] or axon outgrowth [138]. Conversely, a general 
implication in regulation of transcription and/or gene expression applies to 
MIR1250. Taken together, these results suggest that neuronal development, matura-
tion and axonogenesis, as well as regulation of gene expression, might be impacted 
in the Italian FTD population. Additionally, and finally, in this population-specific 
GWAS other expected candidate loci such as those including MAPT or C9orf72 
resulted non-significant. Similarly, the risk alleles at the C9orf72 locus 
(p-value = 3 × 10−2, OR = 1.2) and MAPT (p-value = 7.57 × 10−1 – 4.77 × 10−2, 
OR = 1.03–1.2) were non-significant suggesting that these genetic risk factors seem 
not to associate with the Italian clinical FTD population. All this might indicate that 
for some loci population specificity is an important factor for discriminating genetic 
variants and their contribution to disease.

 Future Studies to Untangle Sporadic FTD

 Synopsis

To date few GWAS have been performed in FTD. This is due to a couple of major 
reasons: on the one hand, FTD is a rather rare neurodegenerative condition (e.g. 
compared to Alzheimer’s or Parkinson’s diseases), and on the other it represents a 
spectrum of heterogeneous syndromes. This means that it is not straightforward to 
gather large and well-defined cohorts when studying sporadic FTD. The first and 
second published GWAS benefitted from the collaboration of multiple research cen-
tres worldwide [99, 100]. Yet, because of the reasons above, even a homogeneous, 
thus well-defined, subgroup characterized by TDP-43 pathology only reached a 
sample size of 515 [99]. Conversely, the clinical International study reached higher 
numbers (in the order of n ~ 22,000 and ~1400 in discovery [phase-I] and replica-
tion [phase-II] phases, respectively); however, due to heterogeneity across the vari-
ous syndromes (i.e. bvFTD, PPAs [SD and PNFA] and FTD-MND), stratifying by 
subtypes reduced the number of cases available to study homogeneous cohorts, 
negatively impacting the power of subtype-specific studies (see ‘GWAS in FTD’ 
section—‘International Clinical FTD GWAS’ section and [100]).

For these reasons, the IFGC (https://ifgcsite.wordpress.com/) is currently 
expanding the original study [100] by generating data for the phase-III of this 
extended International clinical FTD-GWAS (and genomics) project. The study 
design is the same as in the original study [100], and it is being performed for over 
2500 new (since the completion of the original study [100]) sporadic cases that fall 
within the four major FTD syndromes (i.e. bvFTD, PPAs [SD and PNFA] and FTD- 
MND). This study—expected to be completed in 2018—will allow to robustly 
increase sample sizes for the different FTD syndromes, tremendously helping cop-
ing with power issues that affected the original study as indicated above and support 
a number of critical study designs that include (1) replicating previous results 
obtained during the original study [100] in a powerful replication cohort; (2) pool-
ing together all samples from phases-I, -II and -III to perform a large discovery 
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study on close to 6000 sporadic FTD samples; (3) increasing sample sizes for each 
subtype (i.e. bvFTD, PPAs [SD and PNFA] and FTD-MND) to increase the power 
of dissecting syndrome-specific genetic underpinnings; and (4) set the basis for 
large-scale meta-analyses with other closely related neurodegenerative conditions, 
such as ALS, exploring the FTD-ALS spectrum—with and without C9orf72 expan-
sion—at highest resolution.

 Prospective Approaches

Strategies to look at the genetics of sporadic FTD (and any other form of complex 
disorder) need to take into account the opportunities that are offered by ever- 
advancing technologies and the ever-shifting questions that biomedical research is 
striving to answer. The following considerations will be aimed at the more general 
dissection of complex disorders.

A combination of GWAS, exome-chips and NGS is highly promising in covering 
better common and genetic variability of complex disorders. However, the focus of 
biomedical research is facing a paradigm shift in that basic research, to be fully and 
comprehensively supportive to applied research, needs to grow beyond genetics, 
particularly aiming at characterizing molecular mechanisms at the basis of disease 
in order to highlight biomarkers and drug targets for developing measures for dis-
ease prediction, prevention, monitoring and therapy. Ways to tackle these issues can 
be developed, and these depend on the available technologies and on approaches 
based on data integration. All such concepts are discussed in a structured format 
here below:

 1. The study of genetics of complex disorders can currently be assessed at much 
higher resolution than ever before keeping in mind that different technical 
approaches allow to address different types of genetic questions such as (1) 
GWAS approaches mainly allow to study contribution to disease exerted by 
common markers that affect a phenotype with small to moderate effect size and 
that rather constitute polygenic risk factors whose cumulative effect globally 
represents the genetic architecture (i.e. risk-architecture) that predisposes to dis-
ease; and (2) exome-chip and NGS approaches allow to investigate the contribu-
tion of rarer and more penetrant variants to disease. This is equally important as 
these markers represent an additional layer on top of the risk-architecture that 
may robustly impact the disease phenotype, explain familial or cases defined by 
private mutations and help in characterizing missing heritability. Particularly, the 
use of ad hoc developed exome-chips is becoming a standard approach to rapidly 
assess known mutations or known genes for specific traits in large cohorts as 
well as discovering novel genes for a particular trait or re-evaluate the prevalence 
of certain variants across multiple (closely related or divergent) phenotypes. As 
well exome-chips, WES and WGS techniques impact the study of missing heri-
tability as they aid fine-mapping classical GWAS loci, provide support in explor-
ing the (likely) oligogenic nature of complex disorders as well as allow the 
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identification of novel genes and improve genotype-phenotype correlation for 
complex disorders (including FTD and its subtypes).

 2. As stated above, new needs in the field urge moving beyond ‘just’ identifying 
causative or risk variants and genes. For example, there is the need for devel-
oping strategies to better characterize GWAS loci, i.e. methods to confidently 
identify the real reason for association and their functional effect. If on the one 
hand this can be done by evaluating effects on expression (see ‘Genetics of 
Complex Disorders’ section, ‘GWAS: Interpretation of Results’ section), on 
the other, the rise of the so-called burden tests allows to collapse multiple 
markers around an open reading frame to score and prioritize genes in loci that 
would have been ignored because of not reaching the (strict) Bonferroni cor-
rection significance. Also, there is a need for a better interpreting GWAS sig-
nals that are just below genome-wide significance, considering the global 
contribution of markers below a certain threshold. Clearly, methods need to be 
developed not only for understanding the effects of the SNPs at the associated 
loci, but also for prioritizing genes within GWAS loci. Multiple methods to 
interpret GWAS data have recently emerged including burden scoring at gene 
or pathway level (e.g. Pascal [139] or MAGMA [140]) as well as GWAS data 
integration with cis-eQTL signals [141] or epigenetic markers (e.g. methyla-
tion profiling) using tools such as summary data-based Mendelian randomiza-
tion (SMR) [142]; thus the need to design additional and complementary 
pipelines to further and better characterize GWAS loci as well as the impacted 
biological processes, risk pathways and therein key functional players for 
potential future targeting is real [143, 144].

 3. Next, it is fundamental to find strategies to translate the genetic into functional 
molecular understanding of molecular mechanisms of disease. Functional and 
biological analysis of molecular genetics of human diseases, has to date, relied 
heavily on Mendelian genetics (accounting for the minority of cases for given 
trait) and applied high-resolution but low-throughput approaches to investigate 
one gene at a time. This is not only time-consuming and underpowered, but also 
has ignored the genetic risk variants that drive phenotypes in sporadic cases 
(accounting for the majority of cases for given trait) by not taking into consider-
ation the global genetic architecture contributing to the trait. One gathers that 
there is a clear and urgent requirement for a more holistic strategy across genetic 
and functional investigations to better reflect the contribution of genetic 
 variability to human disease. In particular, there is a need to improve systemic 
approaches to identify causative genes within associated loci resulting from 
GWAS and to characterize the impacted biological processes, risk pathways and 
therein key functional players [145]. For example, using in silico methods, that 
consider genes in a functional annotation analysis format, allows to better put 
into perspective the biological processes and pathways that are impacted by 
genetic variability. Specifically in the case of FTD, there are a few examples of 
novel systems biology approaches that have started aiding in this respect [146, 
147]. Weighted gene co-expression network and weighted protein–protein inter-
action network analysis are among the methods that can be used for highlighting 
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biological processes and pathways impacted in complex disorders (including 
FTD) on the basis of their Mendelian genetics. In turn, this will aid functional 
biologists prioritizing and designing more focused and coherent functional 
assessment to not only validate risk markers and/or genes but risk pathways.

 4. Also, and finally, the future of the study of complex disorders (or any disorder) 
is harmonized access to data obtained from the same sample source including 
clinical, pathological, imaging, blood, serum, CSF markers, genome, methy-
lome, transcriptome, proteome and metabolome (even microbiome and expo-
some [i.e. exposure to environmental factors]) in large numbers for a specific 
phenotype. This will help the global understanding of disease as well as the 
specific personal/private cases, making personalized medicine possible.

Harmonization of all such strategies will not be immediate and straightforward, 
yet it is the way to provide support and solutions for both basic and applied research 
in that these will aid in furthering our dissection and understanding of complex 
disorders and their molecular underpinnings setting the basis for providing person-
alized solutions in terms of preventive, monitoring and therapeutic measures.
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Abstract
Genetically modified mouse models have been instrumental in deciphering 
pathomechanisms in a large variety of human conditions. Accordingly, trans-
genic and knockout mice have contributed to understanding neurodegenerative 
processes in Alzheimer’s disease (AD) and frontotemporal lobar degeneration 
(FTLD). While initial models for AD and FTLD based on mutations in APP and 
tau have been generated more than a decade ago, identification of novel genes 
involved in disease has markedly increased the spectrum of available FTLD 
mouse models. This chapter provides an overview of APP and tau-based mouse 
models of AD and FTLD and how these models have advanced our  understanding 
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of disease mechanisms as well as discusses more recent FTLD models of novel 
disease genes.

Keywords
Mouse model · APP · Tau · TDP-43 · FUS

 Different Methods to Genetically Modify Mice

Transgenesis techniques to generate mouse models of disease rely on both gene 
transfer methods and methods to manipulate the early mouse embryo [1]. To date, 
the most commonly used technique involves microinjection of DNA constructs into 
the pronucleus of a developing zygote, leading to random integration of a transgene 
into the endogenous DNA [2]. The resulting “transgenic animals” have the foreign 
gene(s) stably incorporated into their genome through human intervention. This 
integrated recombinant double-stranded DNA is called a “transgene” and com-
monly drives overexpression of the integrated gene, using either ubiquitous or cell- 
specific promoters. An example of a frequently used promoter for transgene 
expression limited to neurons is the murine Thy1.2 promoter.

Over time, the development of more sophisticated models has allowed for better 
control of transgene expression, both temporally and spatially. This includes both 
inducible and conditional mouse models. Inducible mouse models enable the study 
of transgene expression in a strictly regulated and timely manner, whereby trans-
gene expression can be induced by either the presence or absence of a drug, in a 
dose-dependent manner. This allows researchers to overcome some of the problems 
associated with constitutive transgene expression, such as embryonic lethality. The 
most frequently used inducible promoter for transgene expression in animals is still 
the tetracycline-responsive element system that allows gene expression to be 
switched on or off, depending on the genetic variant of the transactivator expressed 
and the delivery of doxycycline to the animals [3]. Conditional models involve the 
generation of mice with altered gene expression in a cell-specific manner, through 
the expression of recombinase enzymes, which are under the control of a selected 
promoter that can remove, invert, or translocate DNA segments to regulate gene 
expression. In contrast to inducible systems, the conditional gene recombination is 
an absolute event and cannot be reversed, thereby allowing the induction of gene 
expression, which cannot be switched off again.

Site-specific manipulation of the genome (gene targeting) allows for the disrup-
tion of a specific gene (knockout approach) or the insertion of a transgene in a 
defined locus (knockin approach). For a long time, gene targeting has relied on the 
use of homologous recombination and embryonic stem cells, which made the pro-
cess of generating knockout/knockin animals a costly and time-consuming process. 
Furthermore, the limited availability of embryonic stem cells further hampers the 
use of this technology in mice. In recent years, gene targeting for the generation of 
knockout/knockin mice (and other species) has seen a major revolution. While the 
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introduction of engineered nucleases, such as zinc finger nucleases (ZfN) [4] or 
transcription activator-like effector nucleases (TALEN) [5], provided a first glimpse 
at the possibilities of direct genome editing, it was the introduction of the clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated pro-
tein 9 (Cas9) system that transformed the generation of knockout/knockin mice 
[6–8]. The CRISPR/Cas9 technology enables investigators to manipulate virtually 
any gene in a diverse range of cell types and organisms with extreme precision 
(single base pair) within a very short time. The first CRISPR/Cas9 generated mod-
els of AD/FTLD have recently been introduced [9], and many more are expected to 
emerge in years to come. Targeted transgenesis, used either for stable overexpres-
sion of a transgene, or for disruption of endogenous genes, ultimately remains the 
most powerful tool to understand the mechanisms underlying physiological pro-
cesses, and their pathological counterparts.

 Mouse Models of Alzheimer’s Disease (AD)

The past two decades have seen the generation of a large number of transgenic 
mouse models of AD, with a focus on amyloid-β (Aβ)-forming models. These have 
assisted in a large number of studies investigating mechanisms underlying neuro-
nal dysfunction and neurodegeneration in AD, as well as in developing and testing 
novel treatments. Aβ-forming transgenic mouse models have been extensively 
reviewed before [e.g., [10]]. Therefore, this part of the chapter will provide a gen-
eral overview and highlight only some discoveries made using AD mouse 
models.

 Amyloid-β Precursor Protein (APP) Models

Intensive efforts have been made to develop transgenic mouse models that recapitu-
late the pathology and symptoms of AD over the past decades. Overexpression of 
human non-mutant APP did not result in plaque formation and memory deficits. It 
was the identification of pathogenic mutations in APP, in familial cases of AD, that 
paved the way for generating the first disease models [11]. Since then, expression of 
human mutant APP reproduced Aβ plaque pathology in a large number of trans-
genic mouse models [10]. In most models, expression of mutant APP results in the 
production of Aβ throughout the brain with plaque formation, affecting memory 
performance of mice in different test paradigms, such as the Morris water maze. 
APP transgenic models have also been the basis for showing a prion-like transfer of 
Aβ pathology between APP transgenic mice in a strain-dependent manner [12]. A 
feature of APP transgenic mice that receives more attention recently is the occur-
rence of neuronal network aberrations including non-overt (=silent) seizures 
recorded by electroencephalography (EEG) [13, 14]. Similar EEG abnormalities 
have been reported in AD [15]. Their early occurrence in APP transgenic mice pro-
vided further evidence for Aβ exerting toxicity prior to its deposition.
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While initial studies did not report an overt neuronal loss, a limited number of 
subsequent studies of established lines reported a decrease in numbers of neurons in 
certain brain areas [16, 17]. However, the absence of pronounced neuronal loss 
remains a limitation of Aβ-forming APP transgenic mice.

To determine if loss of APP function contributes to the development of AD, APP 
knockout mice have been generated. However, their phenotypes are rather mild and 
possibly due to developmental anomalies [18]. Interestingly, early postnatal death 
of double knockout mice with deletion of APP and APLP2, the latter belonging to 
the same protein family, suggests a functional overlap between the family members 
during development [19]. APP-deficient mice have contributed to the understanding 
of the possible physiological functions of APP, some of which have implications for 
the disease [20–22].

A new generation of APP transgenic mice was generated by humanization of Aβ 
(=changing the murine to the human sequence). However, humanization of Aβ 
alone was not sufficient to produce pathology or deficits in APP knockin mice [23]. 
It required the inclusion of multiple pathogenic mutations into the humanized Aβ 
sequence to achieve pathology in APP knockin mice. Accordingly, homozygous 
APPNL-G-F mice develop Aβ plaques in the absence of neuronal loss already at 2 
months of age [23]. While some features previously identified in conventional 
mutant APP transgenic mice were not reproduced in this mutant APP knockin 
mouse [24], others were confirmed [25, 26], providing evidence of the value that 
conventional APP transgenic mice still hold in AD research. Interestingly, mutant 
APP knockin mice also have reduced survival [25], highlighting the significance of 
premature mortality established in conventional mutant APP transgenic lines [27, 
28]. Newer studies using these mutant APP knockin mice will further elucidate the 
contribution of these models to the understanding of AD pathogenesis.

In summary, APP transgenic mice have been instrumental in reproducing aspects 
of AD pathology in vivo and in deciphering the underlying mechanisms in disease. 
Furthermore, APP transgenic mice are a valuable tool for the development and test-
ing of treatments for AD.

 Combinatorial AD models

In an attempt to accelerate Aβ pathology onset and progression and to more closely 
model the human pathology, mutant APP transgenic mice have been crossed with 
other gene mutation-harboring mice. For instance, mutations in the presenilin- 
encoding (PSEN) genes altered the activity of the γ (gamma)-secretase complex in 
which presenilins are part of. Expression of mutant PSEN1 in mice crossed with 
Aβ-forming APP transgenic mice resulted in accelerated Aβ formation and early 
onset of behavioral deficits as well as neuronal loss [29, 30]. Interestingly, the 
effects of mutant PSEN were even more pronounced in the absence of the murine 
PSEN, achieved by a mutant human PSEN1 knockin approach [31]. Conversely, 
reduced β-secretase activity in beta-secretase 1 (BACE)-deficient mice reduced Aβ 
formation and ameliorated behavioral deficits when crossed on an Aβ-forming APP 
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transgenic strain [32–34], while overexpression of BACE on an APP background 
increased pathology [35].

Carriers of the APOE epsilon 4 (ε 4) allele have a 20-fold increase risk of devel-
oping AD, making it the number one risk gene for developing sporadic late-onset 
AD [36]. In support of a role for apolipoprotein E (ApoE) in Aβ pathology, crossing 
APP transgenic mice on a ApoE−/− background reduced both Aβ levels and its depo-
sition [37]. Conversely, expressing human APOE4 in APP transgenic mice by viral 
gene delivery increased pathology [38].

Aβ-forming APP mice were used to provide the first direct in vivo evidence for 
the amyloid cascade hypothesis that places Aβ upstream of tau pathology and neu-
rodegeneration in the sequence of pathogenic events. Accordingly, crossing of APP 
transgenic with human mutant tau-expressing mice resulted in increased neurofi-
brillary tangle (NFT) formation [39]. A similar result has been achieved by injecting 
synthetic aggregated Aβ1-42 into brains of P301L mutant tau transgenic pR5 mice 
[40].

The central role of tau in AD development, particularly in mediating neuronal 
deficits induced by Aβ, has been shown when APP transgenic mice were crossed on 
a tau-deficient background [41]. This approach prevented premature mortality and 
behavioral deficits associated with Aβ formation, in the absence of any change in Aβ 
levels or plaque numbers. In this context, we showed mechanistically that tau medi-
ates Aβ-induced excitotoxicity by controlling Fyn levels at the post-synapse and 
sensitizing NMDA receptors to hyper-excitation [28]. Importantly, this work pro-
vided the first evidence for a non-axonal function of tau in the dendritic compart-
ment of neurons [42], which has since been supported by several other studies [43, 
44]. Very recently, we significantly advanced our understanding of the role of post-
synaptic tau in Aβ toxicity. Specifically, we showed that the sensitizing function of 
tau/Fyn is regulated by the p38γ (gamma) mitogen-activated protein kinase (MAPK) 
[26]. Depletion of p38γ (gamma) in Aβ-forming APP23 mice by crossing them on 
a p38γ−/− background, exacerbated memory deficits, neuronal network hypersyn-
chronicity, and premature mortality. Conversely, crossing APP23 mice with a trans-
genic line that overexpressed a constitutive active variant of p38γ (p38γCA) in 
neurons, or delivering p38γCA via adeno-associated viruses, prevented deficits. 
Interestingly, the effects of p38γ on limiting Aβ toxicity at the post-synapse of neu-
rons were found to be mediated by phosphorylation of tau, specifically at threonine 
205. This was the first report of protective tau phosphorylation, challenging the 
paradigm that tau phosphorylation in AD is purely a disease-promoting mechanism 
[45]. Interestingly, the reciprocal approach to APPtg/tau−/− mice, the crossing of 
mutant tau transgenic mice on an App-deficient background, exacerbated tau 
expression-dependent neuropathology and functional deficits [46]; however, the 
underlying mechanisms remain unclear and further confirmation is required in inde-
pendent strains.

In another line of research, combinatorial mouse models begin to shed light on a 
possible role of TAR DNA-binding protein 43 (TDP-43) in AD. The TDP-43 pathol-
ogy has been previously reported as an age-related comorbidity in late-onset AD 
brains [47–49]. Furthermore, neuronal deletion of Tardbp (encoding Tdp-43  in 
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mice) in Aβ-forming APP/PS1 transgenic mice accelerated neurodegeneration and 
increased toxic Aβ oligomers formation but reduced plaque deposition, suggesting 
a possible loss of function of TDP-43  in AD [50]. Moreover, overexpression of 
human TDP-43  in APP/PS1 transgenic mice induced hyperphosphorylated tau 
pathology and changes to APP trafficking [51]. In addition, depletion of TDP-43 in 
microglia promoted Aβ clearance but resulted in enhanced synapse loss [52]. 
Together, this data challenges the theory of TDP-43 pathology being an “innocent” 
bystander in AD, consistent with an increased likelihood of cognitive deficits in AD 
with TDP-43 pathology [53].

Taken together, combinatorial approaches using APP transgenic mice together 
with additional mutant strains have provided exciting new insights into the patho-
genesis of AD. Although only a selected number of studies have been presented 
here, it is reasonable to expect that combinatorial approaches using APP-based AD 
mouse models will continue to extend our understanding of AD.

 Mouse Models of Frontotemporal Lobar Degeneration

Frontotemporal lobar degeneration (FTLD; also referred to as frontotemporal 
dementia (FTD)) umbrellas a large number of related neurodegenerative conditions 
with overlapping clinical symptoms. This is paralleled by an increasing number of 
proteins that have been found to be present in deposits in FTLD brains, as well as 
the identification of increasing numbers of genes carrying pathogenic mutations, 
further distinguishing subforms of FTLD [54]. Furthermore, FTLD is part of a dis-
ease continuum with amyotrophic lateral sclerosis (ALS), sharing clinical, neuro-
pathological, and genetic features [reviewed in [55]]. This chapter will discuss 
transgenic mouse models generated by expressing or deleting different genes, with 
an emphasis on more recent models and mechanistic discoveries. Tau models, some 
of which have been generated nearly two decades ago, will only be addressed gener-
ally with emphasis given to some of the more recent findings in these mice.

 Tau Models

Tau deposits in neurons together with the formation of extracellular Aβ plaques are 
the neuropathologic and diagnostic hallmarks of AD. In contrast, tau forms inclu-
sions in the absence of overt Aβ pathology in human FTLD brains [56]. To model 
the tau pathology of AD and FTLD in mice, the first transgenic strain was generated 
to express the longest human isoform of tau without mutations in neurons [57]. 
These mice presented with accumulation of hyperphosphorylated forms of tau, 
resembling a pre-tangle state, but they failed to reproduce NFT formation. It took 
close to five more years, until transgenic expression of human tau carrying a patho-
genic FTDP-17 mutation, P301L, achieved NFT formation in vivo [58]. These mice 
are characterized by severe motor and behavioral deficits, axonal degeneration, and 
early death, resembling aspects of the human disease. Notably, motor deficits have 
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since been recognized as a major feature of many mutant tau transgenic strains. 
Since the generation of this first mutant tau-expressing mouse model, many addi-
tional lines have been generated that recapitulate different aspects of the human 
condition [10]. Interestingly, neuronal loss that characterizes the human disease has 
not been reproduced in the earlier mutant tau transgenic mice, but only, when 
expressing distinct mutations (N279K [59] or P301S [60, 61]) with conventional 
neuronal promoters, or particularly high levels of P301L mutant or aggregation- 
prone truncation variants of human tau using an inducible modified minimal CMV 
promoter showed pronounced neuronal loss [62, 63]. The latter line in combination 
with a complementary model that expresses the same truncated tau variant but with 
inclusion of two aggregation-preventing point mutations (I277P and I308P) forms 
an excellent in vivo tool to study tau fibril formation and test anti-aggregation drugs 
[63].

Since tau pathology in human FTLD is not limited to neurons, transgenic mouse 
model with non-neuronal mutant tau expression has been generated [64, 65]. 
Interestingly, both expression in astrocytes and in oligodendrocytes resulted in neu-
ronal dysfunction and axonal degeneration, likely due to impairment of neuronal 
support by glial cells.

More recently, we introduced a novel P301S mutant tau transgenic strain with 
rapid NFT development and pronounced motor deficits [66], as well as behavioral 
changes with disinhibition reminiscent of symptoms presented in behavioral variant 
FTD [67, 68]. Interestingly, these mice revealed neuropathological changes with 
lesions that stained positive for the neuronal structure protein neurofilament, but 
negative for tau [66]. Similar lesions were subsequently found in a number of other 
tau transgenic lines and, more importantly, FTLD with tau (but not TDP-43) pathol-
ogy [66], suggesting neurofilament lesion formation is a secondary process induced 
by pathological tau.

Mutant tau transgenic mice have become a highly valuable tool for studying 
pathomechanisms underlying tau pathology and neurodegeneration in FTLD, but 
also in AD. Accordingly, transgenic mice were extensively used to investigate the 
prion-like disease progression hypothesis for tau, which includes release of distinct 
tau species from diseased neurons that are then taken up by healthy neurons to form 
seeds for disease propagation [69]. So far, it has been shown that tau pathology can 
be transferred from a mutant tau transgenic line with NFT formation to a transgenic 
strain expressing non-mutant human tau with no NFT formation unless inoculated 
with brain extracts from NFT-forming mice [70] or human patient brains with tau 
pathology [71] by stereotaxic injection. Notably, different tau strains have been 
identified that cause strain-specific tau pathology when inoculated into the brains of 
P301S mutant tau transgenic mice [72, 73]. Furthermore, inducible mutant tau 
expression limited to the entorhinal cortex led to NFT formation in connected areas 
of the hippocampus as mice age [74]. Seeding of tau aggregation was reported to be 
mediated by small tau fibrils, but not by oligomeric tau [75], while another study 
suggested that disulfide cross-linked tau dimers were responsible for inducing tau 
pathology [76]. Exosomes harboring misfolded tau may furthermore contribute to 
the spreading of tau pathology between neurons [77, 78], a process that requires the 
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presence of microglia in the mouse brain [77]. Release of tau from neurons increases 
with activity [79], as elegantly shown by optogenetic stimulation of primary neu-
rons in culture and hippocampal neurons in the brains of P301L mutant tau trans-
genic mice, resulting in enhanced tau pathology and neurodegeneration in the latter 
[80]. Interestingly, the absence of endogenous tau in Mapt knockout mice did not 
prevent propagation of tau pathology, indicating that the presence of tau is not 
required as a template for prion-like propagation in this model [81]. Nevertheless, 
decreasing transgenic human tau mRNA with antisense oligonucleotides prevented 
seeding of tau pathology in reporter cells and P301S mutant tau transgenic mice 
[82].

Recently, neuronal network aberrations have been reported in mutant tau trans-
genic mice. Cortical surface EEG recordings in P301S mutant tau transgenic mice 
revealed altered sleep patterns and a progressive reduction of EEG power that was 
associated with cortical brain atrophy [83]. Furthermore, surface recordings showed 
network hypersynchronicity with epileptiform spike activity in inducible A152T 
mutant tau transgenic mice [84] and loss of EEG power in P301L/R406W tau trans-
genic mice [85]. In contrast to detailed EEG analysis of APP transgenic mice [14], 
further studies in tau transgenic lines including recordings from specific brain areas 
may be required to consolidate these findings.

Transgenic mice expressing non-mutant but truncated variants of tau have 
provided further insight into the role of tau in AD and FTLD. Accordingly, we 
have reported mice that express the N-terminal half of tau (aa 1-255), lacking 
microtubule binding motifs in neurons [28]. While these ∆tau mice were pheno-
typically normal and did not present with tau hyperphosphorylation, aggregation, 
or NFT formation, they prevent Aβ-induced memory deficits and death mediated 
by dominant- negative action on endogenous postsynaptic tau [42]. On the other 
hand, expression of a C-terminal truncation variant of tau, lacking the last 20 aa 
in neurons and mimicking a caspase 3 cleavage product of tau found in disease, 
resulted in severe memory deficits and synaptic loss, together with tau aggrega-
tion [86]. Caspase 2 cleaves tau at Asp314 to produce a truncated tau species in 
AD, and reduction of caspase 2 activity or mutation of the cleavage site in tau 
prevented deficits in P301L tau transgenic mice [87]. Interestingly, low-level 
expression of a disease- relevant N-terminal truncation of tau comprising aa 187-
441, under the control of the human tau promoter induced aggregation and 
hyperphosphorylation, as well as functional deficits that resembled features of 
the human disease, despite the transgene not harboring a pathogenic FTLD muta-
tion [88].

While aberrant and increased phosphorylation of tau remains the focus of the 
majority of studies into tau pathology and disease mechanisms in mutant tau trans-
genic mice, it is important to note that other secondary modifications of tau may 
contribute to disease and, therefore, present as possible drug targets. For example, 
acetylated tau has been identified in AD brains, and mimicking acetylation of tau in 
transgenic mice induced cognitive deficits [89]. Furthermore, this study showed that 
reducing acetylation of tau with the compound salsalate improved memory deficits 
and prevented neuronal loss in P301S mutant tau transgenic mice.
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Mutant tau transgenic mice are also regularly used for preclinical drug develop-
ment and testing. For instance, more recently, several groups have developed vac-
cination strategies targeting pathological tau, either by active or passive immunization 
[90–94]. Each of these studies used different mutant tau transgenic mouse lines to 
show efficacy and safety of this approach, providing the preclinical evidence needed 
for translation, with first clinical trials using tau-specific antibodies well on the way. 
With minimal success of Aβ-targeting immunization strategies, it awaits to be 
shown whether tau-targeted vaccination is similarly efficient in humans as it is in 
mice. While the mechanisms of anti-tau immunotherapy remain to be completely 
understood, a recent study suggested that virally expressed single-chain variable 
fragment antibodies that lack the Fc domain is sufficient to reduce tau pathology in 
P301S mutant tau transgenic mice [95]. The deletion of the Fc domain from thera-
peutic antibodies may prevent unwanted brain inflammation. The effector function 
of the antibodies Fc domain, which mediates microglial uptake of bound tau and 
subsequent proinflammatory cytokine release, was not required for neuropathology 
in P301L mutant tau transgenic mice [96]. Similarly, a 2N tau isoform-specific 
single- chain antibody fragment with assisted brain delivery using scanning ultra-
sound reduced behavioral deficits and tau phosphorylation [97]. Reduction of tau 
phosphorylation in tau transgenic mice was furthermore achieved by expressing a 
DNA vaccine of a B cell epitope of the 18 N-terminal amino acids of tau, resulting 
in high anti-tau antibody titers [98], illustrating the significant advances made with 
antibodies, vaccines, and delivery methods for tau-targeted immunotherapy using 
transgenic mouse models of FTLD and AD.

Apart from antibodies to tau, mutant tau transgenic mice have been used to deter-
mine the effects of a variety of small molecules on different aspects of tau pathology 
[61, 99, 100]. Some recent examples include the beneficial effects of the antioxi-
dants lycopene and vitamin E on memory deficits and tau pathology in P301L 
mutant tau transgenic mice [101], the testing of the novel tau anti-aggregation active 
compound altenusin in P301S tau transgenic mice [102], the prevention of neurode-
generation with the new microtubule stabilizer dictyostatin in P301S mutant tau 
transgenic mice [103], and restoring memory function and normalization of synap-
tic transmission in ∆K280 mutant tau transgenic mice with the adenosine A1 recep-
tor antagonist rolofylline [104]. The tau anti-aggregation compound anle138b 
improved neuropathology, survival, and cognition of P301S mutant tau transgenic 
mice [105]. Similarly, mild chronic neuroinflammation induced by systemic deliv-
ery of lipopolysaccharide enhanced autophagy reduced tau phosphorylation and 
cognitive deficits in P301S tau transgenic mice [106]. The glucagon-like peptide 1 
receptor agonist liraglutide ameliorated neurological deficits of P301L mutant tau 
transgenic mice and significantly reduced levels of tau phosphorylation [107]. And 
lastly, activating cAMP-protein kinase A with rolipram ameliorates tau pathology 
and improves cognitive deficits in P301L mutant tau transgenic mice [108].

Taken together, the generation of mutant tau transgenic mice provides in vivo 
evidence that pathogenic FTLD mutations accelerate tau aggregate formation and 
deposition and drive neuronal dysfunction and loss. Furthermore, mutant tau trans-
genic mice are important tools for studying pathomechanisms in vivo and to develop 
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and test new therapeutic approaches. Notably, while pathogenic mutations expressed 
in these lines originate from FTLD patients, tau transgenic mice are also valuable 
for studying tau-related aspects of AD, given the overlapping features of tau pathol-
ogy in AD and FTLD.

 TDP-43 Models

In 2006, Neumann and colleagues identified TDP-43 as the major component of 
ubiquitin-positive deposits in FTLD [109]. Moreover, they showed that similar 
deposits in ALS (also referred to as Lou Gehrig’s disease or motor neuron disease 
(MND)) are also made up of TDP-43. Interestingly, TDP-43-positive lesions are 
also found in approximately half of AD brains [53], possibly extending its 
pathomechanistic role beyond FTLD/ALS. TDP-43 is a nuclear protein with two 
RNA/DNA binding motifs. Consistent with these domains, TDP-43 is involved in 
RNA/DNA-related processes in cells, including RNA trafficking, alternative splic-
ing, and promoter binding [110]. In disease, TDP-43 accumulates in the cytoplasm 
and undergoes secondary modifications, such as truncation, phosphorylation, and 
ubiquitination, eventually leading to the formation of aggregates [111].

Similar to tau transgenic mice, the identification of mutations in the TDP-43- 
encoding TARDBP gene has paved the way for the generation of a number of trans-
genic mouse models with TDP-43 expression. Furthermore, non-disease mutants of 
TDP-43 with deletion of specific functional domains from the protein have been 
expressed in mice.

The first TDP-43 mouse model published in 2009 expressed human TDP-43 car-
rying the A315T mutation under the murine prion protein promoter to generate the 
Prp-TDP-43A315T mice [112]. These mice have an approximate threefold expression 
over endogenous TDP-43 with highest expression present in the brain and spinal 
cord. Ubiquitination of proteins in layer V neurons of the cortex concomitantly 
occurred with loss of nuclear staining of TDP-43 in selective neurons in these mice. 
Reactive gliosis was also present in this region of degenerating neurons. It was later 
shown that reduced survival and wasting, initially attributed to an ALS-like pheno-
type, were indeed caused by gastrointestinal complications with gut paralysis due to 
aberrant TDP-43A315T expression in the mesenteric plexus [113–115], highlighting a 
potential problem originating from aberrant activity of transgenic promoters. 
Treating the gastrointestinal problems of TDP-43 transgenic mice prolonged their 
survival, which allowed sufficient time for TDP-43 pathology to develop in the 
central nervous system [116].

This initial TDP-43 transgenic line [112] was followed by several new models 
generated over the last few years [117–124]. Wils and colleagues expressed non- 
mutant human TDP-43 under the neuronal murine Thy1 promoter to generate the 
TDP-43WT lines TAR4 and TAR6 [117]. Hemizygous TAR4 and TAR6 have 2.8- 
and 1.9-fold and homozygous TAR4/4 and TAR6/6 have 5.1- and 3.8-fold expres-
sion over endogenous TDP-43. These mice have nuclear and cytoplasmic inclusions 
in cortical layer V neurons that are ubiquitinated and phosphorylated as well as 

L.M. Ittner et al.



197

marked astrogliosis. The limited neuronal loss observed in these mice correlated 
with the expression levels of TDP-43. In addition, homozygous TAR4 have an accu-
mulation of cytoplasmic full-length TDP-43 as well as the 25 and 35 kDa C-terminal 
fragments. Phenotypically, these mice exhibit complex motor impairments, with 
hind limb clasping, reduced footstep length, reduced motor performance on the 
Rota Rod as well as reduced survival rate with disease onset and severity dependent 
on TDP-43 expression levels.

Xu and colleagues expressed non-mutant human TDP-43 under the murine prion 
protein promoter to generate the TDP-43PrP with a 1.9–2.5-fold expression over 
endogenous TDP-43 [118]. Increased human TDP-43 mRNA levels were observed 
with a concomitant decrease in mouse TDP-43 mRNA levels. These mice produce 
~25kDa C-terminal TDP-43 fragments, which are urea insoluble, as well as phos-
phorylated and ubiquitinated cytoplasmic inclusions, reactive gliosis, and argyro-
philic degenerating neurites and neurons in the spinal cord. Interestingly, these mice 
also have abnormal clustering and degeneration of mitochondria in their spinal cord 
neurons. TDP-43PrP mice displayed lower body weights compared to wild-type lit-
termates at 14 days, together with hind limb clasping, body tremors, and a “swim-
ming” gait at 21 days. Their survival was limited as they die between 1 and 2 months 
of age.

Swarup and colleagues generated three TDP-43 transgenic mice (non-mutant 
human TDP-43, TDP-43A315T, and TDP-43G348C) from DNA subcloned from 
TARDBP bacterial artificial chromosomes containing the endogenous ∼4 kb pro-
moter [121]. These mice present with an approximately threefold overexpression of 
transgenic TDP-43 over the endogenous protein. Significantly more ~25 and 35 kDa 
C-terminal fragments were observed in TDP-43A315T and TDP-43G348C compared to 
non-mutant TDP-43-expressing mice. Ubiquitination of cytoplasmic TDP-43 was 
observed only in the mutant TDP-43 lines. Abnormal aggregates containing periph-
erin and neurofilament proteins were also present in TDP-43G348C mice. In addition, 
gliosis and neuroinflammation were observed in all lines. Furthermore, all lines 
presented with cognitive and motor deficits in the passive avoidance test, Barnes 
maze test, and Rota Rod at 7–10 months with these impairments being most severe 
in the TDP-43G348C line. Interestingly, they revealed that there is a significant increase 
of GFAP promoter activity or astrogliosis before the onset of behavioral 
impairments.

Igaz and colleagues generated transgenic mice with inducible overexpression of 
either non-mutant human TDP-43 (hTDP-43 WT) or human TDP-43 with mutated 
nuclear localization signal (hTDP-43-ΔNLS) [119]. Mutation of the NLS prevents 
TDP-43 from entering the nucleus, and hence it accumulates in the cytoplasm [125]. 
Neuronal expression was achieved by using a CaMK2α promoter to drive tet-off 
rTA and a tetracycline responsive promoter to drive hTDP-43 expression. hTDP-43 
WT mice had an eight- to ninefold expression over endogenous TDP-43 and hTDP- 
43- ΔNLS mice 0.4–1.7-fold, respectively. Both models present with UREA-soluble 
TDP-43 with no concomitant presence of C-terminal fragments. In addition, ubiq-
uitinated and phosphorylated TDP-43 aggregates were found to be present in hTDP- 
43- ΔNLS mice. Significant neuronal loss was observed in the dentate gyrus of both 

10 Alzheimer’s Disease and Frontotemporal Lobar Degeneration: Mouse Models



198

lines with the hTDP-43-ΔNLS mice having more acute and severe dentate gyrus 
degeneration. The presence of axonal loss and gliosis of the corticospinal tract of 
hTDP-43-ΔNLS mice occurs in a time-dependent manner relative to the develop-
ment of motor deficits. Interestingly, motor and memory, but not social deficits, 
which all developed rapidly after induction of transgenic hTDP-43-∆NLS expres-
sion at weaning were reversible before overt neurodegeneration prevented the 
improvements [126]. Conversely, the inducible hTDP-43 WT line developed social 
and memory deficits in the absence of motor problems [127]. Inducible expression 
of non-mutant hTDP-43 in an independent line produced limited TDP-43 pathol-
ogy, neurodegeneration, and survival when expressed throughout development, 
with FTLD-like TDP-43 neuropathology without mortality when transgene expres-
sion was initiated later in life [128]. A similar difference in phenotypic presentation 
was observed between two inducible TDP-43M337V models that differed in expres-
sion levels [129]; high transgene levels were associated with shorter survival and 
neurodegeneration in the absence of significant TDP-43 pathology, while lower 
expression levels did not affect survival, but showed accumulation and fragmenta-
tion of TDP-43  in the absence of neurodegeneration. This suggests that both the 
choice of mutations and levels contribute to the phenotypes of TDP-43 mice. Using 
a neurofilament promoter-driven inducer line to drive neuronal hTDP-43-∆NLS 
expression resulted in a more severe phenotype [123]; cytoplasmic TDP-43 pathol-
ogy was accompanied by rapid brain atrophy, progressive motor neuron loss with 
muscle wasting, and eventually fatal motor deficits, resembling clinical features of 
ALS. Again, suppression of transgenic hTDP-43-∆NLS expression reverted neuro-
pathological changes and functional deficits and prolonged survival. In parallel, we 
introduced an iTDP-43A315T inducible model with A315T mutant TDP-43 expres-
sion driven by a Thy1.2 inducer line [122] that presented with ALS-like motor defi-
cits as well as memory impairments and behavioral changes reminiscent of 
FTLD. Remarkably, suppression of transgenic TDP-43A315T expression for only one 
week recovered most of the functional impairments, despite overt degeneration, 
suggesting both a prominent role of pathological soluble TDP-43 species and sig-
nificant compensatory capacity of neurons once TDP-43 is removed. This reversal 
of behavioral deficits in several inducible TDP-43 models holds promise for effi-
cacy of future TDP-43-reducing therapies. Interestingly, we found a selective and 
progressive loss of cortical layer V neurons, with layer II/II neurons spared despite 
pronounced transgenic TDP-43 expression [122]. This selective vulnerability may 
be a result of neuronal disinhibition, supported by the discovery of hyperactive 
somatostatin-positive interneurons that disinhibited layer V neurons in TDP-43A315T 
transgenic mice [130]. Handley and colleagues recently showed in an elegant study 
using neuronal YFP transgenic mice crossed with TDP-43A315T model that synaptic 
dysfunction proceeds degeneration of layer V neurons due to pathological TDP-43 
[131]. Selective vulnerability was recently also reported in inducible TDP-43-
∆NLS mice, where hypoglossal and fast fatigable spinal cord motor neurons were 
rapidly lost, while slow spinal cord motor neurons and those of other cranial nerve 
nuclei were spared despite transgene expression [124]. Taken together, mouse mod-
els provided first insight into mechanisms underlying selective vulnerability of 
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distinct neuronal population to pathological TDP-43. Further studies utilizing these 
mouse models will likely contribute to understanding the processes mediating selec-
tive vulnerability/resistance, thereby revealing new therapeutic targets.

TDP-43 accumulation in mitochondria may contribute to neuronal dysfunction 
and degeneration in FTLD, and pathogenic TDP-43 mutations favor its import into 
mitochondria [132]. Accordingly, a brain permeable peptide that blocks import of 
TDP-43 into mitochondria ameliorated their impaired function, motor deficits, and 
muscle atrophy in TDP-43A315T transgenic mice [132]. This was recently confirmed 
in a TDP-43M337V transgenic line by the same group [133]. Furthermore, the tyrosine 
kinase inhibitor nilotinib that reduced cell death in wild-type TDP-43 transgenic 
mice [134] reversed mitochondrial impairment in these animals [135]. However, a 
recent study did not find bioenergetics defects of mitochondria in TDP-43A315T trans-
genic mice [136]. This warrants for further detailed studies into the role of mitochon-
dria in neuronal dysfunction and degeneration associated with TDP-43 pathology.

Transgenic mice expressing a 25 kDa truncation product of full-length TDP-43 
that is found in FTLD and ALS brains, which were earlier described to have cogni-
tive deficits due to accumulation of soluble TDP-43 fragments [137], showed mod-
erate and more severe memory and motor deficits in hetero- and homozygous aged 
mice, respectively [138]. These defects were associated with reduced proteasome 
and autophagy activity. Inducible expression of a C-terminal truncation fragment of 
TDP-43 (aa 208-414) caused progressive hippocampal loss, astrogliosis, and TDP- 
43 phosphorylation, which were mitigated upon suppression of transgene expres-
sion [139]. Together, these models suggest that TDP-43 fragments play a pathogenic 
role in disease, rather than being surrogate events.

Combination of non-mutant and Q331K mutant transgenic mice that develop no 
overt or slowly progressive (nonlethal) motor deficits, respectively, resulted in a 
rapid and fatal neurodegenerative phenotype with FTLD/ALS-like neuropathology, 
including nuclear clearance of endogenous TDP-43 from spinal cord motor neurons 
[140]. This model suggests that mutant, aggregation-prone TDP-43 recruits non- 
mutant TDP-43 into insolubility. TDP-43 transgenic models commonly presented 
with microgliosis and astrogliosis, which may contribute to neuronal pathology in 
the mice. Supporting a role of inflammation in neuronal pathology, systemic lipo-
polysaccharide administration exacerbated TDP-43 deposition and mislocalization 
including in TDP-43A315T transgenic mice [141].

While exosomes may contribute to the propagation of pathological TDP-43 
between neurons (similar to tau pathology as outlined above), inhibition of exosome 
formation induced TDP-43 aggregation in cultured cells and exacerbated the pheno-
type of TDP-43A315T mice, suggesting exosome as a way for neurons to get rid of 
pathological TDP-43 [142]. There may be further overlaps between tau and TDP- 
43, as suggested by the finding of cytoplasmic accumulation of phosphorylated 
TDP-43 in two different tau transgenic mouse models (rTg4510 and JNPL3), while 
there was no such pathology in non-tau neurodegenerative models (Aβ, α-synuclein, 
or huntingtin) [143]. In addition, TDP-43 may directly control tau expression by 
mediating instability of its mRNA, with increased tau levels in the brains of TDP- 
43M337V transgenic mice [144].
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Since the abnormal localization of TDP-43 in disease means that the protein is 
depleted from the nucleus, TDP-43 might not be able to execute its normal func-
tions (=loss of function). To test this in vivo, Kraemer and colleagues employed a 
gene trap insertion strategy to generate mice lacking TDP-43 [145]. Heterozygous 
mice are viable in contrast to homozygous mice, which are embryonically lethal. 
Heterozygous (Tardbp+/−) mice have reduced grip strength with no reportable differ-
ences in pathology observed.

TDP-43 transgenic mice have more recently been used to test novel therapeutic 
approaches and compounds. For example, reducing the ALS risk gene ataxin-2 in 
mutant TDP-43 transgenic mice either by crossing them on an ataxin-2-deficient 
background, or by using ASOs improved survival and reduced TDP-43 pathology, 
providing a novel therapeutic approach [146]. Similarly, overexpression of survival 
motor neuron (SMN) in neurons prolonged survival and delayed symptom onset in 
TDP-43A315T transgenic mice [147]. Treating transgenic mice that expressed a frag-
ment of TDP-43 together with the pathogenic A315T mutation with a herbal extract 
of Withania somnifera improved motor and cognitive functions, potentially by tar-
geting NF-κB signaling [148].

Taken together, TDP-43 transgenic mice have recapitulated both neuropathologi-
cal and clinical features of FTLD and ALS, provided insight into underlying 
pathomechanisms, and are instrumental in the development of novel therapeutic 
approaches.

 Progranulin (PGRN) Models

Mutations in PGRN have been shown to cause tau-negative, ubiquitin- and TDP-43- 
positive FTLD [149, 150]. The majority of these mutations are known to cause 
mRNA instability (resulting in degradation), while other mutations can cause loss 
of the entire mutant allele [150]; prematurely truncated protein [150]; or result in 
the generation of mutant PGRN protein that cannot be secreted efficiently [151] or 
appropriately cleaved [152]. Therefore, through a variety of mechanisms these 
mutations all result in either reduced PGRN levels or loss of PGRN function. It is 
for this reason that Pgrn knockout mice have been used to study this particular 
disorder.

A variety of PGRN knockout mice have been generated [153–157], and with the 
exception of one report [158], all of these strains produce knockout offsprings at an 
expected Mendelian ratio, suggesting that loss of PGRN does not impair embryonic 
development and/or survival. One common feature of all strains is that aged, homo-
zygote mice develop severe astrogliosis and microgliosis that increases with age 
(generally first detected around 12 months of age). Hence, neuroinflammation may 
play a role in the disease process. Interestingly, homozygous PGRN knockout mice 
react less efficiently and with more severe inflammation to bacterial listeria infec-
tions [154]; and both PGRN-deficient microglia and macrophages are more cyto-
toxic to cultured neurons [154, 156]. In addition to this, hippocampal slices from 
homozygous PGRN knockout mice show greater neuronal sensitivity to glucose and 
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oxygen starvation [154]. This suggests that FTLD may arise from a combination of 
deregulated inflammation and increased neuronal vulnerability to certain stressors.

In all but one strain [155], homozygous PGRN knockout mice have been found 
to display significantly more ubiquitinated structures in various brain regions by as 
early as 7 months (ranging from 7 to 18 months), which increase with age. In sup-
port of a compromised ubiquitin-proteasome system, increased p62 and cathepsin D 
(markers of autophagy and lysosomes) were found in addition to increased neuronal 
ubiquitin in PGRN knockout mice [157]. These pathological changes are common 
features of FTLD-TDP but are also associated with aging. Furthermore, in three of 
the PGRN knockout strains, levels of lipofuscin, a marker of cellular aging, were 
significantly increased (throughout the brain and also in the liver in one strain) by as 
early as 8 months. Hence, PGRN knockout mice may undergo accelerated aging, 
thereby potentially contributing to the disease process. Interestingly, levels of 
PGRN progressively increased in the brains of aging wild-type animals, suggesting 
a role for PGRN in aging [158]. Interestingly, however, no neuronal loss or markers 
of apoptosis have been observed in any of the strains though some lines have shorter 
life spans [157, 159].

Although PGRN mutations are associated with TDP-43 neuropathology in 
humans, it is not clear whether this is also the case in PGRN knockout mice. To date, 
only some pathologically phosphorylated TDP-43 have been identified in brains of 
two strains [154, 157, 160]. Therefore it remains unclear what role PGRN mutations 
play in the development of TDP-43 pathology.

The behavioral assessment of different PGRN knockout lines produced variable 
results. This could be the result of variation in genetic background or differences in 
protocols and equipment used. PGRN knockout mice do not have any significant 
motor impairments (although reduced muscle strength has been reported by Ghoshal 
and colleagues); however, there have been multiple reports of reduced social 
engagement and aggression [155, 159, 160] and depression-like behavior and disin-
hibition [160], which mimics several major behavioral hallmarks of FTLD. In addi-
tion, aged PGRN knockout mice show reduced performance in the Morris water 
maze [157, 159, 160] and novel object testing [155], suggesting late-onset learning 
and memory impairments. Although the mechanism by which PGRN deficiency 
causes these behavioral phenotypes is unclear, Petkau and colleagues [155] utilized 
electrophysiological recordings to demonstrate that hippocampal slices from homo-
zygous PGRN knockout mice display reduced postsynaptic responsiveness and 
occasional LTP dysfunction. Furthermore, CA1 pyramidal neurons showed reduced 
dendritic length and reduced spine density. Therefore, synaptic dysfunction may 
play a role in the disease process underlying FTLD. Alternatively, increased lyso-
somal activity markers and cytoplasmic TDP-43 aggregates in neurons were found 
in the brains of aged PGRN knockout mice, suggesting lysosomal dysfunction may 
contribute to pathology [161].

Although PGRN mutations have initially been identified in tau-negative FTLD- 
TDP- 43, PGRN mutations have since been found in a range of neurodegenerative 
conditions, including AD with tau pathology [162, 163]. This is supported by 
increased tau pathology in P301L tau transgenic mice that were crossed on a 
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Pgrn+/− background, suggesting a direct connection between granulins and tau 
pathology [164].

It should be noted that the majority of studies discussed above utilized homozy-
gous PGRN knockout mice, despite the fact that PGRN mutations cause haploinsuf-
ficiency in humans. For this reason, it is important to highlight some results obtained 
from heterozygous PGRN knockout mice [165]. These mice express approximately 
50% less PGRN mRNA and protein (and were maintained on two different genetic 
backgrounds), but unlike homozygous PGRN knockout mice, they do not develop 
any significant astrogliosis, microgliosis, and lipofuscinosis or show any electro-
physiological changes, nor do they have any motor impairment or memory and 
learning impairments. Nevertheless, these animals (regardless of the genetic back-
ground) still show social and emotional dysfunction.

In summary, PGRN knockout mice recapitulate a number of hallmark features of 
FTLD-TDP-43, including neuroinflammation, ubiquitinated aggregates, and behav-
ioral impairments. However, the exact role of TDP-43 in this disease and the exact 
effects of PGRN haploinsufficiency versus homozygous deficiency remain to be 
determined.

 Valosin-Containing Protein (VCP) Models

Mutations in the valosin-containing protein  (VCP) gene are known to cause the 
multisystem degenerative disorder called inclusion body myopathy associated with 
Paget’s disease of the bone and frontotemporal dementia (IBMPFD) [166]. Although 
muscle weakness and myopathy are the most common clinical features of this dis-
order, approximately 30% of patients also develop language and behavioral impair-
ments typical of FTLD [167]. Furthermore, TDP-43- and ubiquitin-positive 
inclusions are found in both the brain and muscle of IBMPFD patients. Interestingly, 
some reports also link VCP mutations to ALS [168, 169]. Over 20 mutations have 
been identified in VCP, all of which are thought to alter the 3D structure of VCP and 
thereby perturb the interactions between VCP and its various substrates [170]. 
Substitution of arginine 155 to histidine (R155H) is the mutation most commonly 
associated with IBMPFD. It is for this reason that the majority of mouse models 
utilize this particular mutation. Another mutation, A232E, is associated with a par-
ticularly severe clinical presentation in humans [166].

To develop an animal model of IBMPFD, a number of groups have generated 
transgenic mice that express mutant VCP [171–175]. Although these strains all 
express a similar mutant protein, there are a number of inherent differences amongst 
the strains. For example, because mouse VCP differs from the human protein by 
only one amino acid, some groups chose to express human mutant VCP in the 
mouse model, whereas other models express mutant mouse VCP. Various promoters 
have been used to generate mice that overexpress the mutant protein exclusively in 
muscle [172], the brain [171], or ubiquitous expression in all tissues [173], while 
other groups have generated knockin mice that express mutant VCP at levels similar 
to that of the endogenous protein [174, 175].
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Despite these inherent differences, all mutant VCP mouse strains have been 
reported to develop VCP-negative, TDP-43-positive, and ubiquitin-positive aggre-
gates. These aggregates develop in regions where the mutant protein is expressed, 
i.e., the muscle, brain, and spinal cord. In heterozygote animals, these aggregates 
appear at around 10–15 months in the muscle and the spinal cord and at 14–20 
months in the brain, while in homozygous mice [175], TDP-43 aggregates were 
observed as early as 15 days in the muscle, brain, and spinal cord. In some strains, 
cytoplasmic and nuclear clearance of TDP-43 was observed, as well as insoluble 
and high molecular weight TDP-43 species [171, 173, 176]. In one particular strain, 
TDP-43 aggregates were observed to co-localize with the stress granule marker 
TIA-1, and overall levels of TIA-1 were increased, suggesting an increased stress 
response, which could potentially alter mRNA transport and translation. Altered 
stress granule dynamics and/or altered mRNA metabolism may therefore play a role 
in the disease processes associated with TDP-43 proteinopathies. Despite the pres-
ence of TDP-43 aggregates, none of the strains show any sign of neurodegeneration 
in the brain [171, 173, 174], although loss of motor neurons in the spinal cord has 
been reported [176].

Other pathological features commonly observed in these mice include a signifi-
cant increase in the levels of general protein ubiquitination [171, 172, 175, 176] and 
upregulation of markers of autophagy [174–176] in the muscle, brain, and spinal 
cord. Combined with the knowledge that VCP is known to play a role in regulating 
ubiquitin degradation of a number of proteins, this data suggests that dysfunctional 
protein degradation and accumulation of ubiquitinated proteins may play a role in 
the development of this disorder. In addition to this, high molecular weight species 
of TDP-43 were found to pull down with VCP, suggesting a direct interaction 
between VCP and high molecular weight TDP-43 isoforms in these mice [171]. One 
possible explanation for this interaction is that VCP may be trying to direct TDP-43 
to the proteasome for degradation and that disruptions to this interaction may cause 
TDP-43 to accumulate in the cytoplasm and eventually aggregate.

IBMPFD is most commonly characterized by myopathy. In accordance with this, 
in all the mutant VCP mice strains that express the transgene in muscle tissue, sig-
nificant pathology was observed. This includes vacuoles, disordered architecture, 
variation in muscle fiber size, and swollen mitochondria [172–176]. On average, 
these features were observed at around 6–15 months of age; however, in mice that 
were bred to homozygosity, muscle abnormalities were already observed after 15 
days. Radiographic and biochemical bone deformities consistent with Paget’s dis-
ease are also commonly observed in IBMPFD. Similar characteristics have been 
reproduced in the mutant VCP mice, including loss of bone structure, decreased 
bone density, hypomineralization, and sclerotic lesions at around 13–16 months of 
age [173–175]. Therefore, these mice recapitulate the wide range of pathological 
features associated with IBMPFD within the muscle, brain, and bone.

In general, all mutant VCP mouse strains show signs of muscle weakness and 
reduced Rota Rod performance, which is in accordance with the clinical presenta-
tion in human patients [172–175]. Although some reports show weight loss and 
reduced survival in certain strains [173, 176], particularly in the homozygote mice 
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which only survive 14–21 days [175], this has not been observed in all strains. 
Interestingly, short survival of homozygous VCPR155H/R155H mice was significantly 
improved, as were motor deficits when mice were fed a lipid-rich diet [177]. Custer 
and colleagues reported increased anxiety in these mice in the elevated zero maze 
and reduced performance in the novel object test, while other strains did not show 
any memory deficits [173–175]. Rodriguez-Ortiz and colleagues used a neuron- 
specific promoter to overexpress mutant VCP specifically in the forebrain [171]. 
These mice showed no difference in swim speed and distance in the Morris water 
maze, but showed significant impairment in the probe trial, as well as impairment in 
object recognition testing, indicating learning and memory deficits. Furthermore, 
higher mutant VCP-expressing mice were shown in these studies to have greater 
cognitive deficits than lower expressing mice, with both lines showing greater 
impairment with age, suggesting that neuronal mutant VCP expression impairs cog-
nition in an age- and dose-dependent manner in these mice.

In summary, mutant VCP mice develop muscle and brain pathology as well as 
bone abnormalities that closely match with what is observed in human IBMPFD 
patients. In addition, the spinal cord pathology closely matches that observed in 
human ALS patients. This therefore raises the question whether inclusion body 
myopathy, Paget’s disease, ALS, and FTLD share a common underlying mecha-
nism. Because these mice developed ubiquitin-positive, TDP-43 aggregates and 
showed re-localization of TDP-43, they can be used not only to study IBMPFD but 
also the mechanisms underlying the development of TDP-43 pathology in general, 
particularly the neuron-specific expressing mice.

 Charged Multivesicular Body Protein 2B (CMBP2B) Models

Although rare, mutations in the charged multivesicular body protein 2B (CHMP2B) 
gene are associated with familial forms of FTLD that display ubiquitin- and 
p62-positive inclusions that are negative for tau, FUS, and TDP-43 [178]. All muta-
tions identified have been shown to cause a loss of the C-terminus of CHMP2B; 
therefore, the disease pathogenesis could be caused by either loss of normal 
CHMP2B function, or more specifically, loss of the CHMP2B C-terminus. To 
investigate this in greater depth, Ghazi-Noori and colleagues generated both wild- 
type (CHMP2Bwt) and C-terminally truncated (CHMP2BIntron5) CHMP2B trans-
genic mice, as well as CHMP2B knockout mice [179]. Initially, both the CHMP2B 
transgenic and knockout mice showed normal survival curves; however, after 500 
days the CHMP2BIntron5 mice showed increased mortality. Interestingly, the 
CHMP2BIntron5 mice were shown to develop p62- and ubiquitin-positive inclusions 
(but TDP-43- and FUS-negative) that were absent in the CHMP2Bwt and knockout 
mice, suggesting that the formation of these inclusions was dependent on the expres-
sion of mutant CHMP2B. Since these inclusions were absent in the knockout mice, 
this suggests that the pathology is not caused by a loss of function but rather a gain 
of toxic function. These inclusions were found in a number of brain regions and 
motor neurons in the spinal cord, as early as 6 months and were found abundantly 
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by 18 months of age. In addition to the formation of inclusions, the CHMP2BIntron5 
were also shown to develop astrogliosis and microgliosis, which were absent in the 
CHMP2Bwt and knockout mice. Interestingly, there were no signs of astrogliosis in 
the CHMP2BIntron5 mice until 12 months of age, and thus occurred only after the 
formation of inclusions, whereas reactive microglia was already present at 6 months 
of age and therefore coincided with the formation of inclusions. Another feature that 
was found to develop exclusively in the CHMP2BIntron5 mice were axonal swellings. 
These swellings were apparent at 6 months and increased with age and were found 
to contain mitochondria as well as vesicles from the lysosomal and autophagy deg-
radation pathways. This suggests that axonal dysfunction and impairment, and pos-
sibly even axonal transport, may play a role in the disease process underlying FTLD 
caused by CMHP2B mutations. A second CHMP2BIntron5 line using a Thy1.2 instead 
of a PrP promoter to achieve neuronal expression presented with decreased survival 
(higher mortality in homo-, than in heterozygous mice) due to paralysis and muscle 
atrophy with denervation reminiscent of ALS, but also FTLD-like behavioral 
changes including disinhibition and social deficits [180]. P62-positive neuronal 
inclusions in these mice were negative for TDP-43 and FUS. A recent behavioral 
characterization of the original CHMP2BIntron5 mouse line showed slowly progress-
ing motor and social deficits as mice reached 18 months of age, which was in con-
trast to early-onset neuroinflammation already detectable at 3 months of age [181]. 
Therefore, neuroinflammation may significantly contribute to the neurodegenera-
tion in FTLD with CHMP2B mutations.

 Fused in Sarcoma (FUS) Models

Mutations in the fused in sarcoma (FUS) gene have been identified not only in rare 
cases of FTLD [182], but also in a number of familial ALS cases [183, 184]. In 
contrast to the pathology in ALS however, FUS-positive inclusions identified in 
cases of FTLD co-localize with the RNA binding proteins TAF15 and EWS and are 
also ubiquitinated. The majority of FUS mutations cluster within the extreme 
C-terminus of the protein and interfere with the nuclear localization sequence resid-
ing in the C-terminus [185]. However, it has been demonstrated that overexpression 
of non-mutant FUS is sufficient to cause an aggressive phenotype and neuropathol-
ogy in mice [186] as well as in rats [187].

Mitchell and colleagues generated both heterozygote (FUStg/+) and homozygote 
(FUStg/tg) mice overexpressing human non-mutant FUS in the brain, spinal cord, and 
testis [186]. Although the FUStg/tg mice expressed higher levels of transgenic human 
FUS, this was found to decrease endogenous levels of murine FUS. FUStg/tg mice 
were found to have a significantly shorter life span that only averaged 82 days, 
whereas FUStg/+ mice showed normal survival. In addition to nuclear localization of 
transgenic FUS, FUStg/tg mice harbored perinuclear inclusions throughout the brain 
and spinal cord and cytoplasmic FUS within cortical neurons of end-stage FUStg/tg 
mice, whereas only some perinuclear inclusions were found in the brains of FUStg/+ 
mice. However, there was no obvious co-localization between FUS and increased 
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ubiquitin. Furthermore, these FUS aggregates did not co-localize with EWS and 
TAF15, as is observed in FTLD. Neuronal loss and gliosis were limited to the spinal 
cord in FUStg/tg mice, resulting in muscle atrophy, early-onset motor deficits, and 
eventually limb paralysis. Adeno-associated virus (AAV)-mediated neuronal 
expression of R521C mutant or C-terminally truncated (∆14) FUS in neonatal mice 
resulted in cytoplasmic accumulation and aggregation of FUS with co-aggregation 
of p62, but not TDP-43, similar to FTLD [188]. For comparison, transgenic expres-
sion of nuclear localization-deficient (∆NLS) FUS or a variant depleted of its RNA 
binding motif and harboring a pathogenic R522G mutation produced ALS-like neu-
ropathology and death due to severe motor dysfunction [189–191]. Similarly, trans-
genic neuronal expression of R521C mutant FUS resulted in severe motor deficits 
and ALS-like neuropathology [192]. Dendritic and synaptic atrophy in these mice 
was associated with DNA damage and partially reversed by BDNF treatment. 
Systemic overexpression of both mutant and wild-type FUS resulted in short sur-
vival, severe muscle atrophy, and neurodegeneration [193]. However, pan-neuronal 
or motor neuron-specific expression of mutant FUS from the endogenous Mapt pro-
moter resulted in motor neuron dysfunction and loss, supporting a gain of toxic 
function in ALS [194], and cell autonomous pathogenic processes, as shown also in 
Fus ∆NLS knockin mice [195]. In contrast, aged homozygous FUS knockout mice 
lacked ALS-like symptoms, but rather presented with hippocampal degeneration 
and behavioral deficits [196]. If these loss-of-function phenotypes relate to mecha-
nisms relevant for FTLD remains to be shown.

In summary, these mice recapitulate various pathological and behavioral features 
of both ALS and FTLD patients, making them good models to study these disor-
ders. Exactly how overexpression of FUS causes these features and whether a simi-
lar process occurs in the presence of mutant FUS and whether the same process 
occurs in both ALS and FTLD remains to be determined [197].

 C9orf72 Models

Hexanucleotide GGGGCC (G4C2) expansion in intron 1 of the C9orf72 locus has 
been identified as a major genetic cause of FTLD and ALS [198, 199]. In Europe, 
up to 70% of patients with familial and up to 20% with apparent sporadic FTLD/
ALS carry the C9orf72 repeat expansion [55, 200].

Models of C9orf72 are the most recent addition to the spectrum of mouse models 
of FTLD. AAV-mediated neuronal expression of up to 66 G4C2 repeats in mice at 
birth resulted in typical RNA foci and c9RAN pathology, with inclusion of phos-
phorylated TDP-43 and neuronal loss, accompanied by FTLD-like behavioral and 
motor deficits 6 months after inoculation [201]. This model recently facilitated 
insight into sequestration with loss of function of nucleocytoplasmic transport pro-
teins as possible disease mechanism [202]. Transgenic C9orf72 mice were gener-
ated carrying bacterial artificial chromosomes (BACs) from human C9orf72 
poly- G4C2 carriers [203, 204]. Different from the AAV-induced model, these BAC 
transgenic mice presented with neuronal RNA foci and c9RAN pathology, but did 
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not develop functional deficits, suggesting further drivers of disease are required. 
However, more recent C9orf72 poly-G4C2 BAC transgenic lines presented with neu-
ronal loss, behavioral deficits, and c9RAN and TDP-43 pathology, resembling key 
features of FTLD and ALS [205, 206]. Single doses of antisense oligonucleotides 
(ASOs) to C9orf72 repeat-containing RNAs were sufficient to ameliorate neuropa-
thology and behavioral deficits [206]. Interestingly, a recent study reported similar 
epigenetic changes in C9orf72 poly-G4C2 BAC transgenic mice and C9orf72 poly- 
G4C2 disease carrier, highlighting the value of these models [207]. To study the 
effect of poly-GA polypeptides translated from aberrant G4G2 hexanucleotide 
repeats in C9orf72 independent of possible other related mechanisms, novel trans-
genic mice expressing codon-modified poly-GA-CFP were developed, showing co- 
aggregation of proteins found in human disease (e.g., p62 Mlf2), phosphorylation of 
TDP-43 and some motor, but no memory deficits [208].

In contrast to transgenic models, neuronal and glial knockout of C9orf72 did not 
develop neurological deficits [209]. Systemic C9orf72 knockout resulted in an 
immune phenotype, neoplastic lesions, and decreased survival, without neurologi-
cal deficits, suggesting that loss of C9orf72 function is unlikely to contribute to FTD 
[206, 210–212]. Interestingly, loss of C9orf72 enhanced autophagic activity, sug-
gesting a regulative role in cell metabolism [213].

In summary, the newly developed C9orf72 mouse models have significantly 
extended the spectrum of current FTLD mouse models, allowing novel insight into 
disease pathogenesis and providing platforms for new therapeutic strategies.

 Concluding Remarks

Genetically modified mouse models are central to in  vivo studies in AD and 
FTLD. Such models have provided insight and in some aspects a detailed under-
standing of pathological processes. With the identification of new proteins that form 
intracellular inclusion and novel pathogenic mutations in genes in FTLD, the num-
ber of different mouse models has dramatically increased. However, keeping in 
mind that each of the models reproduces and addresses only certain aspects of the 
human condition, and with the ease to rapidly generate knockout/knockin mice by 
CRISPR/Cas9 genome editing, it is likely that we see a plethora of transgenic mod-
els of even long-known candidates such as APP and tau. In addition, many of the 
new models of FTLD are awaiting to be used in combination with other genetically 
modified strains to address complex pathological processes in vivo.
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11Fluid Biomarkers in Alzheimer’s Disease 
and Frontotemporal Dementia
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Abstract
Fluid biomarkers, including cerebrospinal fluid (CSF) biomarkers and blood- 
based biomarkers, may reflect different pathological processes in Alzheimer’s 
disease (AD) and frontotemporal dementia (FTD). The most used biomarkers are 
CSF β-amyloid42, total tau, phosphorylated tau, and neurofilament light, which 
have been studied for diagnosis, prognosis, and treatment follow-up and in rela-
tion to genetics and neuroimaging. These biomarkers are now increasingly used 
in research, drug development, and clinical settings to increase our understand-
ing of AD and FTD and to improve patient management. Recent progress in 
stable, automated assays for CSF biomarkers and ultrasensitive assays for blood- 
based biomarkers and the incorporation of fluid biomarkers in clinical practice 
and in clinical trials have accelerated the field. Key issues for further research 
include more extensive studies of the earliest stages of neurodegenerative 
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 diseases, better biomarkers for distinct proteinopathies, and the creation of 
 universally accepted guidelines specifying the role of fluid biomarkers in relation 
to clinical measures and neuroimaging findings.

Keywords
Biomarker · Alzheimer · Frontotemporal lobe dementia · Tau · Amyloid · 
Neurofilament

 Introduction

Fluid biomarkers are used ubiquitously by physicians and life scientists to measure 
normal physiology, pathological processes, and effects of therapeutic interventions 
[1]. In neurology, cerebrospinal fluid (CSF) biomarkers have been used to map 
brain diseases since the beginning of the twentieth century [2]. Modern technology 
makes it possible to measure CSF biomarkers related to accumulation of proteins, 
neuronal injury, inflammation, and other pathological processes. Several brain- 
derived biomarkers can also be measured in blood. This has been used in neurode-
generative diseases, including Alzheimer’s disease (AD) and frontotemporal 
dementia (FTD), to provide early and accurate diagnosis, to elucidate disease mech-
anisms, and to facilitate development of new therapies.

We here provide an up-to-date review of CSF and blood-based biomarkers in AD 
and FTD.  This is an updated version of a review written in 2013 (chapter by 
Mattsson and Zetterberg in [3]). We therefore focus mainly on papers published in 
2013–2017. Priority was given to original papers and meta-analyses, but we occa-
sionally direct the reader to specialized reviews for subtopics.

 The Brain, Cerebrospinal Fluid, and Blood

Due to its proximity to the brain parenchyma, CSF may be the most useful fluid for 
measuring biomarkers related to brain physiology. CSF is a clear liquid which occu-
pies the ventricles and the subarachnoid space around the brain and the spinal cord 
[4]. CSF is essentially a highly diluted filtrate of plasma (about 99% water), which 
is mainly produced by the choroid plexus in the ventricles, but also released from 
other structures, including blood vessels and the remaining ventricular ependyma. 
CSF circulates from the ventricles deep inside the brain to the subarachnoid space 
and is reabsorbed to the venous blood stream through arachnoid granulations, as 
well as through meningeal lymphatic vessels [5]. The discovery of the so-called 
glymphatic system has helped explaining how subarachnoid CSF may enter and exit 
the brain along paravascular spaces and clear the brain parenchyma from extracel-
lular metabolites and other breakdown products [6]. Histologically, CSF is in close 
contact with the cells of the CNS and is not separated from the brain tissue by the 
blood–brain barrier.
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CSF has several normal functions, including the creation of neutral buoyancy for 
the brain, to reduce its net weight and protect the blood supply and the integrity of 
neurons, especially in the lower sections of the brain; supplying nutrients, peptides, 
and hormones to widespread neuronal networks; clearing waste products from the 
normal metabolism into blood stream; providing mechanical protection for the 
brain, by distributing the impact of an incoming force; and helping to maintain a 
constant intracranial pressure.

The total CSF volume in an adult human is about 150 mL, with a formation rate 
of about 0.4 mL per minute, and an overall turnover rate of about 3–4 volumes per 
day [4]. CSF in the caudal lumbar sac is available for sampling by lumbar puncture. 
The normally acquired volume is about 10–20 mL, which is quickly replenished. 
Lumbar puncture is a relatively easy procedure that can be performed on outpatients 
[7]. The only significant complication is headache, which has an incidence that is 
most often reported to be between 2 and 10%, depending primarily on age (older 
people have low incidence) [7–10]. The headache is often mild, can be symptomati-
cally treated, and resolves by itself within a day or two.

The other major biofluid for biomarker analysis is blood (serum or plasma), which 
communicates with the brain and CSF compartments through the glymphatic system 
[6]. There are several issues, both biological and technical, with the measurement of 
CNS-related biomarkers in blood, however. First, a biomarker that has its origin in the 
CNS has to cross the blood–brain barrier in order to be detected in the periphery and, if 
the concentration is low in CSF, it will be even lower in the blood due to the blood:CSF 
volume ratio causing a substantial dilution. Second, if the biomarker is not specific for 
the CNS but also expressed in peripheral tissues that may be injured in trauma, the con-
tribution from CNS will potentially drown in the high biological background caused by 
non-CNS sources (a good tool to assess the risk for this is the publicly available web-
based Human Protein Atlas, http://www.proteinatlas.org/, which presents mRNA and 
protein expression in 44 different human tissues of close to 20,000 proteins). Third, the 
huge amount of other proteins in blood (e.g., albumin and immunoglobulins) introduces 
analytical challenges due to possible interference. Fourth, heterophilic antibodies may 
be present in blood, which may interfere in immunoassays. Fifth, the analyte of interest 
may undergo proteolytic degradation by various proteases in plasma. Sixth, clearance of 
the biomarker in the liver or by the kidneys may introduce variability. Nevertheless, 
recent advances in ultrasensitive measurement techniques have overcome some of these 
hurdles, and the field of blood biomarkers for CNS diseases now looks much more 
promising and several biomarker candidates, reviewed below, exist.

 Alzheimer’s Disease

AD is characterized by the presence of extracellular amyloid-β (Aβ) pathology and 
intracellular tau pathology. AD is believed to have a preclinical stage, when Aβ 
pathology appears. This is followed by clinical stages, when tau pathology spreads 
throughout the brain, in a process that is paralleled by hypometabolism, atrophy, 
and cognitive decline. The cognitive impairment is dominated by memory loss but 
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may also include language, visuospatial, and executive dysfunction and in rare 
cases even motor problems. The overall duration from preclinical debut to advanced 
dementia stages may be several decades.

The literature on fluid biomarkers in AD is huge, with thousands of papers on 
diagnosis, prognosis, and associations with neuroimaging and treatment effects. But 
most of these papers deal only with three biomarkers: CSF β-amyloid1-42 (Aβ42), 
total tau (T-tau), and phosphorylated tau (P-tau). These are sometimes referred to as 
the core AD biomarkers and have been incorporated into research diagnostic criteria 
for AD, as presented by both the international working group (IWG) [11–13] and 
the National Institute on Aging-Alzheimer’s Association (NIA-AA) workgroup 
[14–16]. These criteria emphasize both that CSF Aβ42, T-tau and P-tau may be used 
to identify clinical AD and that CSF Aβ42 may be altered already in preclinical 
stages of AD, prior to any symptoms. Several other CSF biomarkers have also been 
studied in AD (Table 11.1). The last few years have also seen a rising interest in 
blood-based biomarkers for AD.

Table 11.1 Biomarkers in AD and FTD

Biomarker Main pathological feature AD FTD
Aβ-related biomarkers
CSF Aβ42 Aβ pathology ↓↓ ↓/−
CSF Aβ42:Aβ40 ratio Aβ pathology ↓↓ –
CSF BACE1 Altered Aβ metabolism ↑ ?
CSF α-sAPP and β-sAPP Altered Aβ metabolism ↑/− ↓/−
CSF Aβ oligomers Altered Aβ metabolism ? ?
Plasma/serum Aβ40 and 
Aβ42

Aβ pathology and/or extra-cerebral APP 
metabolism

↑/−/↓ ?

Tau-related biomarkers
CSF T-tau Neurodegeneration ↑↑ ↑
CSF P-tau Neurodegeneration/tau pathology ↑↑ –
Plasma/serum tau Neurodegeneration ↑/− ?
Other biomarkers of degeneration and proteinopathy
CSF neurogranin Synaptic degeneration ↑↑ ↓
CSF NFL Neurodegeneration ↑ ↑↑
Plasma/serum NFL Neurodegeneration ↑ ↑↑
Plasma/CSF TDP-43 TDP-43 pathology and/or extra-cerebral TDP-43 

metabolism
? ↑/−

Plasma/CSF progranulin GNR mutation status – ↓
CSF ubiquitin Neurodegeneration ↑ –
Inflammation-related markers
CSF YKL-40 Astrocytosis/microglial activity ↑ ↑
CSF sTREM2 Microglial activity ↑ ?
CSF IL-8 Neuroinflammation ↓ ?

The table summarizes the key biomarkers discussed in this review. The main biomarker changes in 
AD and FTD are presented as increases (marked ↑↑ or mild ↑), decreases (marked ↓↓ or mild ↓), or 
no significant changes (−). We list the main features associated with each biomarker, but other 
processes may also contribute to altered biomarker levels, as explained in the main text. Note that 
this selection does not constitute a comprehensive list of all studied fluid biomarkers in AD and FTD
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 Frontotemporal Dementia

FTD refers to a spectrum of heterogeneous neurodegenerative disorders [17], which 
collectively represents one of the most common causes of early-onset dementia. 
The diagnosis of FTD versus other dementias and the differentiation of different 
FTD variants are important both for clinical practice and research but can be very 
challenging. FTD biomarkers are actively being explored by many researchers, but 
disease-specific biomarkers are still lacking.

Clinically, FTD is characterized by changes in behavior, executive dysfunction, 
and/or language impairment. The most common type of FTD is the behavioral vari-
ant (bvFTD), with behavioral change, inappropriate social conduct, and executive 
dysfunction. Another type is the semantic variant of primary progressive aphasia 
(svPPA, also called semantic dementia, SD), with progressive language decline and 
speech difficulties leading to fluent speech with anomia, impaired single word com-
prehension, and surface dyslexia due to loss of semantic memory. A third type is the 
nonfluent variant of PPA (nfvPPA, also called progressive nonfluent aphasia, PNFA) 
[17], with effortful speech production with agrammatism, apraxia of speech, and 
impaired sentence comprehension. The logopenic variant PPA (lvPPA), which leads 
to word-finding pauses and impaired sentence repetition, is mostly associated with 
AD pathology [18]. Finally, there is a significant clinical, pathological, and genetic 
overlap between FTD and amyotrophic lateral sclerosis (ALS), progressive supra-
nuclear palsy (PSP), and corticobasal syndrome (CBS).

The clinical FTD variants may be caused by several different underlying fronto-
temporal lobar degeneration (FTLD) pathologies, which partly overlap between the 
clinical variants. FTLD pathologies are classified based upon their predominant 
neuropathological protein. Most patients have a dominance of either (1) tau (FTLD- 
Tau), seen in about 35–50% of patients; (2) TAR DNA-binding protein-43 (FTLD- 
TDP), seen in about 50% of patients; or (3) fused in sarcoma protein (FTLD-FUS), 
seen in most remaining patients [17].

 Biomarkers for Pathological Processes in AD and FTD

We now turn to the most studied biomarkers in AD and FTD. We focus on biomark-
ers related to Aβ, tau, axonal degeneration, synapses, inflammation, and some 
FTLD-related inclusions. In general, we suggest that each biomarker should be 
regarded as an indicator of a specific pathological process. Since these may partly 
occur in several different diseases, most individual biomarkers are not disease- 
specific. It is therefore crucial to interpret biomarker results in the context of other 
biomarkers, clinical presentation, and neuroimaging.

 Amyloid-β-Related Biomarkers

Several biomarkers related to Aβ metabolism have been explored in dementing dis-
eases, especially in AD.
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 Aβ Peptides
Aβ peptides are derived from the type-I transmembrane amyloid precursor protein 
(APP), which is ubiquitously expressed by neurons in the brain. APP can be pro-
cessed by different enzymes, including α-secretase, β-secretase (BACE1), and 
γ-secretase. The combined activity of BACE1 and γ-secretase leads to production of 
Aβ peptides of different lengths, where the most studied species is Aβ1-42 (Aβ42). 
CSF Aβ42 is reduced in AD patients [19] and correlates inversely with brain Aβ 
accumulation, both in neuropathology [20, 21] and PET Aβ imaging studies [22, 
23]. The main theory for this is that Aβ42 is sequestered in plaques and thus has 
limited access to CSF in the presence of Aβ pathology. Hypothetically, CSF Aβ42 
may also be reduced by other processes, including altered release of Aβ, formation 
of Aβ oligomers that are not detected by common assays [24], binding of Aβ to 
other proteins that block antibody epitopes [25], or intracellular Aβ accumulation 
[26]. Infection and inflammation may also affect APP metabolism and lower CSF 
Aβ peptide levels without formation of plaques [27–31].

Reduced CSF Aβ42 has been reported not only in AD, but also in some patients 
with vascular dementia [32], Lewy body dementia [33], FTD [34], Creutzfeldt- 
Jakob’s disease [35], ALS [36], and multiple system atrophy [37]. In some cases, 
this could represent actual brain Aβ aggregation, for example, in cases of AD 
comorbidity [38]. But it is also possible that CSF Aβ42 could be reduced by other 
mechanisms than brain Aβ aggregation, for example, as a consequence of white 
matter pathology [39].

Besides Aβ42, APP processing may also give rise to many other Aβ isoforms, 
which to varying degrees are present in plasma and CSF (Fig. 11.1). One of these is 
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Fig. 11.1 Aβ peptides present in CSF. A large number of different Aβ variants are present in CSF, 
besides the commonly studied Aβ1-40 and Aβ1-42. The figure shows different Aβ isoforms present 
in normal human CSF, as detected by immunoprecipitation and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (IP-MALDI-TOF-MS) using the anti-Aβ antibodies 
6E10 and 4G8. Courtesy of Erik Portelius, University of Gothenburg
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Aβ1-40 (Aβ40). Although some patients with Aβ pathology have increased CSF 
Aβ40 levels [40], Aβ40 is generally unaltered in AD. The ratio between Aβ42 and 
Aβ40 appears to be a better indicator of Aβ pathology and AD than Aβ42 alone [41]. 
Other Aβ peptides include C-terminally truncated peptides formed by γ-secretase 
cleavage (e.g., Aβ1-37 and Aβ1-38 [42]), C-terminally truncated short isoforms 
formed by combined β-secretase and α-secretase activity (e.g., Aβ1-16 [43, 44]), 
and N-terminally truncated isoforms formed by other enzymatic activities (e.g., 
Aβ5-40 [45]). These other isoforms of Aβ are explored in different settings but have 
not yet become established as disease biomarkers.

 Aβ Generating Enzymes
BACE1, which has a rate-limiting function in the formation of Aβ peptides, exists 
in a soluble form that is measurable in CSF [46]. CSF BACE1 activity may be 
increased in AD or MCI [47–49], but this has not been replicated in all studies [50]. 
One possibility is that BACE1 levels are increased only early in the disease [50, 51].

The other enzyme that participates in formation of Aβ, γ-secretase, is a general 
proteolytic enzyme residing in the cellular membrane. It has more than 100 known 
substrates, and several of these are present in CSF. One of these is alcadein, which 
is processed by γ-secretase into several smaller peptides, like APP. Some alcadein 
peptides are present in CSF, and this may be useful to explore γ-secretase function 
in humans [52].

 sAPP Peptides
APP processing also gives rise to the N-terminal soluble fragments sAPP-α (formed 
after α-secretase cleavage) and sAPP-β (formed after BACE1 cleavage). A few stud-
ies have found increased CSF sAPP-α or sAPP-β in MCI or AD (especially in sub-
jects with pathological CSF Aβ42 or T-tau) [53, 54], but not all studies have 
replicated this [55]. Furthermore, some studies (but not all [56]) have found reduced 
CSF sAPP-α or sAPP-β in FTD [57–59].

 Aβ Oligomers
Several studies have measured CSF levels of Aβ oligomers, although these are dif-
ficult to quantify and characterize, and results have varied [60–64]. There has been 
little progress in this field during recent years, and it is clear that CSF Aβ oligomers 
represent a difficult biomarker category.

 Blood-Based Measures of Aβ
In plasma, current assays allow for the measurement of Aβ40 and Aβ42 (although 
additional species most likely exist), and several studies have examined their 
association with dementia, AD, and/or cerebral β-amyloidosis. However, the 
results are less clear than those derived from CSF or PET studies and the signifi-
cant associations, if any, are weak and go in either direction [65]. As the correla-
tion of CSF with plasma Aβ concentrations is low [66], it is possible that most of 
the Aβ peptides measured in plasma are derived from extra-cerebral sources such 
as platelets in which APP expression is high. If ultrasensitive assays are used, 
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samples can be diluted which may mitigate matrix effects that may disturb the 
measurement of Aβ. Using such an assay, there were weak positive correlations 
between plasma and CSF concentrations for both Aβ42 and Aβ40 and negative 
correlations between plasma Aβ42 and neocortical amyloid deposition (measured 
with PET) [66]. These disease-related changes were not clear enough to be diag-
nostically useful, but the data still represent a step forward towards a blood test for 
cerebral β-amyloidosis.

 Tau-Related Biomarkers

Tau is a neuronal protein, which is mainly found in thin, unmyelinated, cortical 
axons, where it stabilizes microtubule and facilitates axonal transport mechanisms. 
Alternative splicing of exon 10 leads to tau isoforms with three (3R-tau) or four 
(4R-tau) microtubule-binding repeat domains with only 3R-tau in embryonic brain 
and comparable levels of 3R- and 4R-tau in normal adult brain [67]. In general, 
released tau is thought to reflect at least two different processes, namely, neuronal 
injury and accumulation of tau aggregates.

 Total Tau
T-tau denotes tau proteins measured by unspecific tau assays. CSF T-tau is increased 
in many diseases with significant neuronal loss [68–70]. The highest CSF T-tau 
concentrations are seen in conditions with the most severe injury, including stroke 
and Creutzfeldt-Jakob’s disease.

 Phospho-Tau
P-tau denotes tau proteins phosphorylated at specific threonine or serine resi-
dues. Phosphorylation leads to altered properties of tau and may cause it to 
aggregate into paired helical filaments and neurofibrillary tangles. Some studies 
have found that CSF P-tau correlates to the amount of neurofibrillary tangles and 
phosphorylated tau in the brain [23, 71, 72]. However, the correlations are mod-
est, and sometimes seen also for T-tau, and not replicated in all studies [73]. 
Furthermore, it is not clear why CSF P-tau is increased in AD, but not in other 
dementias with neurofibrillary tangles. CSF P-tau may also be elevated in the 
absence of tangles, for example, in some cerebral infections [27], and during 
normal brain development [74].

 Tau Isoforms
It is possible that specific isoforms or modified variants of tau may give additional 
information in neurodegenerative diseases. For example, a study using 3R/4R-tau- 
specific assays revealed selective decreases of 4R-tau in CSF of PSP and AD 
patients compared with controls and lower 4R-tau levels in AD compared with 
Parkinson’s disease with dementia [75]. It has also been suggested that neurons with 
MAPT mutations have reduced release of extracellular tau [76], which could partly 
explain why FTD patients with MAPT mutations lack prominently increased CSF 
tau levels.
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 Blood-Based Measurements of Tau
Tau has recently been measured also in serum and plasma using ultrasensitive tech-
nologies. AD patients have slightly increased plasma tau concentration, but not suf-
ficient for clinical use [77].

 Synaptic Biomarkers

Synaptic loss is a hallmark of AD [78]. Several presynaptic and postsynaptic pro-
teins, including rab3A, synaptotagmin [79], growth-associated protein 43 (GAP43), 
synaptosomal-associated protein 25 (SNAP25) [80], and neurogranin, have been 
identified in CSF using protein purification and mass spectrometric techniques [81].

One of the most promising synaptic markers is neurogranin, which is increased 
in CSF in AD patients, where it correlates with tau proteins [82–84]. A striking and 
presently unexplained result regarding neurogranin is its AD specificity [85, 86]. 
Whereas AD patients have robust increases in CSF neurogranin concentration, FTD 
patients show low concentrations.

 Neurofilament Light

NFL is one of three neurofilament proteins (the others are the heavy [NFH] and 
intermediate [NFM] chains), which are important cytoskeletal proteins, predomi-
nantly found in large diameter myelinated axons. CSF NFL is markedly increased 
in several conditions with neuronal injury, including acute cerebral infarctions and 
vascular dementia [87], white matter disease [88], FTD [89], CBD [90], and ALS 
[91]. Recently, CSF NFL has been shown to be slightly increased also in AD [92]. 
Overall in dementia, CSF NFL correlates with more severe cognitive impairment 
and shorter survival [93]. CSF NFL likely represents another pathway of neuronal 
injury than tau-related biomarkers since elevated CSF NFL predicts neurodegenera-
tion independently of T-tau and P-tau [83].

 Blood-Based Measurements of NFL
NFL can also be measured also in serum and plasma. Slightly increased plasma 
NFL is seen in AD [94]. Blood-based NFL is also increased in PSP and CBS [95], 
as well as in FTD [96].

 TDP-43

Several studies have explored fluid biomarkers linked to TDP-43, which is a major 
FTLD proteinopathy. Plasma and CSF levels of TDP-43 may be increased in FTD and 
ASL [97–99], although the results have varied for different FTLD mutations [100] and 
for different variants of TDP-43 [101]. One criticism against using CSF TDP-43 mea-
surements as a biomarker of brain pathology is that the origin of blood- based TDP-43 is 
unclear, and blood-based TDP-43 may contaminate the CSF measurements [102].
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 Progranulin

Up to 10% of FTD cases are caused by mutations in the GRN gene, which encodes 
the secreted protein progranulin [103]. GNR mutations have no specificity to any 
clinical entity in the FTD spectrum, and different diseases may even appear among 
mutation carriers within the same families. But individuals carrying GNR mutations 
have reduced plasma (and CSF) levels of progranulin, enabling screening tests with 
high sensitivity and specificity for mutation carriers versus controls or patients with 
other dementias [103, 104].

 Ubiquitin

Ubiquitin is a small protein which can be attached to proteins as labeling for subse-
quent degradation. The ubiquitin-proteasome system may be impaired in neurode-
generative diseases [105], and CSF ubiquitin has been reported to be increased in 
AD compared to controls and FTLD [106].

 Inflammation and Microglial and Astrocytic Activation

Many markers of inflammatory activity are altered in neurodegenerative diseases 
[107]. Several of these are believed to be related to microglia activity, including 
chitotriosidase activity [108] and concentrations of YKL-40 [109], which are upreg-
ulated in CSF from AD and FTD patients [85, 110]. Recent reports suggest that the 
CSF concentration of the secreted ectodomain of triggering receptor expressed on 
myeloid cells 2 (sTREM2), a molecule that is selectively expressed on microglia in 
the CNS and genetically linked to AD, is increased in AD in a disease-specific man-
ner and correlates with CSF T-tau and P-tau [111–113]. Other inflammatory mark-
ers, including IL-8, may be reduced in both CSF and serum of AD patients [114].

 Biomarkers in AD

While the previous sections focused on individual biomarkers, we will now change 
perspective and focus on AD.

 The Dynamic Biomarker Model

Many studies have found that AD dementia patients have about 50% reduced levels 
of CSF Aβ42, and several times increased CSF T-tau and P-tau levels, compared to 
cognitively healthy controls [115], with 80–85% sensitivity and specificity [116]. 
These biomarker changes are thought to start decades before patients become 
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demented and may develop in a specific sequence, as summarized in “the dynamic 
biomarker model” [117]. The presumed ordering of biomarkers in this model fol-
lows the amyloid cascade hypothesis, which states that the initial pathological event 
in AD is abnormal aggregation of Aβ peptides and that this secondarily leads to 
neuroinflammation, synaptic dysfunction, tau pathology, and neuronal degeneration 
[118]. In line with this, CSF Aβ42 is thought to change before CSF T-tau and P-tau, 
both in autosomal-dominant AD [119] and sporadic AD [120, 121]. However, novel 
results using longitudinal data suggests that subtle effects on brain metabolism and 
cognition may appear several years before the conventional threshold for Aβ bio-
marker positivity is reached [122]. The second proposition of the dynamic bio-
marker model is that the biomarkers’ trajectories are sigmoid. This is based on 
several sources, including the finding that CSF Aβ42, T-tau, and P-tau are stable in 
clinical stages of AD [123], suggesting that they have reached a plateau phase, as 
well as autopsy studies showing that amyloid accumulation plateaus with increasing 
disease duration [124]. Ultimately proving that the trajectories are sigmoid requires 
longitudinal studies with multiple time-points per subject, but most data published 
so far have had short follow-up or been cross-sectional with derived longitudinal 
measurements based on cognitive scales [125].

 Biomarkers in Preclinical AD

AD can be identified by fluid biomarkers prior to clinical symptoms [16]. The earli-
est definitive biochemical alteration in preclinical AD is thought to be reduced CSF 
Aβ42. However, CSF biomarkers related to inflammation predict future decline of 
CSF Aβ42 already in healthy controls, suggesting that CSF biomarkers may be used 
to detect inflammatory activities that are important for development of the first 
stages of AD pathology [126]. Also, on average, cognitively healthy people with 
low CSF Aβ42 have increased CSF T-tau and P-tau (and other markers of neuronal 
injury), suggesting that deleterious effects on axons and tau metabolism are partly 
present in the preclinical stage of AD [127]. Baseline CSF Aβ42, and sometimes 
CSF tau, predict future impairment in people who are cognitively normal [128–131] 
or who have subjective cognitive impairment [132, 133]. Combinations of patho-
logical CSF Aβ42 and tau may be more likely to result in cognitive impairment than 
individual biomarker positivity [134, 135]. Besides future cognitive impairment, 
reduced CSF Aβ42 is also linked to increased brain atrophy rates in cognitively 
healthy controls [136].

The predictive accuracy of biomarkers to determine future cognitive decline may 
be increased by also adjusting for factors that are related to cognitive reserve, such 
as age, education, and brain volume [137]. For example, among cognitively normal 
people with high levels of T-tau or P-tau, long education and large brain volumes are 
related to slower development of cognitive impairment, suggesting that the preclini-
cal disease indicated by elevated tau levels results in symptoms later in subjects who 
also have protective factors [138].
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 Biomarkers in Clinical AD

The earliest clinical stage of AD may be referred to as prodromal AD, or mild cogni-
tive impairment (MCI) due to AD. This is a stage with objective cognitive dysfunc-
tion that does not interfere significantly with daily functioning. In general, MCI 
patients have increased risk of progression to dementia, but from the clinical symp-
toms alone it is difficult to predict when or if an individual patient will progress and 
to determine which underlying pathology causes the symptoms. The current status 
and challenges for CSF Aβ42, T-tau, and P-tau in prodromal AD have recently been 
reviewed [139]. In sum, CSF Aβ42, T-tau, and P-tau are altered already in MCI 
patients that later progress to AD dementia, with sensitivities and specificities 
70–90% compared to patients who develop other dementias or remain cognitively 
stable [140–143]. The negative predictive values are around 90%, while the positive 
predictive values vary from 60 to 90%. Although the diagnostic accuracies 
decrease with age (mainly due to increased accumulation of Aβ in non-demented 
subjects, i.e., more prevalence of preclinical AD), CSF Aβ42, T-tau, and P-tau still 
have stable positive and negative predictive values for AD dementia in older age 
groups [144].

Different definitions of MCI exist, and some studies only include “amnestic” 
MCI patients, while others include unselected MCI with or without dominating 
amnestic symptoms. Such differences may contribute to a variability in results 
between studies. Carefully controlled mono-center studies may achieve very high 
diagnostic accuracies. For example, in one longitudinal MCI study, the combination 
of CSF Aβ42 and T-tau had a sensitivity of 95% and a specificity of 83% for conver-
sion to AD dementia at a median follow-up of 5 years [140]. When the same study 
population was evaluated at 9 years follow-up, the ratio of Aβ42 to P-tau at baseline 
had sensitivities and specificities 85–90% for future AD dementia [120]. 
Furthermore, among MCI patients with biomarker evidence of Aβ pathology, high 
T-tau and P-tau are associated with shorter time to dementia [120, 145].

CSF Aβ42 reaches a plateau already in the preclinical or early clinical stage, 
when Aβ pathology is widespread throughout the brain. Once AD patients reach the 
dementia stage, CSF T-tau and P-tau are also essentially stable [123, 146, 147]. The 
fact that CSF T-tau and P-tau are relatively stable throughout the clinical stages of 
the disease suggests that their concentrations are proportional to the rate of neuronal 
loss rather than to the accumulated loss [123, 148].

 Biomarkers in Autosomal-Dominant AD

In autosomal-dominant familial AD, the known deterministic relationship between 
mutations and future clinical disease provides a unique opportunity to investigate 
preclinical biomarker changes. A cross-sectional study on presymptomatic muta-
tion carriers in a Colombian kindred found that CSF Aβ42 levels were increased in 
mutation carriers more than two decades prior to expected age of symptom onset 
[149]. This was in line with experimental data showing that similar mutations 
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resulted in increased Aβ42 production. In a study by the Dominantly Inherited 
Alzheimer Network (DIAN), CSF Aβ42 levels started to decline about 25  years 
before expected symptom onset, and this was about 10 years earlier than any other 
biomarker alteration, including increased CSF tau [119]. When testing mutation 
carriers closer to onset of dementia, other studies have found reduced CSF Aβ42 
and increased CSF T-tau and P-tau [150–152].

 Biomarkers in Atypical Variants of AD

Besides the typical amnestic form of AD, some patients may present with a pre-
dominance of language deficits, visuospatial deficits, or behavioral/executive defi-
cits. In general, CSF Aβ42, T-tau, and P-tau do not differ between these clinical 
presentations of AD [153].

 Biomarkers in FTD

We now turn towards biomarkers for FTD. The combination of high CSF Aβ42 and 
low CSF P-tau has high discrimination for FTD versus AD [154, 155]. The elevated 
CSF NFL in many patients with FTD may also help to discriminate against AD, but 
not against many other dementias [93, 156].

One important factor that may influence CSF biomarkers diagnostic performance 
is the clinical and pathophysiological heterogeneity of the FTLD spectrum. The dif-
ferent FTD and FTLD variants could potentially have different profiles of CSF bio-
markers. One common finding is that FTLD-TDP have lower CSF P-tau/T-tau ratio 
compared to FTLD-Tau [157–159]. FTLD-TDP patients may also have higher CSF 
NFL [160]. Patients with PSP have been reported to have reduced CSF T-tau and 
P-tau levels compared to controls [161], which may hypothetically be a conse-
quence of altered processing of tau in PSP.

CSF biomarkers may be associated with disease severity in FTD. For example, 
CSF (and serum) NFL is elevated in symptomatic but not presymptomatic FTLD 
mutation carriers [162]. High CSF NFL also correlates with neuropsychological 
measures and atrophy in FTD [156]. Both high CSF T-tau [163] and CSF NFL [93, 
159] are associated with shorter survival in FTD. Low CSF Aβ42 levels have been 
associated with worse general cognitive function and worse executive function in 
patients with bvFTD [164].

 Biomarkers in Clinical Trials

Fluid biomarkers may facilitate drug development in neurodegenerative diseases by 
(1) enrichment of participants with underlying specific pathologies, (2) measure-
ment of pharmacodynamic effects, and (3) monitoring of toxicity and side effects. 
Most of this work has been done in AD.
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 Biomarkers to Enrich Study Populations

Most early AD drug trials included patients based only on clinical characteristics. 
This may have resulted in inclusion of some participants who did not have underly-
ing AD pathology. This has now changed, since most novel AD trials use biomarkers, 
especially for Aβ, to select study participants [165]. This is believed to increase the 
power and lower the costs of trials, although savings are partly offset by prolonged 
trial duration, since biomarker-based enrichment means that more study subjects 
must undergo screening. One alternative may be to use basic demographic informa-
tion together with APOE genotype information in a prescreening, to select people for 
further phenotyping with biomarkers [166]. The European Medicines Agency (EMA) 
supports the use of CSF Aβ42 and T-tau to enrich clinical populations with prodro-
mal AD [167]. At the point of writing, the US counterpart agency Food and Drug 
Administration has still not released a corresponding statement. There is also an 
interest in using Aβ biomarkers to identify participants for preclinical prevention 
studies [168]. However, Aβ information alone may be insufficient to reach adequate 
power in preclinical trials, and combinations of biomarkers [169], or incorporation of 
measures of cognition may also be needed to select suitable trial participants [170].

 Biomarkers of Toxicity and Side Effects

Fluid biomarkers may detect signs of drug-induced side effects, including meningo-
encephalitis, which was a side effect of active Aβ immunotherapy in early trials 
[171]. CSF profiling at baseline may also identify immunoactivities that are present 
already before treatment (e.g., chronic infection or inflammation) to avoid the risk 
of misinterpreting inflammatory reactions as adversary effects [172].

 Biomarkers of Treatment Effects

Biomarkers of drug effects may be classified as primary, secondary, or exploratory 
pharmacodynamic biomarkers.

Primary biomarkers reflect the intended drug target, for example, CSF measure-
ments of Aβ metabolism for anti-Aβ therapies. Proof-of-concept studies have shown 
that several classes of therapies directed against Aβ, including aggregation inhibi-
tors [173], BACE1-inhibitors [45, 174, 175], and γ-secretase inhibitors and modula-
tors [176], result in altered CSF (and plasma) levels of different Aβ-related 
biomarkers. Many different Aβ peptides are potentially useful to measure treatment 
response. For example, γ-secretase inhibition resulted in increased CSF levels of 
short Aβ isoforms, such as Aβ1-14, Aβ1-15, and Aβ1-16, and increased levels of 
long isoforms, from Aβ1-17 and up [177]. Other Aβ peptides (Aβ5-40 and Aβ5-42) 
are upregulated by BACE1 inhibition ([45], p. 1). Measurement of these peptides 
may be a useful complement to the core biomarkers for specific drug classes.

Secondary pharmacodynamic biomarkers reflect effects on pathological pro-
cesses downstream of the intended drug target. This includes CSF tau for anti-Aβ 
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drugs since reduced CSF tau levels may indicate reduced axonal degeneration after 
successful blockage of pathological Aβ metabolism. Some Aβ immunotherapy trials 
have reported reduced CSF tau levels in patients receiving active treatment, suggest-
ing beneficial drug effects on axonal degeneration [178, 179].

CSF biomarkers may also be used as exploratory pharmacodynamic biomarkers, 
to identify novel drug effects. For example, in presymptomatic carriers of PSEN1 
mutations, HMG-CoA reductase inhibitors lowered CSF sAPP-α and sAPP-β lev-
els, without changing CSF Aβ42, P-tau, or T-tau, suggesting that the treatment 
interfered with APP processing, but not with Aβ plaque pathology or axonal 
 degeneration [180].

 Surrogate Biomarkers

The term surrogate biomarker is a regulatory term, indicating a measurement that 
may serve as a surrogate for a clinical outcome in a specific treatment [181]. The 
regulatory framework for surrogate markers is stringent and requires extensive stud-
ies of drug effects on both clinical outcome and biomarker response. The extensive 
studies necessary to qualify a surrogate marker are essentially the same studies that 
the surrogate was intended to avoid, making the number of surrogate biomarkers in 
all of medicine very small. Fluid biomarkers are unlikely to have broad use as sur-
rogate markers in the regulatory meaning anytime soon. However, if multiple AD 
drugs show clinical effects coupled to a specific biomarker response, it may result 
in the qualification of a surrogate biomarker, facilitating the development of coming 
generations of AD drugs.

 Biomarkers and Genetics

The concept of using fluid biomarkers to enrich genetic studies with patients with 
AD pathology and to exclude preclinical AD from the controls is supported by a 
study showing that the odds ratio of APOE increased from 4 to around 10 when 
combining clinical with fluid biomarker data [182]. However, another study failed 
to show any association between the AD risk genes BIN1, CLU, CR1, and PICALM 
and CSF Aβ42 and P-tau, despite being powered to detect very small effects, sug-
gesting that some AD risk genes mediate risk through Aβ- and tau-independent 
mechanisms [183]. CSF biomarkers have also been used as quantitative traits for 
genetic analysis, to find new risk loci for AD [184].

 Biomarkers and Imaging

Several studies have compared fluid biomarkers with neuroimaging in AD and FTD, 
primarily using PET imaging of Aβ and tau, and structural and functional MRI. A 
main finding is that CSF Aβ42 and PET Aβ overall have similar diagnostic accuracy 
for AD [185]. However, studies comparing CSF Aβ42 and PET Aβ imaging 
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typically identify a proportion of subjects with reduced CSF Aβ42 levels despite 
normal PET Aβ signal [186]. Direct comparisons of CSF Aβ42 and PET Aβ, using 
several different assays for CSF Aβ42 and several different PET tracers, suggest that 
reductions in CSF Aβ42 may occur slightly prior to increases in PET Aβ, and be 
especially common in cognitively healthy controls [187, 188].

The classification of controls, MCI and AD dementia, and the prediction of con-
version from MCI to AD dementia may be improved by combining CSF and imag-
ing markers (structural MRI [189–191] and functional imaging with FDG PET 
[192]). One study in 250 MCI patients found that the addition of CSF tests to stan-
dard clinical and imaging tests improved the predictive accuracy of future dementia 
in 56% of the participants [193].

In early clinical stages of AD, CSF Aβ42 and T-tau at baseline are correlated with 
longitudinal hippocampal atrophy rates [194]. In cognitively healthy elderly, 
reduced CSF Aβ42 and increased CSF P-tau have been correlated with increased 
brain atrophy rates [136, 195]. However, there is much heterogeneity in biomarker 
patterns among healthy controls and MCI subjects. For example, healthy controls 
with MRI gray matter loss indicative of AD are at risk of developing cognitive 
impairment, but only 60% of those with an AD-like pattern have reduced CSF Aβ42, 
compared to 19% of those without [196]. Considering the dynamic biomarker 
model, it may be surprising that 40% of healthy controls with AD-like brain atrophy 
have nonreduced CSF Aβ42 levels. This suggests that AD-like brain atrophy may 
develop without concomitant brain Aβ pathology as measurable by current available 
methods [197].

 Biomarker Technologies

Biomarker research may be done either by targeted methods, where a pre-hoc iden-
tified molecule is tested for a certain performance, or general methods, where many 
different molecules are screened and tested simultaneously. Furthermore, identifica-
tion of novel biomarkers may be done using either clinical information (e.g., com-
paring biomarker levels between controls, MCI or AD), or a biological trait, for 
example, Aβ42 pathology or tau pathology, as measured by CSF biomarkers.

The most commonly used assays for Aβ42 include an enzyme-linked immuno-
sorbent assay (ELISA) [198], a bead-based multiplex assay for the xMAP platform 
[199] (both the ELISA and the xMAP assay measure peptides containing the 
N-terminal 1st amino acid and the C-terminal 42nd amino acid of the Aβ sequence, 
Aβ1-42), and a plate-based multiplex assay for the Meso Scale Discovery platform 
[200] (which also detects N-terminal truncated isoforms, AβX-42, although these 
have minor concentrations relative to Aβ1-42). These assays are believed to mea-
sure monomeric Aβ42, rather than aggregated or oligomeric peptides, but concen-
trations correlate well with the total Aβ42 amount, as measured by a selected 
reaction monitoring mass-spectrometry method [201]. The most commonly used 
assays for T-tau and P-tau are also immunoassays, where T-tau assays are con-
structed to be independent of tau phosphorylation state [202] and P-tau assays are 
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constructed to be specific to phosphorylated tau (typically at amino acid residues 
181 or 231 [199, 203, 204]). A common multiplex xMAP assay simultaneously 
measures CSF Aβ42, T-tau, and P-tau [199]. Different technologies report different 
absolute quantifications and may also differ in terms of specific molecules that they 
actually measure. However, comparisons between ELISA, xMAP, and Meso Scale 
Discovery show good agreement between the different technologies, especially for 
T-tau and P-tau [205], and conversion factors may be used to transfer data between 
technologies.

Mass spectrometry-based methods have been used to identify and quantify a 
large number of different Aβ isoforms (Fig. 11.1), which may be used both for 
clinical applications and basic research [43, 206]. In combination with mass spec-
trometry, Stable Isotope Labeling Kinetics (SILK) may be used to measure produc-
tion and clearance rates of proteins. For this, subjects are administered a stable 
isotope- labeled amino acid (e.g., 13C6 leucine), which becomes incorporated into 
proteins during normal protein synthesis. Body fluid samples, including CSF, may 
then be analyzed to compare fractions of labeled versus unlabeled proteins. This 
technique has been used to determine production and clearance rates of Aβ  
peptides [207–209].

There is an ongoing rapid development of large-scale fully automated systems, 
which will facilitate measurements of CSF Aβ42, T-tau, and P-tau outside expert 
centers [210]. There are currently two fully automated platforms for the measure-
ment of CSF Aβ42 (Cobas from Roche and Lumipulse from Fujirebio).

Finally, there has been a rapid development in regard to ultrasensitive measure-
ment techniques [211]. Most of these rely on antibody-based detection of the target 
molecule; but in single molecule array (Simoa), the detection reaction is compart-
mentalized into a small volume (50 femtoliters), so that the reporter molecule accu-
mulates at a very high concentration; in single molecule counting (Singulex), the 
labeled detection antibodies, specifically captured by the target molecule/capture 
antibody complex, are released and counted one by one in a small detection cell, 
which allows for a single molecule readout; and in proximity extension assay 
(PEA), partly overlapping complementary DNA strands are attached to the different 
antibodies allowing the strands to form a polymerase chain reaction- amplifiable 
template if immobilized close to each other on the same molecule. These variations 
in signal generation/detection may result in assays that can be 10- to a 1000-fold as 
sensitive as the corresponding regular ELISA using the same antibody pair.

 Standardizing Biomarker Measurements

Biomarker measurements vary within and across centers [212], due to many differ-
ent pre-analytical and analytical confounding factors that affect the biomarker 
results [213]. This type of variability is not unique to dementia biomarkers, but a 
general concern in laboratory medicine, and external quality control programs have 
been initiated to monitor it [214]. The largest of these programs is the Alzheimer’s 
Association Quality Control program, which runs with several rounds every year 
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and which has reported biomarker variability around 25–30% across centers [215, 
216]. The variability has been reduced with the use of mass spectrometry-based 
methods for CSF Aβ42 [201], and work is ongoing for tau. Reference materials are 
being constructed in collaboration with the Institute for Reference Materials and 
Measurements [210]. These materials will be made available at self-cost for assay 
vendors to harmonize calibration systems for the same analyte.

 Conclusions and Future Challenges

Ideas about what constitutes an optimal biomarker differ. One definition is that an 
ideal dementia biomarker should (1) be linked to fundamental features of the under-
lying pathology, (2) be validated in neuropathologically confirmed cases, (3) detect 
the disease early, (4) distinguish the disease from other dementias, (5) be noninva-
sive, (6) be simple to use, and (7) be inexpensive [217]. These requirements may 
now be fulfilled for CSF Aβ42 in AD, and partly also for CSF T-tau and P-tau. CSF 
NFL is the strongest candidate for FTD, but it is a nonspecific marker of neurode-
generation that is not linked to any fundamental proteinopathy. One difficulty for 
fluid biomarkers in FTD is the rapidly evolving terminology in this field, which 
makes it difficult to compare studies over time. As the research community reaches 
consensus on definitions for different stages and variants of AD and FTD, biomarker 
studies may become more precise and definitive. One striking feature when review-
ing the CSF biomarker literature on AD and FTD is that these two disorders stand 
out as extreme opposites. Whereas AD patients have abnormal CSF Aβ42 and tau 
biomarkers, FTD patients typically have very normal concentrations. CSF neuro-
granin is increased in AD but decreased in FTD. CSF NFL is clearly increased in 
FTD but comparably normal or only slightly increased in AD. Differentiating AD 
from FTD using CSF biomarkers is therefore not that hard.

One challenge for future studies in AD and FTD is to do truly longitudinal stud-
ies in the earliest stages of the diseases. For example, most studies in preclinical AD 
have been cross-sectional or have only had a few years follow-up, which should be 
compared to the two or three decades that it likely takes from the first biomarker 
signs of pathological Aβ metabolism to dementia. Studies with longer follow-up are 
needed to clarify exactly how biomarkers develop over time.

Another challenge is to decide on validated, standardized cutoffs for biomarkers 
for different purposes. For example, although many studies on CSF Aβ42 use a 
cutoff defined in AD dementia versus controls [142], it is not clear that this is the 
best cutoff for prodromal AD, since acceleration of atrophy and cognitive decline 
may be detected already at CSF Aβ42 levels above the traditional cutoff [170, 218].

Finally, more work is needed to identify specific biomarkers for several of the 
proteinopathies present in AD, FTD, and other neurodegenerative diseases.

After decades of research, fluid biomarkers are now increasingly gaining grounds 
in clinical practice and in clinical trials. As patients and doctors move towards 
molecular-based diagnostics for neurodegenerative diseases, we expect the use of 
fluid biomarkers to increase even further. It will therefore be necessary to construct 
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universally accepted clinical guidelines for the use of fluid biomarkers together with 
clinical data and neuroimaging, for management of contradictory biomarker results, 
and for disclosure of biomarker information in early disease stages [219]. We antici-
pate that the development of such guidelines for AD and FTD will be major topics 
in research during the next coming years.
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Abstract
Neuroimaging has become an invaluable tool for the clinical management of 
patients with cognitive decline and for research purposes. In clinical setting, struc-
tural and functional information on the brain tissue damage contributes to define 
the diagnosis of the major forms of dementia since their early clinical stages. 
From the research side, quantitative neuroimaging techniques have contributed in 
clarifying some critical pathophysiological aspects of dementias, playing the 
unique role of linking together measures of cognitive and behavioural impairment 
and the presence and distribution of brain tissue abnormalities. Positron emission 
tomography provides not only information on abnormal brain metabolism, but 
also on the brain deposition of pathogenic molecules, such as beta-amyloid and 
tau. On the other hand, quantitative MRI provides information on microstructural 
brain abnormalities as well as on functional and structural connectivity. In this 
chapter we review the role of these neuroimaging techniques with a special focus 
on Alzheimer’s disease and frontotemporal dementia.
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 Introduction

In recent years, our understanding of neurodegenerative dementias has translated 
into a change in the clinical approach to patients presenting with impairments in 
cognition and behaviour. The diagnosis of different forms of neurodegenerative 
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dementias is currently based not only on their clinical and neuropsychological 
characterization, but also on the use of biomarkers. Advances in neuroimaging 
techniques, including magnetic resonance imaging (MRI) and positron emission 
tomography (PET), have strongly contributed not only in increasing our under-
standing of clinical and pathophysiological aspects of dementias, but also in 
improving the diagnostic confidence in clinical settings [1]. MRI, thanks to its 
ability to image in vivo soft tissues non-invasively and with detailed anatomical 
resolution, shows high sensitivity in detecting the presence and extension of mac-
roscopic brain abnormalities [2]. In this view, as discussed below, MRI plays the 
unique role of excluding alternative diagnoses that may mimic a neurodegenera-
tive form of cognitive decline. On the other hand, PET imaging has proven high 
sensitivity in detecting metabolic abnormalities at a single subject level since 
early clinical stages of cognitive decline [3]. Additionally, novel tracers, including 
beta-amyloid and tau protein ligands have become available with the potential of 
detecting in vivo specific pathological features of brain tissue degeneration [4].

Neurodegenerative dementias, such as Alzheimer’s disease (AD) and frontotem-
poral dementia (FTD), are typically characterized by an insidious onset which is 
followed by a gradual progression of symptoms. Especially at early clinical stages, 
the underlying neurodegenerative processes produce selective cognitive dysfunc-
tions that may correspond to the focal distribution of brain damage [1]. As shown in 
Table 12.1, the combination of biomarker characteristics and neuropsychological 

Table 12.1 Neurodegenerative dementia clinical syndromes [1, 3]

Syndrome CSF characteristics Key clinical dysfunction
Early cerebral 
involvement

Amnestic- 
Alzheimer 
disease

β-amyloid 
hyperphosphorylated tau 
protein

Episodic memory Medial temporal 
lobes

Posterior cortical 
atrophy

β-amyloid 
hyperphosphorylated tau 
protein

Visuospatial 
dysfunctions

Parietal-occipital 
lobes

Dysexecutive 
Alzheimer 
disease

No pathological 
correlations available

Dysexecutive syndrome Frontal and 
temporo-parietal 
lobes

Logopenic PPA Hyperphosphorylated tau 
protein

Word retrieval, sentence 
repetition

Left temporo- 
parietal lobe

Agrammatic PPA Hyperphosphorylated tau 
protein

Agrammatism; Apraxia 
of Speech

Left posterior 
frontal lobe and 
insula

Semantic 
dementia

Hyperphosphorylated tau 
protein

Confrontation naming; 
single word 
comprehension

Left temporal pole

bv-FTD Hyperphosphorylated tau 
protein

Disinhibition; apathy; 
sleep disorder; 
perseverative behaviour, 
dysexecutive syndrome

Frontal, temporal 
lobes, anterior 
cingulate, insula

Abbreviations: PPA primary progressive aphasia, bv-FTD behavioural variant-frontotemporal 
lobar degeneration. Modified by McGinnis, 2012 [1]; Cummings, 2003 [5]
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profiles improves the potential of a correct and early diagnosis of neurodegenerative 
dementias [1, 5]. Additionally, as demonstrated by research evidence mostly based 
on neuroimaging, cognitive and behavioural disabilities in dementias are not only 
due to focal brain tissue damage, but also to disconnection mechanisms. In this 
context, brain connectivity as assessed by functional neuroimaging, has revolution-
ized our understanding of large-scale neuronal networks and clarified the relation-
ship between their disruption/modifications and the clinical evolution of 
neurodegenerative diseases [6, 7]. Moreover, the impact of neuropathology may be 
different across individuals, depending on various genetic and environmental fac-
tors. In the so-called sporadic forms of neurodegeneration, the concept of “cognitive 
reserve” has been put forward to account for inconsistencies between severity of 
brain tissue damage and symptoms exhibited by patients. Neuroimaging has 
strongly contributed in supporting the concept of cognitive reserve and in clarifying 
the potential neurobiological mechanisms by which cognitive reserve mitigates the 
clinical effect of neurodegeneration.

In this chapter, we will review, for AD and frontotemporal dementia (FTD), the 
contribution of neuroimaging in supporting a correct clinical diagnosis and the role 
of advanced neuroimaging techniques in clarifying and monitoring some patho-
physiological aspects of disease.

 Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of dementia in elderly popula-
tions [8]. Neuropathological studies have identified a sequential accumulation of 
neurofibrillary tangles and β-amyloid plaques in the brain tissue, as well as the 
progression of neuronal loss through the cerebral cortex [9]. From a clinical view-
point, the accumulation of neuropathological abnormalities may precede of many 
years the clinical onset of AD [10]. In particular, neurofibrillary pathology in the 
entorhinal cortex, hippocampus and amygdala is considered as the major neurobio-
logical substrate for episodic memory deficits, which are typically observed in AD 
since early stages (for a review, see [10]). In recent years, the increased knowledge 
on the neuropathological cascade, occurring in AD brains, and the early cognitive 
modifications originating from these abnormalities have led to the definition of new 
diagnostic criteria for preclinical AD [11]. These criteria incorporate several bio-
markers, including neuroimaging, to define the presence of AD pathology [11].

 Conventional MRI

Conventional MRI has shown the ability to produce brain images with a higher spa-
tial resolution compared to computerized tomography (CT), thus showing much 
more detailed information about macroscopic brain anatomy. Moreover, MRI is par-
ticularly helpful in detecting and excluding other neurological conditions mimicking 
a neurodegenerative form of cognitive decline, such as brain tumours, normal 
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pressure hydrocephalus, subdural hematoma and cerebrovascular disease. After 
exclusion of secondary causes of dementia, conventional MRI may address a correct 
diagnosis of AD only in a proportion of cases, mainly based on assessment of regional 
brain atrophy. The simplest approach to determine regional changes of brain volumes 
is to use rating scales based on visual examination of T1-weighted MR images [12, 
13], such as the “medial temporal lobe atrophy” MTA [12] scale. This tool allows a 
semi-quantitative volumetric assessment of the medial temporal lobe structures (i.e. 
hippocampus, dentate gyrus, subiculum and parahippocampal gyrus) and enlarge-
ments of the temporal horn of the lateral ventricles and choroid fissures (Table 12.2 
and Fig. 12.1, panel A). The use of MTA has shown high accuracy in determining the 
severity of local atrophy in cross-sectional studies that compared AD patients with 
healthy controls [14]. Conversely, MTA appears to be poorly informative in detecting 
longitudinal volumetric changes over time [14]. Consistently, a recent study showed 
a low sensitivity of MTA to detect AD progression in patients with mild cognitive 
impairment (MCI) [15]. Moreover, new decade- specific MTA cut-off scores for AD 
have been recently proposed [16]. In these new cut-offs, a MTA score ≥ 1 is suffi-
cient to identify hippocampal atrophy (with 83.3% of sensitivity and 86.4% of speci-
ficity) in subjects who are less than 65 years old. A MTA score ≥ 1.5 is necessary to 
identify clinically relevant atrophy (with 73.7% of sensitivity and 84.6% of specific-
ity) in subjects whose age ranges from 65 to 74 years. A MTA score ≥ 2 is necessary 
to identify clinically relevant atrophy in subjects over 75 years old (with approxi-
mately 75% of sensitivity and 70% of specificity) [16].

There are specific visual rating scales also to quantify the presence and severity 
of macroscopic white matter (WM) abnormalities. They can be applied to CT 
images or, with a better definition, to MRI scans (i.e. T2-/proton density [PD]-
weighted and/fluid attenuated inversion recovery [FLAIR] images). The age-related 
white matter changes (ARWMC) [13] and the Fazekas (1987) scales [17], whose 
application criteria are summarized in Table 12.3 and illustrated in Fig. 12.1 (panel 
B), allow a simple assessment of macroscopic WM abnormalities. In the diagnostic 
suspect of AD, taking altogether the information given by MTA and WM lesion 
assessment, three different patterns may schematically be identified (Fig. 12.1): (1) 
severe MTA and minimal WM abnormalities; (2) minimal MTA and severe WM 
abnormalities; (3) moderate MTA and moderate/severe WM abnormalities. In the 
first two cases, conventional MRI strongly contributes in increasing the diagnostic 
confidence of degenerative against vascular dementia. In the third case, due to the 
frequent comorbidity of degenerative and vascular pathology, the contribution of 
conventional MRI remains limited. Moreover, a recent study showed a strict 

Table 12.2 Visual rating of medial temporal lobe atrophy according to MTA scale [10]

Score Width of choroid fissure Width of temporal horn Height of hippocampal formation
0 Normal Normal Normal
1 Mild increase Normal Normal
2 Moderate increase Mild increase Mild decrease
3 Severe increase Moderate increase Moderate decrease
4 Severe increase Severe increase Severe decrease
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association between brain amyloid deposition and periventricular lesions [18]. 
Therefore, rating scales can be useful in clinical settings to estimate atrophy and 
vascular pathology in neurodegenerative disorders.

 Advanced MRI Techniques

 Brain Volumetrics
Several approaches to quantitative brain volumetrics are currently available, and the 
simplest methods are those based on manual or semiautomatic delineation of brain 

a b

Fig. 12.1 Visual rating scales to assess brain atrophy and white matter hyperintensities. 
T1-weighted and FLAIR images of patients with AD are shown. Medial temporal lobe atrophy 
scale (MTA) [10] scores are illustrated in panel A, ARWMC [11] and Fazekas scale [15] scores are 
shown in panel B. Red circles highlight the considered medial temporal lobe structures. 
Abbreviations: ARWMC age-related white matter changes, DWMH deep white matter hyperinten-
sities, FLAIR fluid attenuated inversion recovery images, MTA medial temporal lobe atrophy scale, 
PVH periventricular hyperintensities, T1-w T1-weighted images
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structures. More recently, the development of more sophisticated registration algo-
rithms has made it possible to bring volumetric images from different subjects into 
a common space and to identify differences between groups (e.g. patients vs. con-
trols) or correlations with clinical/psychometric measures, on a voxel-by-voxel 
level basis. The most appropriate MR scans for all types of volumetric assessments 
are the high-resolution T1-weighted volumes, typically obtained using three- 
dimensional acquisitions, which provide sufficient anatomical detail, as well as suf-
ficient contrast between grey and WM tissues.

 Manual and Semiautomatic Regional Measurements
Given the relevance of MTL atrophy in AD, which corresponds to post-mortem 
evidence of earlier and predominant neurofibrillary degeneration in this region, first 
attempts to quantify brain damage (i.e. atrophy) employed manual volumetric 
assessments of the hippocampus on coronal T1-weigthed images [19]. Figure 12.2 
illustrates the steps to obtain manual segmentation of MTL structures.

Comparisons between patients with AD and healthy controls have consistently 
revealed volumetric reductions of the hippocampus of about 40% [19]. Significant 
hippocampal reductions have been reported also in patients with MCI [20], thus 
confirming an involvement of this area as core disease feature since early clinical 
stages. Interestingly, in clinical follow-up studies, hippocampal volumetrics revealed 
a more severe atrophy in those MCI patients who converted to AD than in those who 
remained stable [20]. In terms of potential diagnostic application, hippocampal and 
entorhinal volumetrics allows a separation of AD and MCI patients from healthy 
controls with accuracies ranging from 70% (in early MCI) to 100% (in AD patients) 

Table 12.3 Visual rating scales to assess white matter hyperintensities

White matter rating 
scales Brain area White matter lesions
ARWMC [11] Frontal, parieto-occipital, 

temporal and infratentorial
0 = no lesions
1 = focal lesions
2 = beginning confluence of lesions
3 = diffuse involvement of entire 
regions

Basal ganglia 0 = no lesions
1 = one focal lesion
2 = more than one focal lesion
3 = confluent lesions

Fazekas scale [15] Periventricular (PVH) lesions 0 = absent
1 = caps or pencil-thin lining around 
ventricles
2 = smooth halo around ventricles
3 = irregular PVH extending into 
DWM

Deep (DWM) lesions 0 = absent
1 = discrete diffuse lesions
2 = beginning of confluence of foci
3 = large confluent areas
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[19]. Additionally, volumetrics of these brain structures has been reported as predic-
tive for a future conversion from MCI to AD with an accuracy of about 80–85% 
[21]. A recent study showed also a relationship between hippocampal volumes and 
patients’ level of cognitive reserve (CR) [22]. Patients with higher levels of CR 
accumulated more hippocampal atrophy than those with lower CR to express the 
same level of cognitive decline. This means that CR helps patients to cope better 
with the accumulation of brain damage and accounts for variability across individu-
als between brain damage severity and the level of cognitive impairment.

Nevertheless, manual assessments of MTL volumes are strongly operator depen-
dent, based on different anatomical landmarks across studies, and time consuming. 
So far, these weaknesses have prevented a wide diffusion of manual assessments in 
clinical settings, despite the recent on-going efforts of methodological standardiza-
tion and validation [23, 24].

 Automated Methods to Assess Brain Atrophy
For data-driven analyses, voxel-based morphometry (VBM) is one of the most pop-
ular techniques to investigate dementias [25]. VBM has proven high reproducibility 
when using datasets obtained by different MR systems and various optimizations of 
image processing. This approach is operator independent and does not require any 
a priori hypothesis on the anatomical localization of the brain tissue loss, as it 
includes the whole brain (i.e. voxel-wise analysis) [26]. VBM analysis is particu-
larly suitable for grey matter (GM) volume assessments and is based on a series of 
automatic steps, the main ones including normalization of individual T1-weighted 
volumes to standard space, brain segmentation and extraction of GM maps, and 

a

b

Fig. 12.2 Manual segmentation to obtain hippocampal volumes. Pipeline to rigidly co-register 
individual T1-weighted images to MNI atlas is shown in panel A. Panel B shows the anatomical 
landmarks used to manually segment the hippocampus. Abbreviations: AC anterior commissure, 
MNI Montreal Neurological Institute, PC posterior commissure
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statistical analyses. Different statistical designs can be employed, which allow to 
perform between-group comparisons as well as correlations between regional dis-
tributions of GM volumes and clinical, neuropsychological and behavioural vari-
ables. When applied to AD patients at different clinical stages, VBM has 
demonstrated a widespread pattern of GM atrophy, including not only the medial 
temporal lobe structures but also several other areas of the association cortex [27, 
28]. Moreover, in AD and amnestic MCI patients, it has been shown a strict associa-
tion between cognitive profiles and regional patterns of GM atrophy. For instance, 
hippocampal GM loss has been shown to be associated with patients’ episodic 
memory deficits [27], and posterior cortical atrophy has been found associated with 
constructional apraxia [28]. Associations between regional GM atrophy and 
patients’ behavioural features have also been demonstrated in AD and MCI, sug-
gesting these symptoms to be part of AD pathophysiology [29]. MCI can also be 
clinically dominated by neuropsychological deficits other than memory (i.e. non- 
amnestic MCI). Again, VBM has shown the ability to detect patterns of regional 
GM loss that fit with the non-amnestic neuropsychological profile, thus allowing a 
differentiation of MCI patients who are more likely to convert to other forms of 
dementias [30]. Moreover, VBM has identified different patterns of GM volumes in 
association with different levels of CR in patients with AD at different clinical 
stages [31]. Patients with higher CR levels, compared to those with lower CR, 
showed both decrease and increase of GM volumes in different brain areas [31]. 
Crucially, when comparing patients with higher against those with lower CR, the 
former group exhibit more atrophy in areas typically targeted by AD pathology, 
such as the medial temporal lobes, to express the same level of cognitive decline. 
Conversely, they are less atrophic in other areas of the association cortex, which 
might express a CR driven mechanism of compensation.

 Diffusion Imaging
Diffusion imaging provides, through the measurement of diffusional motion of 
water molecules into brain cells, unique information to investigate the WM micro-
architecture, connectivity and integrity, documenting the size, shape, orientation 
and geometry of brain structures [32]. Neurodegenerative processes, such as those 
occurring in AD, modify tissue integrity, and they can result in an altered diffusion 
coefficient, which can be measured in vivo by diffusion MRI. The diffusion of water 
molecules is facilitated along the principal direction of WM fibres, and this allows 
to reconstruct some WM fibre tracts. The metrics resulting from different steps of 
diffusion image analysis (e.g. fractional anisotropy, FA; mean diffusivity, MD; 
radial diffusivity, RD; axial diffusivity AD) can be statistically analysed using both 
automated voxel-wise methods (e.g. by tract-based spatial statistics—TBSS) [33] or 
regional approaches (e.g. diffusion tractography reconstruction of WM tracts) [34].

Diffusion imaging has been widely used in studies investigating MCI and AD 
patients (for a review see [2]). Some of them have reported a widespread alteration 
of WM tissue integrity in patients with AD at different clinical stages and using both 
a whole brain analysis [27, 35] or focusing on specific WM tracts [36, 37]. For 
instance, a study based on diffusion tractography of the cingulum (i.e. the main 
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pathway of connection between the limbic system and the rest of the brain) shows a 
progressive disruption of this structure over the transitional stage from MCI to AD 
[37]. Interestingly, this WM damage accounts, in combination with regional GM 
loss, for the cognitive features of preclinical and clinical AD stages [37]. Another 
interesting tract, implicated in AD pathophysiology, is the uncinate fasciculus. It has 
been shown how damage to this tract accounts for cognitive and behavioural aspects 
which are typically present at advanced stages of AD [36].

Finally, a novel method of diffusion imaging analysis, called anatomical con-
nectivity mapping (ACM), has been proposed to assess changes in structural brain 
connectivity across the whole brain [38]. This voxel-wise technique, based on prob-
abilistic tractography, is able to detect in patients with AD, modifications of brain 
plasticity including those which are likely driven by cholinergic therapy [39] 
(Fig. 12.3).

 Functional MRI
Neuronal activity can be investigated non-invasively, but indirectly, through blood oxy-
genation level-dependent (BOLD) functional MRI (fMRI). fMRI can be used to assess 
changes of brain activation in response to patients’ performance at cognitive tasks 
involving specific higher level functions (e.g. memory, visuospatial, executive functions, 
emotion processing). On the other hand, fMRI can also be used at rest to record coherent 
fluctuations of brain activity over time, in the so-called resting-state fMRI technique. In 
this latter case, fMRI provides information on functional brain connectivity within spe-
cific networks, some of which have been associated with specific higher level functions. 
When using fMRI with active tasks, patients’ cooperation is essential, and findings 
obtained in patients with fully developed AD remain for this reason controversial. 
Investigations based on episodic memory tasks have reported, in AD, reductions of 
functional activity in the hippocampus and other temporal lobe areas and increased 
activity in the parietal association cortex [40]. In contrast, other studies have reported a 

Fig. 12.3 ACM values in patients undergoing AChEIs therapy. Direct associations (red areas) 
between ACM values and dosage × duration of therapy product in the group of patients under treat-
ment with acetylcholinesterase inhibitors (AChEIs). The area of significant association is located 
within the anterior limb of the internal capsule. Abbreviations: ACM anatomical connectivity map-
ping, AChEIs acetylcholinesterase inhibitor, L left, R right
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decrease of functional activity (during memory tasks) not only in the temporal lobe but 
also in parietal and frontal regions [41]. Studies involving patients with MCI have gener-
ally reported increased activation in brain areas related to the administered tasks (for a 
review see [42]). There is some evidence that these increases of functional activity might 
represent compensatory mechanisms against the incipient occurrence of brain atrophy. 
In a group of patients with amnestic MCI single domain, it has been shown increased 
brain activation in a set of tasks exploring memory and visuospatial attention, in the 
presence of a maintained performance during task execution [43].

As mentioned above, resting-state fMRI does not require any active performance 
of tasks and allows to record spontaneous brain activity fluctuations when subjects 
lie in the scanner at rest. Therefore, resting-state fMRI provides information on the 
integrity of functional brain connectivity [44] and permits to identify different brain 
networks and to investigate the strength of connectivity within them [45]. Among 
all brain networks, the default mode network (DMN) has been intensively investi-
gated in patients with dementia. This network includes the posterior cingulated cor-
tex (PCC), the inferior parietal and the medial prefrontal cortex. These regions are 
believed to be similarly modulated by cognitive tasks [46]. Several studies have 
been performed on patients at different stages of AD, all documenting an alteration 
into DMN nodes. A study [6] involving patients with AD, patients with a-MCI and 
healthy controls, investigated changes in both GM atrophy and functional connec-
tivity into DMN. This study revealed that functional disconnection precedes GM 
atrophy in the PCC, supporting the hypothesis that GM atrophy in specific regions 
of AD brains is likely to reflect a long-term effect of brain disconnection and to pos-
sibly account for the conversion to AD [6]. In addition, DMN connectivity has been 
found to be modulated by individual levels of CR [47], thus contributing in clarify-
ing the neurobiological substrate of this compensation mechanisms that helps in 
delaying the clinical impact of AD pathology.

Recently, a modulation of connectivity due to CR was observed also at larger 
scale in the brain, based on more sophisticated approaches of image analysis called 
“brain connectomics”. MCI patients with higher CR showed increased functional 
connectivity in a large network of fronto-parietal nodes (Fig. 12.4A) and decreased 
connectivity in a network involving fronto-temporo-cerebellar nodes (Fig. 12.4B) 
[48]. Interestingly, this dichotomy effect was clearly detectable in MCI patients 
only, suggesting that the CR acts in contrasting AD symptoms in a specific time 
window of the transitional stage between normal ageing and dementia. This has 
potential implications for non-pharmacological interventions in AD.

 Metabolic Imaging

PET is a sensitive molecular imaging technique for the in vivo quantification of 
radiotracer concentrations in a picomolar range. PET scanning allows a non- invasive 
assessment of molecular processes at their sites of action and is in principle capable 
of detecting disease processes when there is no evidence of structural changes on 
MRI [49]. 18Fluorodeoxyglucose (18FDG-PET) is a widely available PET tracer that 
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reflects the local glucose metabolism as a proxy index for neuronal activity [50]. 
Typical 18FDG-PET finding in patients with AD is a pattern of reduced glucose 
uptake in temporo-parietal association areas, including the precuneus and the poste-
rior cingulate cortex [3, 50, 51]. 18FDG-PET has demonstrated a high specificity in 
discriminating between patients with AD and healthy subjects (ranging from 70 to 
90%) [52] and between patients with AD and those with other forms of degenerative 
dementia (specificity of 87%) [52]. On the other hand, the ability of 18FDG-PET to 
identify patients at preclinical AD stages remains a controversial issue [52].

Another useful application in clinical practice is the use of single-photon emis-
sion computed tomography (SPECT) after administration of dopamine transporter 
(DAT) ligands (e.g. [123I]FP-CIT, [123I]β-CIT, [99mTc]-TRODAT-1), the so-called 
DAT scan technique. DAT scan allows the detection of striatal dopaminergic dys-
function, which is typically present in patients with Parkinson-related disorders [53] 
and not in AD.

Available evidence supports the position that an abnormal processing of β-amyloid 
(Aβ) peptides is the initiating event of AD pathophysiology, which eventually leads to 
accumulation of Aβ plaques in the brain tissue [54]. This process occurs when individu-
als are still cognitively intact, many years before the occurrence of clinical manifesta-
tions of AD. In this picture, the amyloid PET imaging has been proposed as tool for 
early detection of AD pathology in vivo, and for the differential diagnosis of dementia 

R

R
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Fig. 12.4 Functional brain 
connectivity in patients with high or 
low cognitive reserve. Networks of 
higher (panel A) and lower (panel B) 
connectivity in patients with a-MCI 
and high cognitive reserve compared 
to those with low cognitive reserve. 
Abbreviations: a-MCI amnestic mild 
cognitive impairment, R right
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[55]. In AD, PET β-amyloid imaging has shown increased tracer binding in areas known 
to have high concentrations of amyloid plaques such as medial and orbitofrontal regions, 
the lateral parietal and temporal cortex, the precuneus and posterior cingulate [55]. 
Advances in biomarkers for AD pathology have recently led to proposals for more 
definitive diagnoses in patients with MCI as a prodromal AD stage (International 
Working Group for New Research Criteria for Diagnosis of AD) [56] or MCI as due to 
AD (National Institute on Aging and Alzheimer’s Association Workgroup) [11]. In the 
latter case, MCI can be defined as due to AD with “high likelihood” whenever both an 
amyloid and a neurodegenerative biomarker are positive, with “intermediate likelihood” 
when one biomarker only is positive and “low likelihood” when both biomarkers are 
negative for AD pathology. In this perspective, several pharmacological approaches 
aimed at reducing Aβ levels in the brain tissue are being developed and tested, and many 
efforts have been focused on generating radiotracers for imaging Aβ in  vivo [57]. 
Currently, the [11C] Pittsburgh compound-B (PIB) is the most popular radiotracer used 
in AD patients, due to its high affinity and selectivity for fibrillar Aβ in plaques and other 
Aβ-containing lesions [58]. Most importantly, there are available studies showing that 
the PIB cortical retention primarily reflects Aβ-related cerebral amyloidosis rather than 
Lewy bodies or neurofibrillary tangles [59]. This would indicate that PIB can be particu-
larly useful for patients’ diagnostic definition since early clinical stages. When consider-
ing the prognostic value of PET imaging on the risk of conversion to AD, measures of 
brain glucose metabolism and amyloid load are both extremely powerful biomarkers 
[3]. In a longitudinal study, 18FDG-PET positivity performed as the best individual pre-
dictor for AD conversion, but the combination of both, 18FDG-PET and 11C-PiB-PET 
imaging, improved classification accuracy [3].

Finally, although future studied are needed to clarify their specific role, PET 
imaging shows nowadays the potential of detecting in vivo specific aspects of neu-
rodegeneration, including not only beta-amyloid deposition, but also tau protein 
accumulation [4].

 Frontotemporal Dementias

Frontotemporal dementia (FTD) is the second most common neurodegenerative 
disease, especially in patients with a pre-senile clinical onset (age < 65 years) [60]. 
FTD can be defined as a heterogeneous cluster of disorders including two major 
clinical conditions, one characterized by predominant deficits of language functions 
(primary progressive aphasia) and one characterized by prominent behavioural 
symptoms (bv-FTD). Nevertheless, several other cognitive deficits (such as impair-
ment in problem-solving, reasoning, planning, attention and decision-making) can 
be present in both clinical syndromes, and behavioural disorders can be observed in 
all clinical variants [61]. In the suspect of FTD, after exclusion of severe macro-
scopic WM damage, specific patterns of regional brain atrophy may be present and 
fit with specific clinical/neuropsychological syndromes [60], thus increasing the 
diagnostic confidence of a correct diagnosis.

Some examples of the neuroradiological aspects observed in FTD variants are 
illustrated in Fig. 12.5.
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Fig. 12.5 Patterns of brain atrophy in different PPA phenotypes. The typical atrophy of the left 
insula and perisylvian area in the non-fluent/agrammatic variant of PPA is shown in panel A. Panel 
B shows brain atrophy mainly involving the anterior part of the left temporal pole in semantic 
dementia. Finally, logopenic variant of PPA is characterized by an asymmetric left-side atrophy, 
involving the perisylvian areas, the posterior part of the superior temporal cortex and the inferior 
parietal lobes (panel C). Abbreviation: L left, PPA primary progressive aphasia
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 Histopathological and Genetic Aspects

Over the last few years, many different classifications of FTD variants have been intro-
duced, mainly based on genetic and neuropsychological profiles. Neuroimaging has 
been used to identify anatomo-functional substrates for these classifications. In all FTD 
variants, neurodegeneration is mainly due to neuronal loss and gliosis [61, 62], despite 
a large variety of the underling pathophysiology. Specific protein abnormalities have 
been identified in a heterogeneous group of diseases, namely, the frontotemporal lobar 
degeneration (FTLD), which are in most cases associated with a FTD syndrome [62].

The first classification of FTLD has identified two main categories, one associ-
ated with the deposition of microtubule-associated protein tau (FTLD-tau) and one 
associated with deposition of ubiquitin-only immunoreactivity (FTLD-U) (see [63] 
for a review). In some cases of this latter group of disorders, patients showed also 
motor neuron disease (FTLD-MND) [63]. More recently, additional sub- 
classifications have been introduced in the FTLD-U group on the basis of specific 
molecular features. The presence/absence of transactive response DNA-binding 
protein of 43 kDa has identified the FTLD-TDP against the aFTLD-U form [64]. In 
turn, within the aFTLD-U group, another sub-classification has been introduced 
based on the presence/absence of ubiquitinated protein fused in sarcoma (FUS) 
[65]. In summary, FTLD currently includes the following forms: FTLD-tau, FTLD- 
TDP and FTLD-FUS [62].

In most patients with different FTLD forms, several genetic varieties have been 
identified, the main ones including the following gene mutations: (1) microtubule- 
associated protein tau (MAPT) [66]; (2) progranulin (GRN) [67]; (3) C9ORF72 
[68]. MAPT mutations are commonly observed in the FTLD-tau form [68], while 
GRN and C9ORF72 mutations are commonly associated to the FTLD-TDP form 
[68]. Moreover, MAPT mutations have been found in patients with progressive 
supernuclear palsy, corticobasal syndrome and progressive non-fluent aphasia 
(PNFA), while GRN mutations [68] have been found associated with semantic 
dementia (SD), behavioural variant FTD (bv-FTD) and FTLD-MND.

For the purpose of this chapter, which is focused on the neuroimaging, we will 
limit our description to the clinical classification of FTD as linguistic and behav-
ioural variants.

 Clinical Aspects

 The Linguistic Variants of FTD
A progressive disorder of language associated with atrophy of the frontal and tem-
poral regions of the left hemisphere was first described in the 1890s by Pick [69]. In 
the last century, several attempts have been done to further classify the language 
variant in more specific subtypes. In 1982, Mesulam [70] described a series of cases 
with “slowly progressive aphasia” and renamed them as primary progressive apha-
sia (PPA) [71]. In the 1990s, the progressive PNFA and the semantic dementia [72, 
73] have been characterized. Each FTD language variety presents with a 
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well- defined pattern of cognitive deficits and brain abnormalities [74]. According to 
the most recent diagnostic criteria, we can recognize the following PPA subtypes: 
non- fluent/agrammatic, semantic and logopenic (see Table 12.4).

Table 12.4 Diagnostic features of different variant of PPA [70]

Non-fluent/agrammatic variant 
of PPA Semantic variant of PPA Logopenic variant of PPA
Clinical diagnosis Clinical diagnosis Clinical diagnosis
At least one of the following 
core features:

Both of the following core 
features:

Both of the following core 
features:

  –  Agrammatism in 
language production

  –  Effortful, halting speech 
with inconsistent speech 
sound errors and 
distortions (apraxia of 
speech)

  –  Impaired confrontation 
naming

  –  Impaired single-word 
comprehension

  –  Impaired single-word 
retrieval in spontaneous 
speech and naming

  –  Impaired repetition of 
sentences and phrases

At least two of three of the 
following other features:

At least three of the 
following other features:

At least three of the following 
other features:

  –  Impaired comprehension 
of syntactically complex 
sentences

  –  Spared single-word 
comprehension

  –  Spared object knowledge

  –  Impaired object 
knowledge (low 
frequency/low familiar)

  –  Surface dyslexia or 
dysgraphia

  –  Spared repetition
  –  Spared speech 

production (grammar 
and motor speech)

  –  Speech (phonological) 
errors in spontaneous 
speech and naming

  –  Spared single-word 
comprehension and 
object knowledge

  –  Spared motor speech
  –  Absence of agrammatism

Imaging-supported 
diagnosis

Imaging-supported 
diagnosis

Imaging-supported diagnosis

Both of the following criteria: Both of the following 
criteria:

Both of the following criteria:

  –  Clinical diagnosis of 
non-fluent/agrammatic 
PPA

  –  Clinical diagnosis of 
semantic variant of PPA

  –  Clinical diagnosis 
logopenic variant of PPA

  –  Imaging must show one 
or more of the following 
results:

  –  Imaging must show one 
or more of the following 
results:

  –  Imaging must show one 
or more of the following 
results:

   1.  Predominant left 
posterior fronto-
insular atrophy on 
MRI

   2.  Predominant left 
posterior fronto-
insular hypoperfusion 
or metabolism on 
SPECT or PET

   1.  Predominant 
anterior temporal 
lobe atrophy

   2.  Predominant 
anterior temporal 
hypoperfusion or 
hypometabolism on 
SPECT or PET

   1.  Predominant left 
posterior perisylvian or 
parietal atrophy on 
MRI

   2.  Predominant left 
posterior perisylvian 
or parietal 
hypoperfusion or 
hypometabolism on 
SPECT or PET

(continued)
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 The Behavioural Variant of FTD
The behavioural variant of FTD is the most frequent clinical presentation of FTD, 
whose current diagnostic criteria [75] are summarized in Table 12.5. It is character-
ized by predominant changes in personality and several behavioural symptoms, 
including disinhibition, apathy, eating and sleep disorders, lack of empathy and 
obsessive-compulsive disorders. A progressive deterioration of social behaviour and 
cognition is also a common feature.

 Structural MRI in FTD

The non-fluent/agrammatic PPA is clinically characterized by a prominent impair-
ment in speech production dominated by agrammatism and apraxia [74]. Other 
typical aphasic deficits include comprehension impairment for sentences, anomia 
and phonemic errors [74]. Tau but not TDP pathology has been mostly associated to 
the presence of prominent apraxia of speech [76].

Several studies on the non-fluent/agrammatic variant of PPA have shown a typi-
cal atrophy of the left insula and perisylvian area (Fig.  12.5, panel A) [77, 78]. 
However, an involvement of the left opercular region, Broca’s area and motor/pre-
motor cortex has also been reported [77]. Other studies have shown subcortical GM 
atrophy in the thalamus, the basal ganglia and the amygdala [77]. A recent study 
based on VBM and diffusion imaging [79] has compared different variants of FTD 
patients against healthy controls to assess both, GM and WM damage. In patients 
with the non-fluent/agrammatic variant of PPA, GM and WM loss were found in 
frontal and temporal language areas, with a selective microscopic damage in the left 
superior longitudinal/arcuate fasciculus [79]. Patients with the semantic variant of 
PPA (SD) clinically show fluent aphasia, characterized by anomia, single-word 

Table 12.4 (continued)

Non-fluent/agrammatic variant 
of PPA Semantic variant of PPA Logopenic variant of PPA
Non-fluent/agrammatic 
PPA with definite pathology

Semantic variant of PPA 
with definite pathology

Logopenic variant of PPA 
with definite pathology

Clinical diagnosis and either 
criterion two or three must be 
present:

Clinical diagnosis and either 
criterion two or three must 
be present:

Clinical diagnosis and either 
criterion two or three must be 
present:

  1.  Clinical diagnosis of 
non-fluent/agrammatic 
PPA

  2.   Histopatologic evidence 
of specific 
neurodegenerative 
pathology

  3.   Presence of a known 
pathogenic mutation

  1.  Clinical diagnosis of 
semantic variant of PPA

  2.  Histopatologic 
evidence of specific 
neurodegenerative 
pathology

  3.  Presence of a known 
pathogenic mutation

  1.  Clinical diagnosis of 
logopenic variant of PPA

  2.  Histopatologic evidence 
of specific 
neurodegenerative 
pathology

  3.   Presence of a known 
pathogenic mutation

Modified by Gorno-Tempini et al., 2011 [74]
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Table 12.5 Revised criteria for bv-FTD [71]

(I) Neurodegenerative disease
The following symptom must be present:
  (A) Progressive deterioration of behaviour and or cognition by observation or history
(II) Possible bv-FTD
Three of the following behavioural or cognitive symptoms must be present. The symptoms are 
persistent or recurrent, rather than sporadic.
  (A) Early behavioural disinhibition (one of the following symptoms must be present):
   1. Socially inappropriate behaviour
   2. Loss of manners or decorum
   3. Impulsive, rash or careless action
  (B) Early apathy or inertia (one of the following symptoms must be present):
   1. Apathy
   2. Inertia
  (C) Early loss or sympathy or empathy (one of the following symptoms must be present):
   1. Diminished response to other people’s need and feelings
   2. Diminished social interest, interrelatedness or personal warmth
  (D)  Early perseverative, stereotyped or compulsive/ritualistic behaviour (one of the 

following symptoms must be present):
   1. Simple repetitive movements
   2. Complex, compulsive or ritualistic behaviour
   3. Stereotypy of speech
  (E) Hyperorality and dietary changes (one of the following symptoms must be present):
   1. Altered food preferences
   2. Binge eating, increased consumption of alcohol or cigarettes
   3. Oral exploration on consumption of inedible objects
  (F)  Neuropsychological profile: executive/generation deficits with relative sparing of 

memory and visuospatial functions (all the following symptoms must be present):
   1. Deficits in executive tasks
   2. Relative sparing of episodic memory
   3. Relative sparing of visuospatial skills
(III) Probable bv-FTD
All the following symptoms must be present:
  (A) Meets criteria for possible bv-FTD
  (B)  Exhibits significant functional decline (by caregiver report or as evidenced by Clinical 

Dementia Rating Scale or Functional Activities Questionnaire scores
  (C) Imaging results consistent with bv-FTD (one of the following must be present):
   1. Frontal and/or anterior temporal atrophy on MRI or CT
   2.  Frontal and/or anterior temporal hypoperfusion or hypometabolism on PET or 

SPECT
(IV)  Behavioural variant of FTD with definite pathology
Criterion A and either criterion B or C must be present:
  (A) Meets criteria for possible or probable bv-FTD
  (B) Histopathological evidence of FTD on biopsy or at post-mortem
  (C) Presence of a known pathogenic mutation
(V) Exclusionary criteria for bv-FTD
Criteria A and B must be answered negatively for any bv-FTD diagnosis. Criterion C can be 
positive for possible bv-FTLD but must be negative for probable bv-FTD
  (A)  Pattern of deficits is better accounted for by other degenerative nervous system or 

medical disorders
  (B) Behavioural disturbance is better accounted for by psychiatric diagnosis
  (C)  Biomarkers strongly indicative of Alzheimer’s disease or other neurodegenerative 

process

Modified by Rascovsky et al., 2011 [75]
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comprehension deficits, impaired object knowledge, surface dyslexia and dys-
graphia. In contrast, repetition and speech production are relatively speared (with-
out agrammatism or apraxia of speech [74]). SD is in most cases associated to 
FTLD-TDP pathology [80], with a pattern of brain atrophy mainly involving the 
anterior part of the left temporal lobe and, specifically, the temporal pole (Fig. 12.5, 
panel B) [81]. When considering the WM tissue, microstructural damage is con-
fined to the uncinate fasciculus bilaterally and to the anterior part of the left inferior 
longitudinal fasciculus [79].

The logopenic variant of PPA is clinically characterized by impairment in the 
single-word retrieval in spontaneous speech and deficits in sentence repetition [74]. 
In some cases, phonological errors during spontaneous speech can also be present. 
Instead, single-word comprehension, object knowledge and motor speech are typi-
cally preserved in the absence of agrammatism [74]. This PPA variant is more likely 
associated to AD pathology [80]. Other studies reported an asymmetric left-side 
atrophy involving the perisylvian areas, the posterior part of the superior temporal 
cortex and the inferior parietal lobes (Fig. 12.5, panel C) [74, 76]. Finally, atrophy 
can also be found in the PCC/precuneus and in the medial temporal lobe [76]. A 
recent study showed a cortical thinning in the left superior and middle temporal 
gyrus in patients suffering from the logopenic variant of PPA [82].

Neuroimaging studies on bv-FTD have demonstrated a widespread pattern of 
brain atrophy including several frontal areas, such as the anterior medial portion of 
the frontal lobe, the gyrus rectus, the superior frontal gyrus and anterior cingulate 
[81, 83]. The insula and thalamus can also be affected [83]. Atrophy is typically 
bilateral with a mild right-side prevalence [83]. The earliest changes occur in the 
anterior cingulate, orbitofrontal and frontoinsular cortices, and atrophy in these 
regions may help in differentiating between AD and FTD patients [4].

However, it is possible to distinguish between different subtypes of bv-FTD 
according to the brain networks which are mainly involved. Whitwell and co-work-
ers (2009) [84] reported four main bv-FTD variants: frontal dominant, temporal 
dominant, frontotemporal and temporo-fronto-parietal. The only variant showing 
significant correlations between brain atrophy distribution and its pathological sub-
type is the temporal-dominant type, which associates with genetic mutation in 
MAPT [84]. It has also been described a strict association between brain atrophy 
distribution and tau accumulation in MAPT carriers [85].

It has also been reported that specific brain areas associate with specific clinical 
symptoms: dorsomedial frontal atrophy is related to apathy and aberrant motor 
behaviour, while atrophy in the orbitofrontal regions is associated with disinhibition 
[86]. Moreover, WM atrophy has also been shown, predominantly in the anterior 
part of the corpus callosum [79].

 Functional MRI in FTD

Abnormalities in functional brain connectivity have been reported, within specific 
networks, in patients with bv-FTD. A peculiar disruption of functional connectivity 
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(as assessed by resting-state fMRI) has been consistently found in the salience net-
work, which includes the frontal and insular cortex and the anterior cingulate [78].

A recent study shows that loss of functional connectivity within the salience 
network is associated with disease severity [87]. Additionally, alterations in insular 
or fronto-limbic areas have been found to predict patients’ behavioural worsening 
(i.e. increasing of apathy scores) in both phenotypes, bv-FTD and semantic-PPA 
[88]. Borroni and co-workers [7] have investigated not only patients with sporadic 
FTD, but also patients with a genetic granulin variant of FTD along with preclinical 
mutation carriers. Interestingly, increased functional connectivity was found in the 
salience network of pre-symptomatic mutation carriers as a compensation mecha-
nism before clinical onset. In contrast, the DMN, which is typically disrupted in AD 
patients, was found playing an initial compensatory role (increased connectivity) in 
bv-FTD at early stages.

The DMN has also been investigated in patients with bv-FTD. A recent study 
demonstrates decreased functional connectivity in the medial prefrontal cortex and 
lateral temporal lobes into the DMN of both, patients with bv-FTD and, more inter-
estingly, in asymptomatic MAPT carriers when compared to healthy controls [61]. 
This study highlights an alteration of functional connectivity, which preceded signs 
of brain atrophy, in asymptomatic subjects destined to develop dementia [61]. 
Increased functional connectivity has also been reported in several brain networks, 
including the DMN and the dorsal attention network (DAN) of patients with the 
behavioural variant of FTD [89], indicating that these changes may be related to 
patients’ apathy symptoms and executive dysfunction. Recently, a study showed 
divergent patterns of vulnerability in specific functional network components that 
might account for the clinical heterogeneity observed in bv-FTD [90].

When using a whole brain approach for RS-fMRI data analysis (i.e. graph theo-
retical analysis) alterations of functional connectivity have been documented in 
patients with bv-FTD, with some cerebral nodes resulted enhanced (i.e. hub regions 
in the medial parietal, temporal and occipital cortices) and other nodes resulted 
decreased (i.e. hub regions in the medial and dorsal frontal cortex, temporal and 
insular regions, caudate nucleus) [91]. Moreover, functional abnormalities have 
been significantly found as correlated with executive dysfunctions [91].

 Conclusions

Neuroimaging has remarkably changed the clinical approach to neurodegenera-
tive dementias. In clinical settings, MRI, PET and SPECT imaging help address-
ing the diagnosis of cognitive declines by excluding secondary causes and 
providing some peculiar features into neurodegenerative disorders. Additionally, 
quantitative neuroimaging techniques help understanding the pathophysiology 
of neurodegeneration, linking together quantitative structural and functional 
information on diseased brains, and clinical, neuropsychological and behav-
ioural characteristics of patients. Overall, combinations of regional brain abnor-
malities and patterns functional and structural brain disconnection help to 
characterize the onset and evolution of different neurodegenerative conditions 
and fit with some major sources on individual variability.

12 bv-FTD Behavioural Variant-Frontotemporal Dementia



272

References

 1. McGinnis SM.  Neuroimaging in neurodegenerative dementias. Semin Neurol. 
2012;32(4):347–60.

 2. Bozzali M, Serra L, Cercignani M. Quantitative MRI to understand Alzheimer’s disease patho-
physiology. Curr Opin Neurol. 2016;29(4):437–44.

 3. Iaccarino L, Chiotis K, Alongi P, Almkvist O, Wall A, Cerami C, Bettinardi V, Gianolli L, 
Nordberg A, Perani D. A cross-validation of FDG- and amyloid-PET biomarkers in mild cog-
nitive impairment for the risk prediction to dementia due to Alzheimer’s disease in a clinical 
setting. J Alzheimers Dis. 2017;59(2):603–14.

 4. Jack CR Jr, Wiste HJ, Weigand SD, Therneau TM, Knopman DS, Lowe V, Vemuri P, Mielke 
MM, Roberts RO, Machulda MM, Senjem ML, Gunter JL, Rocca WA, Petersen RC. Age- 
specific and sex-specific prevalence of cerebral β-amyloidosis, tauopathy, and neurodegenera-
tion in cognitively unimpaired individuals aged 50-95 years: a cross-sectional study. Lancet 
Neurol. 2017;16(6):435–44.

 5. Cummings JL.  Toward a molecular neuropsychiatry of neurodegenerative diseases. Ann 
Neurol. 2003;54(2):147–54.

 6. Gili T, Cercignani M, Serra L, Perri R, Giove F, Maraviglia B, Caltagirone C, Bozzali 
M. Regional brain atrophy and functional disconnection across Alzheimer’s disease evolution. 
J Neurol Neurosurg Psychiatry. 2011;82(1):58–66.

 7. Borroni B, Alberici A, Cercignani M, Premi E, Serra L, Cerini C, Cosseddu M, Pettenati C, 
Turla M, Archetti S, Gasparotti R, Caltagirone C, Padovani A, Bozzali M. Granulin mutation 
drives brain damage and reorganization from preclinical to symptomatic FTLD. Neurobiol 
Aging. 2012;33(10):2506–20.

 8. Sosa-Ortiz AL, Acosta-Castillo I, Prince MJ. Epidemiology of dementias and Alzheimer’s dis-
ease. Arch Med Res. 2012;43(8):600–8.

 9. Braak H, Braak E. Staging of Alzheimer’s disease-related neurofibrillary changes. Neurobiol 
Aging. 1995;16(3):271–8.

 10. Markesbery WR.  Neuropathologic alterations in mild cognitive impairment: a review. J 
Alzheimers Dis. 2010;19(1):221–8.

 11. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, Gamst A, Holtzman 
DM, Jagust WJ, Petersen RC, Snyder PJ, Carrillo MC, Thies B, Phelps CH.  The diagno-
sis of mild cognitive impairment due to Alzheimer’s disease: recommendations from the 
National Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for 
Alzheimer’s disease. Alzheimers Dement. 2011;7(3):270–9.

 12. Scheltens P, Leys D, Barkhof F, Huglo D, Weinstein HC, Vermersch P, Kuiper M, Steinling 
M, Wolters EC, Valk J. Atrophy of medial temporal lobes on MRI in “probable” Alzheimer’s 
disease and normal ageing: diagnostic value and neuropsychological correlates. J Neurol 
Neurosurg Psychiatry. 1992;55(10):967–72.

 13. Wahlund LO, Barkhof F, Fazekas F, Bronge L, Augustin M, Sjögren M, Wallin A, Ader H, 
Leys D, Pantoni L, Pasquier F, Erkinjuntti T, Scheltens P. European task force on age-related 
white matter changes. A new rating scale for age-related white matter changes applicable to 
MRI and CT. Stroke. 2001;32(6):1318–22.

 14. Ridha BH, Barnes J, van de Pol LA, Schott JM, Boyes RG, Siddique MM, Rossor MN, 
Scheltens P, Fox NC.  Application of automated medial temporal lobe atrophy scale to 
Alzheimer disease. Arch Neurol. 2007;64(6):849–54.

 15. Persson K, Barca ML, Eldholm RS, Cavallin L, Šaltytė Benth J, Selbæk G, Brækhus A, 
Saltvedt I, Engedal K. Visual evaluation of medial temporal lobe atrophy as a clinical marker 
of conversion from mild cognitive impairment to dementia and for predicting progression in 
patients with mild cognitive impairment and mild Alzheimer’s disease. Dement Geriatr Cogn 
Disord. 2017;44(1–2):12–24.

 16. Claus JJ, Staekenborg SS, Holl DC, Roorda JJ, Schuur J, Koster P, Tielkes CE, Scheltens 
P. Practical use of visual medial temporal lobe atrophy cut-off scores in Alzheimer’s disease: 
validation in a large memory clinic population. Eur Radiol. 2017;27:3147–55.

M. Bozzali and L. Serra



273

 17. Fazekas F, Chawluk JB, Alvavi A, Hurtig HI, Zimmerman RA. MR signal abnormalities at 
1.5T in Alzheimer’s disease and normal aging. AJNR. 1987;8:421–6.

 18. Marnane M, Al-Jawadi OO, Mortazavi S, Pogorzelec KJ, Wang BW, Feldman HH, Hsiung 
GY, Alzheimer’s Disease Neuroimaging Initiative. Periventricular hyperintensities are associ-
ated with elevated cerebral amyloid. Neurology. 2016;86(6):535–43.

 19. Seab JP, Jagust WJ, Wong ST, Roos MS, Reed BR, Budinger TF. Quantitative NMR measure-
ments of hippocampal atrophy in Alzheimer’s disease. Magn Reson Med. 1988;8(2):200–8.

 20. Convit A, De Leon MJ, Tarshish C, De Santi S, Tsui W, Rusinek H, George A. Specific hip-
pocampal volume reductions in individuals at risk for Alzheimer’s disease. Neurobiol Aging. 
1997;18(2):131–8.

 21. Jack CR Jr, Petersen RC, Xu YC, O’Brien PC, Smith GE, Ivnik RJ, Boeve BF, Waring SC, 
Tangalos EG, Kokmen E.  Prediction of AD with MRI-based hippocampal volume in mild 
cognitive impairment. Neurology. 1999;52(7):1397–403.

 22. Mondragón JD, Celada-Borja C, Barinagarrementeria-Aldatz F, Burgos-Jaramillo M, 
Barragán-Campos HM. Hippocampal volumetry as a biomarker for dementia in people with 
low education. Dement Geriatr Cogn Dis Extra. 2016;6(3):486–99.

 23. Frisoni GB, Jack CR. Harmonization of magnetic resonance-based manual hippocampal seg-
mentation: a mandatory step for wide clinical use. Alzheimers Dement. 2011;7(2):171–4.

 24. Boccardi M, Bocchetta M, Ganzola R, Robitaille N, Redolfi A, Duchesne S, Jack CR Jr, Frisoni 
GB, EADC-ADNI Working Group on The Harmonized Protocol for Manual Hippocampal 
Segmentation and for the Alzheimer’s Disease Neuroimaging Initiative. Operationalizing pro-
tocol differences for EADC-ADNI manual hippocampal segmentation. Alzheimers Dement. 
2015;11(2):184–94.

 25. Ashburner J, Friston KJ.  Voxel-based morphometry—the methods. Neuroimage. 
2000;11(6):805–21.

 26. Bozzali M, Filippi M, Magnani G, Cercignani M, Franceschi M, Schiatti E, Castiglioni S, 
Mossini R, Falautano M, Scotti G, Comi G, Falini A. The contribution of voxel-based mor-
phometry in staging patients with mild cognitive impairment. Neurology. 2006;67(3):453–60.

 27. Serra L, Cercignani M, Lenzi D, Perri R, Fadda L, Caltagirone C, Macaluso E, Bozzali 
M. Grey and white matter changes at different stages of Alzheimer’s disease. J Alzheimers 
Dis. 2010;19(1):147–59.

 28. Serra L, Fadda L, Perri R, Spanò B, Marra C, Castelli D, Torso M, Makovac E, Cercignani M, 
Caltagirone C, Bozzali M. Constructional apraxia as a distinctive cognitive and structural brain 
feature of pre-senile Alzheimer’s disease. J Alzheimers Dis. 2014;38(2):391–402.

 29. Serra L, Perri R, Cercignani M, Spanò B, Fadda L, Marra C, Carlesimo GA, Caltagirone C, 
Bozzali M. Are the behavioral symptoms of Alzheimer’s disease directly associated with neu-
rodegeneration? J Alzheimers Dis. 2010;21(2):627–39.

 30. Serra L, Giulietti G, Cercignani M, Spanò B, Torso M, Castelli D, Perri R, Fadda L, Marra C, 
Caltagirone C, Bozzali M. Mild cognitive impairment: same identity for different entities. J 
Alzheimers Dis. 2013;33(4):1157–65.

 31. Serra L, Cercignani M, Petrosini L, Basile B, Perri R, Fadda L, Spanò B, Marra C, Giubilei F, 
Carlesimo GA, Caltagirone C, Bozzali M. Neuroanatomical correlates of cognitive reserve in 
Alzheimer disease. Rejuvenation Res. 2011;14(2):143–51.

 32. Basser PJ, Jones DK. Diffusion-tensor MRI: theory, experimental design and data analysis—a 
technical review. NMR Biomed. 2002;15(7–8):456–67.

 33. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, Watkins 
KE, Ciccarelli O, Cader MZ, Matthews PM, Behrens TE. Tract-based spatial statistics: voxel-
wise analysis of multi-subject diffusion data. Neuroimage. 2006;31(4):1487–505.

 34. Jones DK.  Studying connections in the living human brain with diffusion MRI.  Cortex. 
2008;44(8):936–52.

 35. Liu Y, Spulber G, Lehtimäki KK, Könönen M, Hallikainen I, Gröhn H, Kivipelto M, 
Hallikainen M, Vanninen R, Soininen H.  Diffusion tensor imaging and tract-based spa-
tial statistics in Alzheimer’s disease and mild cognitive impairment. Neurobiol Aging. 
2011;32(9):1558–71.

12 bv-FTD Behavioural Variant-Frontotemporal Dementia



274

 36. Serra L, Cercignani M, Basile B, Spanò B, Perri R, Fadda L, Marra C, Giubilei F, Caltagirone 
C, Bozzali M. White matter damage along the uncinate fasciculus contributes to cognitive 
decline in AD and DLB. Curr Alzheimer Res. 2012;9(3):326–33.

 37. Bozzali M, Giulietti G, Basile B, Serra L, Spanò B, Perri R, Giubilei F, Marra C, Caltagirone 
C, Cercignani M. Damage to the cingulum contributes to Alzheimer’s disease pathophysiology 
by deafferentation mechanism. Hum Brain Mapp. 2012;33(6):1295–308.

 38. Bozzali M, Parker GJ, Serra L, Embleton K, Gili T, Perri R, Caltagirone C, Cercignani 
M. Anatomical connectivity mapping: a new tool to assess brain disconnection in Alzheimer’s 
disease. Neuroimage. 2011;54(3):2045–51.

 39. Bozzali M, Parker GJ, Spanò B, Serra L, Giulietti G, Perri R, Magnani G, Marra C, G Vita 
M, Caltagirone C, Cercignani M. Brain tissue modifications induced by cholinergic therapy in 
Alzheimer’s disease. Hum Brain Mapp. 2013;34(12):3158–67.

 40. Peters F, Collette F, Degueldre C, Sterpenich V, Majerus S, Salmon E. The neural correlates of 
verbal short-term memory in Alzheimer’s disease: an fMRI study. Brain. 2009;132(7):1833–46.

 41. Golby A, Silverberg G, Race E, Gabrieli S, O’Shea J, Knierim K, Stebbins G, Gabrieli 
J. Memory encoding in Alzheimer’s disease: an fMRI study of explicit and implicit memory. 
Brain. 2005;128(4):773–87.

 42. Pihlajamäki M, Jauhiainen AM, Soininen H. Structural and functional MRI in mild cognitive 
impairment. Curr Alzheimer Res. 2009;6(2):179–85.

 43. Lenzi D, Serra L, Perri R, Pantano P, Lenzi GL, Paulesu E, Caltagirone C, Bozzali M, Macaluso 
E. Single domain amnestic MCI: a multiple cognitive domains fMRI investigation. Neurobiol 
Aging. 2011;32(9):1542–57.

 44. Greicius MD, Krasnow B, Reiss AL, Menon V.  Functional connectivity in the rest-
ing brain: a network analysis of the default mode hypothesis. Proc Natl Acad Sci U S A. 
2003;100(1):253–8.

 45. Greicius MD, Supekar K, Menon V, Dougherty RF.  Resting-state functional connectivity 
reflects structural connectivity in the default mode network. Cereb Cortex. 2009;19(1):72–8.

 46. Lee ES, Yoo K, Lee YB, Chung J, Lim JE, Yoon B, Jeong Y, Alzheimer’s Disease Neuroimaging 
Initiative. Default mode network functional connectivity in early and late mild cognitive 
impairment: results from the Alzheimer’s disease neuroimaging initiative. Alzheimer Dis 
Assoc Disord. 2016;30(4):289–96.

 47. Bozzali M, Dowling C, Serra L, Spanò B, Torso M, Marra C, Castelli D, Dowell NG, Koch G, 
Caltagirone C, Cercignani M. The impact of cognitive reserve on brain functional connectivity 
in Alzheimer’s disease. J Alzheimers Dis. 2015;44(1):243–50.

 48. Serra L, Mancini M, Cercignani M, Di Domenico C, Spanò B, Giulietti G, Koch G, Marra C, 
Bozzali M. Network-based substrate of cognitive Reserve in Alzheimer’s disease. J Alzheimers 
Dis. 2017;55(1):421–30.

 49. Phelps ME. PET: the merging of biology and imaging into molecular imaging. J Nucl Med. 
2000;41(4):661–81.

 50. Bohnen NI, Djang DS, Herholz K, Anzai Y, Minoshima S.  Effectiveness and safety of 
18F-FDG PET in the evaluation of dementia: a review of the recent literature. J Nucl Med. 
2012;53(1):59–71.

 51. Kato T, Inui Y, Nakamura A, Ito K. Brain fluorodeoxyglucose (FDG) PET in dementia. Ageing 
Res Rev. 2016;30:73–84.

 52. Knopman DS. Diagnostic tests for Alzheimer disease: FDG-PET imaging is a player in search 
of a role. Neurol Clin Pract. 2012;2(2):151–3.

 53. Scherfler C, Schwarz J, Antonini A, Grosset D, Valldeoriola F, Marek K, Oertel W, Tolosa 
E, Lees AJ, Poewe W. Role of DAT-SPECT in the diagnostic work up of parkinsonism. Mov 
Disord. 2007;22(9):1229–38.

 54. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress and problems on 
the road to therapeutics. Science. 2002;297(5580):353–6.

 55. Rowe CC, Villemagne VL. Amyloid imaging with PET in early Alzheimer disease diagnosis. 
Med Clin North Am. 2013;97(3):377–98.

M. Bozzali and L. Serra



275

 56. Visser PJ, Vos S, van Rossum I, Scheltens P. Comparison of International Working Group cri-
teria and National Institute on Aging-Alzheimer’s Association criteria for Alzheimer’s disease. 
Alzheimers Dement. 2012;8(6):560–3.

 57. Villemagne VL, Rowe CC, Macfarlane S, Novakovic KE, Masters CL. Imaginem oblivionis: 
the prospects of neuroimaging for early detection of Alzheimer’s disease. J Clin Neurosci. 
2005;12(3):221–30.

 58. Cohen AD, Rabinovici GD, Mathis CA, Jagust WJ, Klunk WE, Ikonomovic MD.  Using 
Pittsburgh Compound B for in vivo PET imaging of fibrillar amyloid-beta. Adv Pharmacol. 
2012;64:27–81.

 59. Ikonomovic MD, Klunk WE, Abrahamson EE, Mathis CA, Price JC, Tsopelas ND, Lopresti 
BJ, Ziolko S, Bi W, Paljug WR, Debnath ML, Hope CE, Isanski BA, Hamilton RL, DeKosky 
ST.  Post-mortem correlates of in  vivo PiB-PET amyloid imaging in a typical case of 
Alzheimer’s disease. Brain. 2008;131(6):1630–45.

 60. Rabinovici GD, Miller BL. Frontotemporal lobar degeneration: epidemiology, pathophysiol-
ogy, diagnosis and management. CNS Drugs. 2010;24(5):375–98.

 61. Whitwell JL, Josephs KA, Avula R, Tosakulwong N, Weigand SD, Senjem ML, Vemuri P, 
Jones DT, Gunter JL, Baker M, Wszolek ZK, Knopman DS, Rademakers R, Petersen RC, 
Boeve BF, Jack CR Jr. Altered functional connectivity in asymptomatic MAPT subjects: a 
comparison to bvFTD. Neurology. 2011;77(9):866–74.

 62. Josephs KA, Hodges JR, Snowden JS, Mackenzie IR, Neumann M, Mann DM, Dickson 
DW. Neuropathological background of phenotypical variability in frontotemporal dementia. 
Acta Neuropathol. 2011;122(2):137–53.

 63. Whitwell JL, Josephs KA. Neuroimaging in frontotemporal lobar degeneration—predicting 
molecular pathology. Nat Rev Neurol. 2012;8(3):131–42.

 64. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, Chou TT, Bruce J, Schuck 
T, Grossman M, Clark CM, McCluskey LF, Miller BL, Masliah E, Mackenzie IR, Feldman H, 
Feiden W, Kretzschmar HA, Trojanowski JQ, Lee VM. Ubiquitinated TDP-43 in frontotempo-
ral lobar degeneration and amyotrophic lateral sclerosis. Science. 2006;314(5796):130–3.

 65. Neumann M, Rademakers R, Roeber S, Baker M, Kretzschmar HA, Mackenzie IR. A new sub-
type of frontotemporal lobar degeneration with FUS pathology. Brain. 2009;132(11):2922–31.

 66. Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, Pickering-Brown S, 
Chakraverty S, Isaacs A, Grover A, Hackett J, Adamson J, Lincoln S, Dickson D, Davies P, 
Petersen RC, Stevens M, de Graaff E, Wauters E, van Baren J, Hillebrand M, Joosse M, Kwon 
JM, Nowotny P, Che LK, Norton J, Morris JC, Reed LA, Trojanowski J, Basun H, Lannfelt 
L, Neystat M, Fahn S, Dark F, Tannenberg T, Dodd PR, Hayward N, Kwok JB, Schofield PR, 
Andreadis A, Snowden J, Craufurd D, Neary D, Owen F, Oostra BA, Hardy J, Goate A, van 
Swieten J, Mann D, Lynch T, Heutink P. Association of missense and 5′-splice-site mutations 
in tau with the inherited dementia FTDP-17. Nature. 1998;393(6686):702–5.

 67. Cruts M, Gijselinck I, van der Zee J, Engelborghs S, Wils H, Pirici D, Rademakers R, 
Vandenberghe R, Dermaut B, Martin JJ, van Duijn C, Peeters K, Sciot R, Santens P, De Pooter 
T, Mattheijssens M, Van den Broeck M, Cuijt I, Vennekens K, De Deyn PP, Kumar-Singh S, 
Van Broeckhoven C. Null mutations in progranulin cause ubiquitin-positive frontotemporal 
dementia linked to chromosome 17q21. Nature. 2006;442(7105):920–4.

 68. Renton AE, Majounie E, Waite A, Simón-Sánchez J, Rollinson S, Gibbs JR, Schymick JC, 
Laaksovirta H, van Swieten JC, Myllykangas L, Kalimo H, Paetau A, Abramzon Y, Remes 
AM, Kaganovich A, Scholz SW, Duckworth J, Ding J, Harmer DW, Hernandez DG, Johnson 
JO, Mok K, Ryten M, Trabzuni D, Guerreiro RJ, Orrell RW, Neal J, Murray A, Pearson J, 
Jansen IE, Sondervan D, Seelaar H, Blake D, Young K, Halliwell N, Callister JB, Toulson G, 
Richardson A, Gerhard A, Snowden J, Mann D, Neary D, Nalls MA, Peuralinna T, Jansson L, 
Isoviita VM, Kaivorinne AL, Hölttä-Vuori M, Ikonen E, Sulkava R, Benatar M, Wuu J, Chiò 
A, Restagno G, Borghero G, Sabatelli M, ITALSGEN Consortium, Heckerman D, Rogaeva E, 
Zinman L, Rothstein JD, Sendtner M, Drepper C, Eichler EE, Alkan C, Abdullaev Z, Pack SD, 
Dutra A, Pak E, Hardy J, Singleton A, Williams NM, Heutink P, Pickering-Brown S, Morris 

12 bv-FTD Behavioural Variant-Frontotemporal Dementia



276

HR, Tienari PJ, Traynor BJ. A hexanucleotide repeat expansion in C9ORF72 is the cause of 
chromosome 9p21-linked ALS-FTD. Neuron. 2011;72(2):257–68.

 69. Pick A.  Ubeer die Beziehungen der senile Hirnatrophie zur aphasie. Prager Medizinische 
Wochenschr. 1892;17:165–7.

 70. Mesulam MM.  Slowly progressive aphasia without generalized dementia. Ann Neurol. 
1982;11(6):592–8.

 71. Mesulam MM, Weintraub S. Spectrum of primary progressive aphasia. Baillieres Clin Neurol. 
1992;1(3):583–609.

 72. Warrington EK.  The selective impairment of semantic memory. Q J Exp Psychol. 
1975;27(4):635–57.

 73. Snowden JS, Goulding PJ, Neary D. Semantic dementia: a form of circumscribed cerebral 
atrophy. Behav Neurol. 1989;2:167–82.

 74. Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF, Ogar JM, 
Rohrer JD, Black S, Boeve BF, Manes F, Dronkers NF, Vandenberghe R, Rascovsky K, 
Patterson K, Miller BL, Knopman DS, Hodges JR, Mesulam MM, Grossman M. Classification 
of primary progressive aphasia and its variants. Neurology. 2011;76(11):1006–14.

 75. Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, Neuhaus J, van Swieten JC, 
Seelaar H, Dopper EG, Onyike CU, Hillis AE, Josephs KA, Boeve BF, Kertesz A, Seeley WW, 
Rankin KP, Johnson JK, Gorno-Tempini ML, Rosen H, Prioleau-Latham CE, Lee A, Kipps 
CM, Lillo P, Piguet O, Rohrer JD, Rossor MN, Warren JD, Fox NC, Galasko D, Salmon DP, 
Black SE, Mesulam M, Weintraub S, Dickerson BC, Diehl-Schmid J, Pasquier F, Deramecourt 
V, Lebert F, Pijnenburg Y, Chow TW, Manes F, Grafman J, Cappa SF, Freedman M, Grossman 
M, Miller BL. Sensitivity of revised diagnostic criteria for the behavioural variant of fronto-
temporal dementia. Brain. 2011;134(9):2456–77.

 76. Rohrer JD, Paviour D, Bronstein AM, O’Sullivan SS, Lees A, Warren JD. Progressive supra-
nuclear palsy syndrome presenting as progressive nonfluent aphasia: a neuropsychological and 
neuroimaging analysis. Mov Disord. 2010;25(2):179–88.

 77. Gorno-Tempini ML, Dronkers NF, Rankin KP, Ogar JM, Phengrasamy L, Rosen HJ, Johnson 
JK, Weiner MW, Miller BL. Cognition and anatomy in three variants of primary progressive 
aphasia. Ann Neurol. 2004;55(3):335–46.

 78. Seeley WW, Crawford RK, Zhou J, Miller BL, Greicius MD. Neurodegenerative diseases tar-
get large-scale human brain networks. Neuron. 2009;62(1):42–52.

 79. Zhang Y, Tartaglia MC, Schuff N, Chiang GC, Ching C, Rosen HJ, Gorno-Tempini ML, Miller 
BL, Weiner MW. MRI signatures of brain macrostructural atrophy and microstructural degra-
dation in frontotemporal lobar degeneration subtypes. J Alzheimers Dis. 2013;33(2):431–44.

 80. Rohrer JD.  Structural brain imaging in frontotemporal dementia. Biochim Biophys Acta. 
2012;1822(3):325–32.

 81. Hodges JR, Patterson K. Semantic dementia: a unique clinicopathological syndrome. Lancet 
Neurol. 2007;6(11):1004–14.

 82. Leyton CE, Hodges JR, Piguet O, Ballard KJ. Common and divergent neural correlates of 
anomia in amnestic and logopenic presentations of Alzheimer’s disease. Cortex Hodges. 
2017;86:45–54.

 83. Schroeter ML, Raczka K, Neumann J, von Cramon DY. Neural networks in frontotemporal 
dementia—a meta-analysis. Neurobiol Aging. 2008;29(3):418–26.

 84. Whitwell JL, Przybelski SA, Weigand SD, Ivnik RJ, Vemuri P, Gunter JL, Senjem ML, Shiung 
MM, Boeve BF, Knopman DS, Parisi JE, Dickson DW, Petersen RC, Jack CR Jr, Josephs 
KA. Distinct anatomical subtypes of the behavioural variant of frontotemporal dementia: a 
cluster analysis study. Brain. 2009;132(Pt 11):2932–46.

 85. Spina S, Schonhaut DR, Boeve BF, Seeley WW, Ossenkoppele R, O’Neil JP, Lazaris A, 
Rosen HJ, Boxer AL, Perry DC, Miller BL, Dickson DW, Parisi JE, Jagust WJ, Murray ME, 
Rabinovici GD.  Frontotemporal dementia with the V337M MAPT mutation: tau-PET and 
pathology correlations. Neurology. 2017;88(8):758–66.

 86. Rosen HJ, Allison SC, Schauer GF, Gomo-Tempini ML, Weiner MW, Miller BL.   
Neuroanatomical correlates of behavioural disorders in dementia. Brain. 2005; 
128:2612–25.

M. Bozzali and L. Serra



277

 87. Zhou J, Greicius MD, Gennatas ED, Growdon ME, Jang JY, Rabinovici GD, Kramer JH, 
Weiner M, Miller BL, Seeley WW. Divergent network connectivity changes in behavioural 
variant frontotemporal dementia and Alzheimer’s disease. Brain. 2010;133(5):1352–67.

 88. Day GS, Farb NA, Tang-Wai DF, Masellis M, Black SE, Freedman M, Pollock BG, Chow 
TW. Salience network resting-state activity: prediction of frontotemporal dementia progres-
sion. JAMA Neurol. 2013;70(10):1249–53.

 89. Rytty R, Nikkinen J, Paavola L, Abou Elseoud A, Moilanen V, Visuri A, Tervonen O, Renton 
AE, Traynor BJ, Kiviniemi V, Remes AM. GroupICA dual regression analysis of resting state 
networks in a behavioral variant of frontotemporal dementia. Front Hum Neurosci. 2013;7:461.

 90. Ranasinghe KG, Rankin KP, Pressman PS, Perry DC, Lobach IV, Seeley WW, Coppola G, 
Karydas AM, Grinberg LT, Shany-Ur T, Lee SE, Rabinovici GD, Rosen HJ, Gorno-Tempini 
ML, Boxer AL, Miller ZA, Chiong W, DeMay M, Kramer JH, Possin KL, Sturm VE, Bettcher 
BM, Neylan M, Zackey DD, Nguyen LA, Ketelle R, Block N, Wu TQ, Dallich A, Russek 
N, Caplan A, Geschwind DH, Vossel KA, Miller BL. Distinct subtypes of behavioral vari-
ant frontotemporal dementia based on patterns of network degeneration. JAMA Neurol. 
2016;73(9):1078–88.

 91. Agosta F, Sala S, Valsasina P, Meani A, Canu E, Magnani G, Cappa SF, Scola E, Quatto P, 
Horsfield MA, Falini A, Comi G, Filippi M. Brain network connectivity assessed using graph 
theory in frontotemporal dementia. Neurology. 2013;81(2):134–43.

12 bv-FTD Behavioural Variant-Frontotemporal Dementia



279© Springer International Publishing AG 2018
D. Galimberti, E. Scarpini (eds.), Neurodegenerative Diseases, 
https://doi.org/10.1007/978-3-319-72938-1_13

N. Ticozzi (*) • V. Silani 
Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano, 
Milan, Italy 

Department of Pathophysiology and Transplantation, ‘Dino Ferrari’ Center,  
University of Milan, Milan, Italy
e-mail: n.ticozzi@auxologico.it

13Genotypic and Phenotypic 
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Lateral Sclerosis

Nicola Ticozzi and Vincenzo Silani

Abstract
Genetic risk factors play a major role in the susceptibility to amyotrophic lateral 
sclerosis (ALS), the most common motor neuron disease of the adult. Although 
genetic studies have partially elucidated the genetic background of the disease, a 
large part of ALS heritability is still missing. In this chapter, we discuss the major 
genes implicated in the pathogenesis of motor neuron diseases; the clinical, path-
ological, and genetic links between ALS and frontotemporal dementia; and the 
vast genotypic and phenotypic heterogeneity of ALS. Lastly, we review the most 
recent strategies for identification of novel genetic risk factors in ALS, detailing 
their advantages and potential pitfalls.

Keywords
Amyotrophic lateral sclerosis · Frontotemporal dementia · Genotype-phenotype 
correlation · c9orf72 · Whole genome sequencing

 Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder predominantly 
affecting the motor system and caused by the progressive loss of motor neurons 
within the primary motor cortex (upper motor neurons, UMN), the motor nuclei of 
the brainstem, and the anterior horns of the spinal cord (lower motor neurons, LMN).
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The incidence of ALS in Europe has been estimated to be ~2 cases per 100,000 
population per year, with a prevalence of 5.4 cases per 100,000 population, a life-
time risk of 1:400, and a predominance in men with a 1.5:1 male-female ratio [1, 2]. 
Age at onset varies greatly, with an average of 60 years (range 55–75), and inci-
dence steadily decreasing in individuals older than 80 years [2].

Classically, ALS manifests insidiously with signs and symptoms reflecting com-
bined UMN (increased deep tendon reflexes, pathological reflexes, spasticity, pyra-
midal weakness, loss of dexterity) and LMN degeneration (cramps, fasciculations, 
muscle weakness and atrophy, decreased deep tendon reflexes, and muscle tone) 
and progresses relentlessly to an invariably fatal outcome, usually due to respiratory 
failure, with an average survival of 3 years after onset of first symptoms [3]. The 
clinical heterogeneity is remarkable, evidenced by the large variability in site of 
onset, mode of presentation, age of onset, and rate of progression. In addition to 
classic ALS, several clinical patterns can be recognized based on the aforemen-
tioned variables, such as bulbar- and respiratory-onset ALS, pyramidal ALS, and 
flail arm and flail leg syndromes [4, 5]. The correct recognition of these subpheno-
types is becoming increasingly important both in the clinical setting for prognostic 
prediction and patient stratification, as well as in basic research, since they may 
underlie different etiologies and/or pathomechanisms.

ALS has long been considered a pure motor system disorder, the absence of 
cognitive impairment, and/or other extramotor signs often being considered a pre-
requisite for the diagnosis. This has been proven false, as involvement of other neu-
rological functions has been increasingly demonstrated in recent years. In particular, 
association with subclinical cognitive and/or behavioural dysfunction of frontal 
type or with full-fledged frontotemporal dementia (FTD) has been recognized as a 
feature of the disease, to the point that the existence of an ALS-FTD spectrum, with 
the extremes constituting pure motor and pure cognitive disease, is now broadly 
accepted [6]. Involvement of other systems, such as extrapyramidal, cerebellar, and 
autonomic, has also been increasingly recognized in patients with motor neuron 
diseases, and the notion of ALS as part of a more complex ‘multisystem degenera-
tion’ is becoming more and more established [7].

 Genetics of ALS

Notwithstanding the original description by Charcot of ALS as a non-heritable dis-
ease, the subsequent recognition that familial aggregation was present in a portion 
of ALS cases suggested the importance of genetic factors in the pathogenesis of the 
disease [8, 9].

Studies of disease concordance rates among monozygotic and dizygotic twins 
estimate that 53–84% of ALS population risk is genetically determined [10]. 
Longitudinal analysis of age-adjusted mortality rates in ALS patients provides evi-
dence for the existence of a susceptible population subset [11]. A clear familial 
aggregation is observed in ~10% of all ALS cases, and the first degree relatives of 
ALS patients develop disease at ~10 times the rate seen in the general population 
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[12, 13]. The majority of ALS cases are believed to result from the combined effects 
of environmental, epigenetic, and other stochastic factors acting upon the back-
ground of a genetically predisposed individual [14, 15]. Despite this, much of the 
current understanding of ALS etiopathogenesis comes from the study of the rare 
Mendelian subtypes, where disease is primarily, if not exclusively, attributable to 
single gene defects that segregate with disease in families.

A positive family history for motor neuron diseases has been traditionally used 
to distinguish ALS into familial (FALS) and sporadic (SALS) forms. This classifi-
cation, although useful in the clinical setting, is now being challenged as incorrect 
by growing epidemiological and biological evidence. Several factors, such as small 
patient family size, advanced age at onset, and reduced penetrance of mutations, 
may lead to an underestimation of ‘true’ familial cases [16]. The possibility of ALS 
phenocopies in the same family is also well documented, resulting into misclassifi-
cation of sporadic cases as familial [17].

Since the discovery of the first ALS gene in 1993, over 100 disease loci have 
been proposed to cause the disease or to influence susceptibility and/or clinical 
phenotypes (http://alsod.iop.kcl.ac.uk/) [18]. Although the pathogenic relevance of 
several of these genes is well supported (Table 13.1), the contribution of the major-
ity of them to the disease is far from certain. The difficulty in establishing their 
clinical relevance is primarily caused by the relatively low frequency of the dis-
ease, the heterogeneity of causative factors, and the fact that every human genome 
contains a considerable number of potentially disease-related genetic variants. 
These issues can also complicate the interpretation of mutations identified at well-
established disease genes, where gene size can represent a misleading factor. In 
fact, the probability of observing entirely incidental variants is not negligible, 
especially in larger genes [19]. Another issue is that of pleiotropy, which refers to 
the association of one gene with multiple phenotypes. In the case of ALS, several 
disease-causing genes have also been associated with FTD, motor neuropathy, 
spastic paraplegia, progressive bulbar palsy, spinal muscular atrophy, spinocere-
bellar ataxia, oculomotor apraxia, and schizophrenia [20]. In certain cases even 
individual mutations can associate with multiple seemingly distinct clinical pre-
sentations. A striking example of this phenomenon are mutations within the VCP 
gene, which even within a single family associate with variable combinations of 
ALS, FTD, Paget’s disease of bone, and inclusion body myopathy [21]. Contrary 
to this, certain ALS mutations associate with very specific clinical profiles [22, 23], 
reinforcing that much of the clinical heterogeneity seen in the disease may reflect 
variation in causative as well as modifying factors.

The importance of individual ALS genes varies considerably according to ances-
tral background. Cumulatively, mutations within four major genes, namely, SOD1, 
TARDBP, FUS, and c9orf72, account for 38–67% of FALS and 5–15% of SALS 
patients of European ancestry [24–26]. Given the relatively high mutational frequency, 
a robust genotype-phenotype correlation can be drawn for these genes. The relative 
prevalence of single gene mutations, however, varies among different populations, 
with some mutations being extremely common in specific geographic areas and much 
rarer in others. Conversely, pathogenic mutations in the other ALS-associated genes 
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are collectively responsible for less than 5% of cases overall. Usually those variants 
are found in isolated pedigrees, often with atypical ALS phenotypes [27–34], and are 
private mutations, thus making a clear genotype-phenotype correlation extremely 
difficult.

 Genetic Pleiotropy in ALS

The identification of genetic factors has contributed tremendously to our under-
standing of ALS biological and clinical complexity.

The first major ALS-associated gene, SOD1, has been discovered in 1993 [35]. 
The gene encodes for a 153 residues long, 32 kDa homodimeric metalloenzyme, 
which is ubiquitously expressed, highly conserved, and represent ~1% of all cyto-
plasmic proteins [36]. To date, more than 160 different SOD1 mutations have been 
reported, the vast majority of which are missense substitutions distributed through-
out the five exons of the gene. Eight frameshift deletions and five insertions, all 
clustered in exon 4 and 5, and leading to a premature truncation of the protein, have 
also been described. Collectively, SOD1 mutations are found in ~20% of all FALS 
patients and in ~3% of SALS cases [37]. SOD1 mutations are characterized by a 
considerable interfamilial and intrafamilial variability of the phenotype with regard 
to the age, site of onset, and disease duration [38]. A notable exception is repre-
sented by A4V, the mutation most frequently observed in ALS1 pedigrees, which is 
consistently associated with a high penetrance, younger age at onset, prevalence of 
lower motor neuron signs, and a very rapid disease course, usually less than 
12 months [38, 39]. Atypical symptoms, such as external ophthalmoplegia, hyper-
acusis, and neuralgic pain, have occasionally been reported in A4V long survivors 
on artificial ventilatory support. Conversely, other mutations, such as G41D, H46R, 
and G93D, display a very mild phenotype, often with carriers surviving more than 
20 years after the onset of the disease [38, 40, 41]. Atypical lower motor neuron 
phenotypes, such as cramp-fasciculation syndrome, flail limb, and/or pseudopoly-
neuritic (Patrikios) forms of ALS, are also often observed in patients with less 
aggressive SOD1 mutations. The penetrance of mutations is also variable, being 
almost complete for A4V, and less than 30% at 70 years for I113T [42]. All SOD1 
mutations are inherited as dominant traits, with the exception of the D90A variant, 
that is observed both in recessive pedigrees in Scandinavia and in dominant pedi-
grees in the rest of the world [43, 44]. D90A homozygous families consistently 
display a milder phenotype, characterized by an asymmetrical, slowly progressive, 
ascending paraparesis with upper motor neuron signs, compared to heterozygous 
individuals that develop classic ALS.

A major step forward has been the discovery of the protein TDP-43 as the main 
component of ubiquitinated cytoplasmic inclusions in the nervous tissue of ALS 
patients, both in sporadic and in familial cases [45]. TDP-43 is a 43 kDa multifunc-
tional DNA-/RNA-binding protein encoded by the TARDBP gene, belonging to the 
heterogeneous ribonucleoprotein (hnRNP) family. After this breakthrough discov-
ery, mutations in the TARDBP gene have been found to be a major cause of 
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Mendelian ALS in several populations of different geographic origin, with a muta-
tional frequency of ~5% in FALS and 1% in SALS [46, 47]. Subsequently, disease 
causing mutations were identified with a similar frequency also in the FUS gene, 
encoding for another nuclear RNA-binding protein which forms pathological cyto-
plasmic aggregates when mutated [48, 49]. Genetic and neuropathological findings 
about TDP-43 and FUS suggest that alterations in RNA homeostasis may represent 
a key event in ALS pathogenesis.

From a clinical standpoint, TARDBP-mutated cases usually display a classic 
ALS phenotype. Conversely, most patients carrying mutations in the FUS gene 
develop a juvenile ALS characterized by symmetric weakness of the scapular or 
pelvic girdles and of the proximal muscles of the upper or lower limbs [23]. Also 
prominent is the involvement of the axial muscles of the neck and trunk [50]. 
Severe weakness of neck extensor muscles at onset, as frequently seen in FUS-
mutated patients, is also unusual, being reported in less than 1% of individuals with 
ALS [51].

The observation of cytoplasmic inclusion immunoreactive for TDP-43 or FUS 
indicates that mutations decrease their solubility, thus increasing aggregation pro-
pensity. Moreover, while in unaffected neurons both proteins localize in the cell 
nucleus, they are absent from the nuclei of inclusion-bearing cells, suggesting a 
nucleo-cytoplasmic redistribution. Interestingly, TDP-43-positive inclusions are 
observed not only in mutation carriers, but also in the vast majority of sporadic ALS 
and in ~55% of FTD cases, indicating a broad neuropathological overlap between 
the two diseases. Conversely, FUS aggregates are observed exclusively in ALS 
patients harbouring mutations and in a minority of non-mutated FTD cases display-
ing atypical neuropathological phenotypes [52–54].

TDP-43 and FUS share many structural and functional, genetic, and neuropatho-
logical similarities. Both proteins have been demonstrated to play a role in several 
biological processes, including transcriptional regulation, splicing, nucleo-cyto-
plasmic shuttling, transport, and stabilization of mRNAs [55]. In the central nervous 
system, both proteins are involved in mRNA transport towards the dendrites and in 
regulating synaptic plasticity [56–59].

The definitive molecular link between ALS and FTLD-U was however the iden-
tification of an expanded (G4C2)n hexanucleotide repeat in the promoter/first intron 
of the c9orf72 gene as the major genetic cause of both diseases [60, 61]. In 
populations of European descent, the mutational frequencies range from 23 to 
47% in FALS, 4 to 5% in SALS, 12 to 29% in FTD, and 6 to 86% in ALS-FTD 
patients [62].

Although the physiological functions of the C9ORF72 protein are currently 
poorly understood, several possible mechanisms have been proposed to explain the 
(G4C2)n-mediated toxicity. In silico and in vitro models suggest that the protein is 
involved in regulating endosomal trafficking and that a reduction of mRNA levels 
due to the presence of the expansion may lead to impaired autophagy and endocy-
tosis (loss-of-function hypothesis) [63, 64]. Increasing evidence, however, indicates 
that expanded (G4C2)n repeats may cause ALS and FTD through the acquisition  
of a novel toxic function (gain-of-function hypothesis). Mutant c9orf72 is 
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bidirectionally transcribed into pre-mRNAs containing sense (G4C2)n and antisense 
(C4G2)n repeats, with a propensity to form stable RNA G-quadruplex and RNA/
DNA hybrid conformations. These abnormal structures, in turn, have a high affinity 
for RNA-binding proteins which are sequestered into nuclear RNA foci in a fashion 
similar to myotonic dystrophy [65]. Alternatively, expanded sense and antisense 
repeats may undergo an abnormal repeat-associated non-ATG translation (RAN 
translation), thus generating C9RAN proteins composed of repeated GA, GP, GR, 
PA, and PR dipeptides which in turn form insoluble neuronal inclusions [66, 67].

The motor phenotype of c9orf72+ patients is often characterized by an earlier 
age at onset and shorter survival time compared to non-mutated ALS individuals, 
possibly due to a prominent bulbar involvement in a majority of cases [68, 69]. 
Patients with concurrent ALS and FTD or with a family history positive for one of 
both diseases have a significantly higher risk of harbouring expanded (G4C2)n 
repeats (33–86%), further indicating that the two disorders belong to the same 
pathogenic continuum [68]. The cognitive deficit of c9orf72+ patients is usually 
consistent with a diagnosis of behavioural variant of FTD (bvFTD) and character-
ized by socially inappropriate, impulsive behaviour and general deterioration in the 
ability to perform routine daily tasks, or apathy, social isolation, and emotional 
lability. Patients often display prominent psychiatric features such as visual hallu-
cinations, paranoid behaviour, persecutory delusions, aggressive behaviour, and/or 
suicidal thoughts [68–71].

Occasionally, mutated patients may display concurrent extrapyramidal and/or 
cerebellar signs, and in rare instances (G4C2)n repeat expansions have been identi-
fied in individuals with corticobasal syndrome, progressive supranuclear palsy, cer-
ebellar ataxia, or olivopontocerebellar degeneration, suggesting that c9orf72 may 
contribute to the pathogenesis of a broad spectrum of neurodegenerative diseases 
beyond ALS and FTD [72–76]. It is worth highlighting that several ALS-associated 
genes beside c9orf72 display a high degree of phenotypic heterogeneity, being 
responsible for several other disorders (Table 13.1). ALS-associated mutations in 
ATXN2, SPAST, FIG4, SETX, DCTN1, VAPB, HNRNPA1, VCP, and OPTN have 
been observed in multisystem disorders such as cerebellar ataxias, hereditary spas-
tic paraplegias (HSP), hereditary motor neuropathies (HMN), and IBMPFD [20]. 
The observation that HSP-associated genes significantly overlap with sets of genes 
implicated in the pathogenesis of ALS, AD, and PD further suggest the existence of 
a common genetic background in neurodegeneration [77].

The existence of such etiological relationships has several implications. For 
genetic research, it suggests that much of the missing heritability in ALS may be 
explained by variants already associated to related diseases and vice versa. It also 
supports the potential utility of combining data from individuals with seemingly 
distinct ailments to gain power in genetic and epidemiological studies. For trans-
lational research, the identification of common mechanistic features may provide 
new targets for drug development and broaden the indications of existing thera-
pies. From a clinical standpoint, it may help interpret the co-occurrence of mul-
tiple phenotypes in affected families and the results from next-generation 
sequencing analysis.
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 Identification of Novel ALS Genes

Notwithstanding the discoveries of the past 25 years, the genetic determinants of 
nearly one-third of all FALS cases are still unknown. Mapping the remainder of 
ALS missing heritability is thus an area of ongoing and active research, and a wide 
variety of genetic techniques, each one with its own advantages and limitations, has 
been applied to this task.

Linkage analysis has led to the identification of several ALS genes such as SOD1, 
ALS2, SETX, VAPB, and UBQLN2 [27, 28, 31, 35, 78, 79] and remains to this day 
the gold standard for gene hunting. Linkage analysis has proven however to be a 
difficult task when applied to ALS genetics since it requires large multigenerational 
pedigrees with multiple affected individuals, which are hard to find in a disease of 
adult life and with a rapid lethal course.

To overcome these limitations, several other approaches have been used alone or 
in combination with varying degrees of success. Linkage analysis used in combina-
tion with homozygosity mapping led to the identification of mutations in FUS and 
OPTN in pedigrees where an autosomal recessive inheritance was suspected [34, 
48, 49]. Similarly, the application of next-generation sequencing (NGS) techniques 
to linkage analysis in small ALS families has been crucial to the discovery of the 
VCP and PFN1 genes [21, 80].

Until very recently, however, the only method available to identify novel rare 
causative mutations in large cohorts of unrelated ALS cases has been the ‘candidate 
gene approach’, where the gene to be screened was chosen based on some specific 
characteristic, such as decreased expression in ALS patients or functional relation-
ships to pathways altered in ALS. This approach has intrinsic limitations and pit-
falls, especially when applied to the identification of rare variants in complex 
diseases such ALS.  First, it is a hypothesis-driven method, relying on existing 
knowledge of comparative genomics, physiological properties of candidate protein, 
and purported pathological pathways. Compared to genome-wide association stud-
ies, this a priori bias in selecting a candidate gene may thus reinforce incorrect 
assumptions about disease pathogenesis. Additionally, any significant association 
may be actually driven by genetic differences between cases and controls because 
of population stratification. Lastly, most variants in the genome are actually rare and 
rather frequent. In fact, over 80% of coding variants have allele frequencies less 
than 0.5% [81], and many genes demonstrate an increased rate of variation, possibly 
due to a lack of selective pressure. Based on this knowledge, the possibility of 
identifying benign case-specific variants is very high, especially in large cohorts. It 
is thus not surprising that, despite the large number of reports [18], the only ALS 
gene convincingly identified through the candidate gene approach has been 
TARDBP [46, 47].

The recent development of massive, parallel DNA sequencing technologies has 
transformed medical genetics, allowing for rapid, high-throughput sequencing of 
entire exomes (whole exome sequencing, WES) or genomes (whole genome 
sequencing, WGS) for a modest cost. As such, it is now possible to assess low-
frequency and rare variants in an unbiased way and investigate their role in complex 

13 Genotypic and Phenotypic Heterogeneity in Amyotrophic Lateral Sclerosis



290

diseases. Notwithstanding these technological advancements, however, the detec-
tion of rare variants in sequencing-based association studies remains challenging. In 
particular, the statistical power of classical single-variant association tests is 
extremely low and would require an unsustainable increase in sample size to be 
acceptable. To overcome these limitations, several strategies have been developed, 
alone or in combination [82]. Instead of testing them individually, rare variants can 
be collapsed in functional units (e.g. exons, domains, genes, etc.) and assigned a 
different weight based on different characteristics (e.g. number of variants per indi-
vidual, presence in cases vs. controls, predicted impact on protein function, etc.).

Albeit very recent, the application of these rare variant burden (RVB) analytical 
strategies to cohorts of unrelated ALS patients has already led to the successful 
identification of novel genetic factors associated with ALS susceptibility within the 
TUBA4A, TBK1, and NEK1 genes [83–85].

 Future Perspectives and Conclusions

Notwithstanding the rapid advancement in the field of ALS genetic, translational 
efforts to interpret this bulk of information in the clinical setting are lagging behind. 
For instance, the identification of a novel variant in an ALS-associated gene does 
not imply that the mutation is pathogenic, especially in the absence of segregation 
and/or functional data. This is a serious issue in a disease such as ALS, where an 
abundance of very rare or private mutations has been described. To compound the 
problem, information about geographic distribution, associated phenotypes, and 
age-dependent penetrance are available only for a handful of them. Thus, to 
improve existing genetic counselling protocols, it is not only necessary to identify 
novel ALS-associated genes, but also to screen large replication cohorts and to 
systematically collect phenotypic data in order to draw reliable genotype-pheno-
type correlations.

The growing evidence of a possible clinical and genetic overlap between ALS 
and other neurodegenerative diseases also warrants further attention, both in the 
research and the clinical setting. The identification of a common genetic back-
ground may help highlight cellular pathways involved in neurodegeneration. At 
the same time, this knowledge should stimulate clinicians to a deeper investiga-
tion of the family history of ALS patients in order to provide better genetic coun-
selling. A relatively uncharted territory, for example, is the degree of genetic 
overlap between ALS and other motor neuron disorders such as HMNs and HSPs. 
Although these conditions are usually associated to slow progression and extra-
motor signs (e.g. sensory, cognitive, cerebellar and/or extrapyramidal), the pheno-
typic variability is so wide that it could easily lead to misdiagnoses. In fact, genes 
such as BSCL2, SPG11, and REEP1 have been associated with ALS phenotypes 
[30, 86–88], and HSP-associated genes significantly overlap with sets of genes 
implicated in the pathogenesis of other neurodegenerative diseases, including 
ALS, further suggesting the existence of a common genetic background in neuro-
degeneration [77].
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Concerning the field of gene hunting in complex diseases, RVB analysis of NGS-
generated data has largely supplanted the candidate gene approach, and the develop-
ment of novel algorithms will likely improve their sensitivity [89]. One key issue will 
be the choice of WGS over WES. Presently, WES is significantly cheaper than WGS 
and requires much less storage space and computational power. However, WGS pro-
vides a more consistent coverage of the genome than WES, which often fails to 
capture the entire target region, and can identify rare variants in promoter and 
enhancer sequences. Notwithstanding the rapidly decreasing price of sequencing, the 
greatly increased sample sizes required to address power issues, not to mention the 
hardware and software capabilities needed to store and analyse data, will likely make 
costs of WGS unbearable for a single research group. As such, international collabo-
rations between researchers will be crucial in promoting successful genetic studies. 
In the ALS genetic field, Project Mine (http://www.projectmine.com/) is spearhead-
ing a massive international effort to sequence the genomes of 15,000 patients with 
ALS and 7500 controls [90].

In conclusion, genetic studies in ALS have by far given the largest contribution 
to our understanding of the pathogenesis of the disease, to the recognition of par-
ticular subphenotypes within the whole clinical picture of ALS, and currently repre-
sent the best chance at identifying novel therapeutic targets.
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Abstract
Dementia with Lewy bodies (DLB) represents the second most common cause of 
neurodegenerative dementia after Alzheimer’s disease (AD).

The dementia with Lewy bodies (DLB) Consortium has refined its recom-
mendations about the clinical and pathologic diagnosis of DLB, updating the 
previous report, which has been in widespread use for the last decade. The 
revised DLB consensus criteria now distinguish clearly between clinical features 
and diagnostic biomarkers and give guidance about optimal methods to establish 
and interpret these.

Important new information has been updated about previously reported 
aspects of DLB, with increased diagnostic weighting given to REM sleep behav-
iour disorder and 123iodine-metaiodobenzylguanidine (MIBG) myocardial scin-
tigraphy. The diagnostic role of other neuroimaging, electrophysiologic and 
laboratory investigations is also better specified. Substantial progress has been 
made since the previous report in the detection and recognition of DLB as a com-
mon and important clinical disorder.
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Dementia with Lewy bodies (DLB) represents the second most common cause of 
neurodegenerative dementia after Alzheimer’s disease (AD).

Despite the high prevalence of the disease among neurodegenerative dementia, 
DLB tends to be underdiagnosed during life and mostly misdiagnosed as AD, due 
to clinical overlap between the two diseases.

It is important, however, to differentiate between these two forms of dementia 
since the earliest stages because, compared to patients with AD, those with DLB may 
be considerably more sensitive to adverse effects of neuroleptics [1] and may exhibit 
faster disease progression [2] and different response to acetylcholinesterase inhibi-
tors [3]. To reach a satisfactorily accuracy of the diagnosis of DLB, great emphasis 
has been placed on methods evaluating the uptake of either dopamine transporter 
(DAT) in basal ganglia [4, 5] or metaiodobenzylguanidine (MIBG) in the myocar-
dium [6]. These methods, respectively, exploring the integrity of the nigrostriatal 
dopaminergic system and of postganglionic sympathetic cardiac innervation, have 
been suggested to improve clinical diagnostic accuracy of DLB, but there is a clear 
need of other biomarkers to assist with accurate identification of this entity.

Cognitively, DLB patients can display marked deficits in executive and 
visuospatial/visuoperceptual function, as well as marked variations in their level of 
arousal and attention which are typically known as cognitive fluctuations [7–10]. 
Clinical features associated with DLB also include spontaneous motor features of 
parkinsonism [8], but it is the non-motor manifestations including visual hallucina-
tions, autonomic dysfunction, syncope, repeated falls, REM sleep behaviour disor-
der, delusions and depression, to represent the most disruptive symptoms for patients 
and their caregivers [8].

There are also a number of treatment challenges. Profound cholinergic deficits 
occur in DLB, even more than in AD [11]. Restoration of cholinergic function, by the 
use of cholinesterase inhibitors such as donepezil, rivastigmine and galantamine, may 
have cognitive and neuropsychiatric benefits including improvements in global cogni-
tive function, attentional function and activities of daily living [12]. However, there are 
frequently variations in treatment response [13]; thus, responder stratification by use of 
a cholinergic function biomarker would be beneficial to clinical management. Beyond 
the cholinesterase inhibitors, the pharmacological repertoire of effective drugs in DLB 
is small, and agents such as memantine have been tried with mixed success [14–16]. 
The development of novel therapeutics is required, but this process has been hampered 
by the lack of DLB biomarkers which are sensitive to treatment response.

The dementia with Lewy bodies (DLB) Consortium has refined its recommenda-
tions about the clinical and pathologic diagnosis of DLB, updating the previous 
report, which has been in widespread use for the last decade. The revised DLB con-
sensus criteria now distinguish clearly between clinical features and diagnostic bio-
markers and give guidance about optimal methods to establish and interpret these.

Important new information has been updated about previously reported aspects 
of DLB, with increased diagnostic weighting given to REM sleep behaviour disor-
der and 123iodine-metaiodobenzylguanidine (MIBG) myocardial scintigraphy. The 
diagnostic role of other neuroimaging, electrophysiologic and laboratory investiga-
tions is also better specified. Substantial progress has been made since the previous 
report in the detection and recognition of DLB as a common and important clinical 
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disorder. During that period, DLB has been incorporated as a separate nosological 
entity into DSM-5, as major neurocognitive disorder with Lewy bodies. ‘There 
remains a pressing need to understand the underlying neurobiology and pathophysi-
ology of DLB, to develop and deliver clinical trials with both symptomatic and 
disease-modifying agents and to help patients and carers worldwide to inform them-
selves about the disease, its prognosis, best available treatments, ongoing research 
and how to get adequate support’.

A collection of studies have been recently performed in order to define possible 
specific pathophysiological mechanisms underlying the appearance of specific clin-
ical features of DLB, with the double aim to explain clinical presentation and poten-
tially to provide possible diagnostic markers of disease [17].

In this chapter, we will summarize the main results of studies focused on DLB 
biomarkers, and we will underline the significance of each of these biomarkers in 
terms of diagnostic accuracy and of pathophysiological mechanisms. Biomarkers 
will be divided into two sections, as suggested by the last consensus document [17]: 
indicative and supportive biomarkers. Major emphasis will be given to EEG and 
MRI studies which are the main fields of contributions by the authors.

 Indicative Biomarkers

 SPECT-DAT Scan

The functional integrity of dopaminergic nigrostriatal pathway can be studied with 
single photon emission computed tomography (SPECT) imaging by using ligands 
of pre-synaptic dopamine transporter (DAT), such as [123I]-N-(3-fluoropropyl)-2- 
carbomethoxy- 3-(4-iodophenyl) nortropane (123I-FP-CIT). A reduction of SPECT 
ligand binding to DAT correlates with the loss of pre-synaptic dopamine. The ratio-
nale supporting the use of 123I-FP-CIT SPECT as a supportive tool in the diagnosis 
of DLB is represented by the pathological peculiarities of DLB, characterized by 
abnormal inclusion bodies (Lewy bodies) in limbic, neocortical and brainstem areas 
with concomitant nigrostriatal degeneration and loss of pre-synaptic dopamine 
transporters in the striatum [12, 18]. For these reasons, low dopamine transporter 
uptake in basal ganglia on 123I-FP-CIT SPECT has been listed as an indicative 
biomarker of DLB in the international consensus criteria for the diagnosis [8, 17] 
and also included in the guidelines of the National Institute for Health and Clinical 
Excellence (NICE) and Social Care Institute for Excellence to support the clinical 
diagnosis of DLB in doubtful cases].

 MIBG: Reduced Uptake on Metaiodobenzylguanidine Myocardial 
Scintigraphy

123Iodine-MIBG myocardial scintigraphy quantifies postganglionic sympathetic 
cardiac innervation, which is reduced in DLB [19, 20]. Useful sensitivity (69%) and 
specificity (87%) values for discriminating probable DLB from probable AD rise to 
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77% and 94% in milder cases (MMSE >21). A caveat to the interpretation of MIBG 
results should be considered in the light of possible confounding causes, including 
ischemic heart disease, heart failure, diabetes mellitus, peripheral neuropathies and 
medications that may cause reduced uptake including labetalol, reserpine, tricyclic 
antidepressants and sympathomimetics. MIBG imaging was already described in 
the supportive feature section of the previous version of the Consortium on DLB 
guidelines [8]. According to this report, a heart/mediastinum ratio (H/M) cut-off 
point of 1.68 on delayed MIBG images resulted in highly reliable differentiation of 
DLB from AD with both the sensitivity and the specificity being 100%, regardless 
of the presence or absence of parkinsonism [21]. Because of its high diagnostic 
accuracy, MIBG imaging has become one of the essential imaging methods for 
diagnosing DLB [17].

 PSG Confirmation of REM Sleep Without Atonia

PSG demonstration of REM sleep without atonia [22, 23] is a highly specific pre-
dictor of Lewy-related pathology. If the PSG shows REM sleep without atonia in a 
person with dementia and a history of rapid eye movement (REM) sleep behaviour 
disorder (RBD), there is a 90% likelihood of a synucleinopathy [24] sufficient to 
justify a probable DLB diagnosis even in the absence of any other core feature or 
biomarker. RBD is characterized by loss of normal skeletal muscle atonia during 
REM sleep with prominent motor activity and dreaming [25, 26–29]. The parasom-
nia occurs more frequently in males and usually begins manifesting after the age of 
50 years [27–29]. RBD can occur without any coexisting neurologic disorders or 
findings (so-called idiopathic RBD) and can be precipitated or aggravated by medi-
cations, such as selective serotonin or norepinephrine reuptake inhibitors [30, 31]. 
RBD can be triggered by structural brain lesions such as brainstem infarcts, tumours, 
vascular malformations, and demyelinating plaques associated with multiple sclero-
sis [32, 33]; these findings have provided insights into the location of the networks 
implicated in human RBD. All structural lesions identified to date have been local-
ized in the dorsal midbrain, pons or medulla. Rare cases of RBD associated to 
voltage- gated potassium channel complex abnormalities present with abnormalities 
in the mesial temporal lobe structures and usually not in the brainstem [32]. This 
finding underline that the precise networks and neurotransmitter systems involved 
in human RBD remain unclear but most consistently relate to brainstem networks 
and their efferent or afferent connections.

 Supportive Biomarkers

 EEG

Resting-state electroencephalographic (rsEEG) rhythms have extensively been used 
as a possible tool to assess the neurophysiological correlates of dementia [34–36]. 
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For DLB patients, specific and non-specific EEG features were found. However, 
they can provide an index of the extent to which DLB patients show abnormalities 
in the structure and function of the brain across the disease progression and thera-
peutic intervention [37]. RsEEG features which are specific for DLB patients are 
considered to be ‘supportive’ in international diagnostic guidelines [8, 17], as the 
presence of posterior (temporal) transient slow or sharp waves [36, 38]. A character-
izing feature of rsEEG in DLB is the fluctuation of global delta and theta power over 
a few minutes [39–42]. This fluctuation was observed in the vast majority of DLB 
patients and very few AD patients [42]. The fluctuation of the dominant rsEEG fre-
quency and the power of the alpha and slow frequencies are partially normalized by 
a short-term administration of acetylcholinesterase inhibitors in DLB patients [43]. 
A greater degree of parietal delta power band variability has been reported in 
patients with DLB, compared to AD patients and controls [41]. However, this fea-
ture may represent a non-specific EEG feature because increased power in these 
bands was reported in AD patients in at least four studies [44]. Many EEG studies 
tried to improve the diagnostic accuracy in differentiating DLB from AD. The use 
of qualitative EEG analysis as a diagnostic tool to distinguish between DLB and AD 
remains rare in daily clinical practice because of conflicting studies and the absence 
of a reliable scoring method [45]. Widespread delta and theta power over the scalp 
and posterior beta power were found to be higher in DLB than AD patients [41, 46]. 
Quantitative EEG (QEEG) has demonstrated good discriminative capacity for DLB 
diagnosis as compared to AD with a predictive value of 100% in cohort studies, 
even at the stage of MCI [42, 47] and the percentage of 90% in a multicentric cohort 
study [48]. Specifically, discriminant analysis detected specific cut-offs for every 
EEG mathematical descriptor; dominant frequency (DF) = 8, dominant frequency 
variability (DFV) = 2.2 Hz, frequency prevalence (FP) pre-alpha = 33% and FP 
alpha = 41% for posterior derivations. The occipital low-frequency alpha 2 source 
activity showed a classification accuracy of 75% in the contrast between the AD and 
DLB patients [37]. A sensitivity of 79% and a specificity of 76% were obtained by 
means of grand total EEG (GTE) score applied to distinguish DLB from AD patients 
[45]. Disrupted alpha band-directed connectivity may underlie the clinical syn-
drome of DLB and differentiate between DLB and AD.  Indeed the common 
posterior- to-anterior pattern of directed connectivity in controls is disturbed in the 
alpha band in DLB patients and in the beta band in AD patients [49]. New mathe-
matical approaches on EEG rhythms showed lower connectivity strength in the 
alpha frequency band in DLB patients compared to both controls and AD. In addi-
tion DLB brain network organization was found to be less efficient and contained 
less hubs [50].

 Structural Imaging Studies (Preservation of Medial Temporal GM)

Recent advance in structural MRI allows to perform physical measurements of brain 
cortical thickness for each individual and to map, within and between groups; the 
macrostructural changes in grey matter (GM) regions. The measurement of the 
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cortical thickness by methods proposed by Fischl and Dale [51] showed 82% sensi-
tivity and 85% specificity in differentiating AD from DLB [52]. At cortical level, 
DLB patients show a preservation of medial temporal GM as compared to AD [17, 
53, 54] and a thinning in the posterior areas including the precuneus, superior pari-
etal gyrus, cuneus, pericalcarine and lingual gyri [53]. Of note, the posterior atrophy 
of the cuneus, precuneus and superior parietal cortex has been related to visual deficit 
and hallucinations in DLB [53, 55]. Moreover, increased rates of cortical thinning in 
the parietal regions were also correlated with motor deterioration in DLB [56].

 Further Evidences Coming from Structural Imaging Studies

At subcortical level, microstructural and macrostructural alterations have been also 
described in DLB patients. Macrostructural assessment highlighted that the hippo-
campus, especially in the cornu ammonis and subiculum, is relatively preserved in 
DLB as compared to AD [56, 57]. GM reduction was also observed in DLB patients 
in the adjacent extrahippocampal structures including the perirhinal and parahip-
pocampal cortices [57]. Based on studies reporting an involvement of these regions 
in the visual processing, it has been suggested that an impairment of adjacent extra-
hippocampal structures could be contribute to the aetiology of visual hallucinations 
[58]. Diffusion weighted imaging (DWI) is able to give in  vivo microstructural 
information on the grey and white matters integrity by assessing the Brownian 
motion of water molecules among neurons. In this context, two parameters are of 
particular relevance: fractional anisotropy (FA), whose reduction describes axonal 
degeneration; mean diffusivity (MD), whose increase refers to loss of membrane 
density and cell loss of both neurons and glia. While the former is a specific index 
only for axonal integrity, the MD describes both grey and white matters damage 
[59]. Microstructural damage of GM subcortical nuclei in DLB patients has been 
observed in the pons, hippocampus and thalamus. In particular, the changes within 
thalamus were observed for both FA [60] and MD [61, 62]. Additionally, by com-
bining structural MRI and diffusion tensor imaging (DTI) data, the thalamus was 
further divided into sub-regions according to their structural connectivity to cortex. 
The assessment of the MD in each thalamic sub-region in DLB has revealed micro-
structural grey matter preservation of the sub-regions which projects to temporal 
cortex and [61] increase of MD within the thalamic portions projecting to the pre-
frontal and parieto-occipital cortices and amygdala [61]. Moreover, DLB patients 
present reduced structural connectivity within the anterior thalamic radiation, which 
projects to frontal cortex [62]. These results are in agreement with the role of thala-
mus in shaping the cortico-cortical control [63] and with emerging hypotheses sug-
gesting that thalamic dysregulation could induce reduced levels of arousal and 
consciousness state [64]. In this context, we observed reduction of NAA/tCr (marker 
of axonal density) and increase of tCho/tCr (marker of cholinergic dysfunction) in 
DLB patients, which correlated with frequency and severity of fluctuating cognition 
in DLB [62]. These results match with the cholinergic deregulation coexisting with 
the dopaminergic alteration in DLB patients [65] and with the pharmacological 
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evidence that (1) anticholinergic medication can induce a symptom profile of altered 
arousal like cognitive fluctuation [66] and (2) administration of cholinesterase 
inhibitors considerably reduces cognitive fluctuations in DLB [67]. Moreover, it 
was observed that the microstructural damage of the thalamic portions projecting to 
cortical posterior regions including parietal and occipital lobes is closely related to 
the presence and severity of visual hallucinations [61]. These findings are in agree-
ment with the role of the pulvinar in the visual processing [68] and with recent 
reports from neuropathological studies showing severe neuronal loss in the medial 
pulvinar in post-mortem brain tissue acquired from patients with DLB [69].

 Cingulate Island Sign

The cingulate island sign (CIS), a term referring to sparing of the posterior cingulate 
relative to the precuneus and cuneus, has been proposed as an FDG-PET imaging 
feature of DLB [70, 71] due to its good diagnostic power to distinguish DLB patients 
from AD. The preservation of the CIS is not associated with Aβ load but does pre-
dict lower Braak neurofibrillary tangle stage in clinically diagnosed DLB cases 
[72]. Furthermore, clinical symptoms of DLB (parkinsonism and global cognitive 
function) were found to be correlated with precuneus plus cuneus hypometabolism 
but not the CIS [72].

 Other Functional Imaging Studies

Functional magnetic resonance imaging (fMRI) was also used to differentiate DLB 
patients from controls and other dementias. Lower regional homogeneity (ReHo) in 
sensory-motor cortices and higher ReHo in left middle temporal gyrus was found in 
DLB when compared with healthy controls [73]. Neuropathological differences 
between DLB and AD were also found by means of resting state fMRI and mea-
sures on network organization. Resting state fMRI evidenced an increased connec-
tivity between the precuneus and regions in the dorsal attention networks and 
decreased connectivity with prefrontal and visual cortices in DLB compared to the 
AD group [74]. Greater connectivity between the putamen and frontal, temporal 
and parietal regions was found in DLB patients compared with AD patients [75]. 
Right hemisphere functional connectivity was reduced in DLB patients in compari-
son with control subjects and was correlated with severity of fluctuations [76].

Global network measures showed also significant differences between DLB and 
AD. DLB group demonstrated a generalized lower synchronization compared with 
the AD and healthy controls, mainly for edges connecting distant brain regions and 
higher small worldness [77].

On the other hand, task-based fMRI studies on visuoperceptual impairments in 
DLB patients reported a relative preservation of function in visual system in DLB 
[78, 79] and a greater activation in the superior temporal sulcus in DLB compared 
to AD during the motor part of the tasks [78].
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 Pharmacological Interventions

Meta-analyses of class I clinical trials of cholinesterase inhibitors (CHEIs), specifi-
cally rivastigmine and donepezil, support the use of this class of drugs in DLB for 
improving cognition, global function and activities of living. There is evidence that 
even if patients do not improve with CHEIs they are more likely to maintain their 
cognitive performance stable while taking them [80, 81]. The efficacy of memantine 
in DLB is less clear, but it is well-tolerated and may have benefits, either as mono-
therapy or adjunctive to a CHEI [80, 81].

 Neuropsychiatric Symptoms

CHEIs may produce substantial reduction in apathy and improve visual hallucina-
tions and delusions in DLB [82]. The use of antipsychotics for the acute manage-
ment of substantial behavioural disturbance, delusions or visual hallucinations 
comes with attendant mortality risks in patients with dementia, and particularly in 
the case of DLB they should be avoided whenever possible, given the increased 
risk of a serious sensitivity reaction [83]. Low-dose quetiapine may be relatively 
safer than other antipsychotics and is widely used [84]. There is a positive evi-
dence base for clozapine in PD psychosis, but efficacy and tolerability in DLB 
have not been established. Newer drugs targeting the serotonergic system, such as 
pimavanserin [85], may be alternatives, but controlled clinical trial data in DLB 
are needed. Although depressive symptoms are common in DLB, trial data are 
insufficient. In alignment with general advice on depression in dementia, selective 
serotonin reuptake inhibitors, serotonin-norepinephrine reuptake inhibitors and 
mirtazapine are options in DLB with treatment guided by individual patient toler-
ability and response.

 Motor Symptoms

DLB patients may benefit from levodopa preparations introduced at low doses and 
increased slowly to the minimum required to minimize motor disability without 
exacerbating psychiatric symptoms [86, 87].

 Akinetic Crisis in DLB

Parkinsonian motor features are listed among the core clinical diagnostic criteria of 
DLB [8]:

 1. Extrapyramidal signs can be severely exacerbated, or appear for the first time, 
following the administration of typical neuroleptic drugs prescribed to control 
hallucinatory symptoms and behavioural disturbances.
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 2. Reactions to neuroleptic agents occur in a high percentage of patients with DLB 
(30–50%), so that neuroleptic hypersensitivity was already included among the 
supportive features for the diagnosis of DLB [8]. Responses to neuroleptics vary 
from mild (worsening of parkinsonian symptoms that resolves on drug with-
drawal) to severe reactions, encompassing rigidity, fever, postural hypotension, 
falls, confusion, collapse and rapid deterioration to death [83].

Aarsland and colleagues [88] quantified the severity of symptoms using a stan-
dardized pro forma rating of cognitive symptoms, impairment of consciousness, 
agitation, worsening of parkinsonism and orthostatic hypotension, and found that 
53% of patients with DLB developed severe neuroleptic sensitivity-related 
symptoms.

The incidence of a potentially lethal condition linked to the use of neuroleptic 
drugs, defined as neuroleptic malignant syndrome (NMS), which can increase 
patient mortality threefold, has been recently specifically defined [47]. NMS is a 
potentially lethal, drug-induced, idiosyncratic condition, first described by Delay 
et al. in 1960. Five NMS, classically associated with the use of high-potency anti-
psychotics (AP), such as haloperidol, butyrophenones and phenothiazines, have 
also been described with newer AP (risperidone, olanzapine), other D2-receptor 
antagonists (metoclopramide) [89] and following withdrawal of dopaminergic 
agents [90]. NMS is recognized as part of the so-called akinetic crisis (AC) syn-
drome, represented by a complication that appears in the course of parkinsonism 
when infectious diseases, trauma or gastrointestinal tract diseases occur [91]. The 
symptoms observed in AC overlap those observed in NMS but, unlike the latter, 
exposure to neuroleptics is not a mandatory causative factor for AC.

AC consists of acute motor symptom worsening characterized by an akinetic 
state and transient unresponsiveness to current antiparkinsonian treatment and rep-
resents an emergency in the management of parkinsonian patients [92].

AC is characterized by a distinctive clinical tetrad of mental status changes, 
motor abnormalities (bradykinesia and muscle rigidity), autonomic dysfunction 
(blood pressure instability, diaphoresis and tachycardia) and hyperthermia. 
Laboratory findings include elevation of serum creatine kinase (CK) and myoglobin 
[90, 91]. Treatment is mainly supportive and includes withdrawal of the AP or other 
causative agent and treatment with dopaminergic agonists and dantrolene [90].

Akinetic crisis (AC) is a condition observable in the DLB course, at least as fre-
quently as in that of PD (6.8% vs. 3.9%). It appears to have a more severe outcome, 
being more frequently fatal in patients with DLB (50% vs. 12.5%), and is indepen-
dent of clinical variables including severity of either cognitive or motor symptoms 
and of L-dopa equivalent daily dose. Disease duration before the occurrence of AC 
has been found to be shorter in patients with DLB than in patients with PD. This is 
likely due to the fact that DLB clinical expression in the early stage of disease is 
similar to the phenotype of PD in the advanced stage when patients with PD can 
present with symptoms requiring neuroleptic treatment.

An alternative hypothesis may be based on the different time of appearance of 
specific brain area alterations during the course of DLB versus PD. In patients with 
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DLB, early alterations of insula, which may integrate consciousness and internal 
homeostasis, has been recently demonstrated [93–95] whereas in patients with PD, 
the involvement of insula appears late in the course of the disease. Exposure to typi-
cal neuroleptics was found to be higher in the DLB group (32.6%) than in the PD 
group (5.2%), likely due to the more frequent occurrence of severe psychiatric 
symptoms early in the course of DLB. It is also necessary to point out that the wide 
exposure to typical neuroleptics, prescribed either by GPs or by primary dementia 
centres, in a high percentage of patients with DLB, suggests that DLB is an under- 
recognized clinical entity, often misdiagnosed as Alzheimer’s disease. Awareness 
on the clinical features of DLB needs to be improved, to avoid severe NMS treat-
ment outcomes, including AC [96].

The significant rate of mortality in our cohorts, due to medical complications 
precipitated by the transient refractoriness to dopaminergic rescue drug adminis-
tration, suggests that the use of neuroleptics in patients with DLB should be 
limited to quetiapine or clozapine, which showed an acceptable safety profile 
[17, 97, 98].

However, the occurrence of AC in those patients with DLB never exposed to 
neuroleptics suggests that the exposure to neuroleptics and subsequent D2 receptor 
dysfunction is unlikely to be the only explanation for the development of AC.

Recent reports [99, 100] showed that iodine-123 fluoropropyl-carbomethoxy-3 
beta-(4-iodophenyltropane) (FP-CIT) single photon emission CT uptake is 
extremely reduced in putamen and caudate nuclei in AC and NMS, resulting in the 
feature of ‘burst striatum’, with disappearance of the oval-shaped images corre-
sponding to caudate. Interestingly, dopamine transporter (DAT) binding in mito-
chondrial DNA abnormalities, such as in polymerase (DNA) gamma and catalytic 
subunit (POLG) mutations, seems to be very low [101].

In a recent cohort study on the occurrence of recurrent and fatal AC in genetic 
parkinsonism [102], we found that AC was especially common in genetic mutations 
glucocerebrosidase (GBA), leucine-rich repeat kinase 2 (LRRK2)) involving mito-
chondrial functions. The hypothesis of genetic mutations associated with mitochon-
drial dysfunctions could be called into cause in the occurrence of AC in DLB. Further 
studies are needed, considering wider populations, assessing DLB for genetic muta-
tions and considering the risk of underestimations dependent on reduced penetrance 
or recessive inheritance.

Further hypotheses may point to a possible link between inflammatory indices 
and the development of AC, as most patients developed AC after surgery or infec-
tions. Acute and chronic systemic inflammation, possibly associated with increases 
of serum tumour necrosis factor, is associated with a faster progression of cognitive 
decline in Alzheimer’s disease [103]. It could be hypothesized that activation of 
inflammatory factors could precipitate an unfavourable outcome by inducing AC in 
patients with DLB/PD.

We hope that by presenting the statistical risk factors for AC–NMS in DLB, the 
AC issue will be acknowledged and the current practice of prescribing typical neu-
roleptics in dementia with uncertain phenotype will be discontinued.
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Abstract
Dementia is becoming a worldwide phenomenon. Alzheimer’s disease repre-
sents the first cause of cognitive impairment followed by vascular dementia and 
fronto-temporal dementia. However, in addition to these well-studied dementia 
causes there is a wide number of conditions that can cause dementia as infec-
tions, toxic-metabolic conditions, inflammatory-autoimmune disorders, or meta-
bolic inborn errors. These uncommon dementia causes, due to the heterogeneous 
clinical presentation, lack of diagnostic criteria, and rare frequency are often 
misdiagnosed. Their prevalence has been only partially estimated among young 
patients (age at onset <65 years), and their management is based only on some 
expert suggestions. However, a correct diagnosis is of a great importance, since 
some of them are treatable and reversible dementias.

This chapter presents a comprehensive summary of etiologies, clinical pre-
sentation, typical features, diagnostic strategies, and treatments of known uncom-
mon dementias.
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 Introduction

Uncommon dementias indicate a wide heterogeneous group of rare disorders caus-
ing cognitive impairment and generally characterized by an early age at onset. 
Thus, uncommon dementias greatly overlap the concept of young-onset dementia. 
Conventionally, young-onset dementia includes conditions that afflict patients 
younger than 65 years of age [1], i.e., early-onset forms of common neurodegen-
erative dementia as familial Alzheimer’s disease cases, dementia associated with 
other neurological disorders (Huntington’s disease, myotonic dystrophies, autoso-
mal dominant cerebellar ataxia, or hereditary spastic paraparesis), or late-onset 
forms of childhood conditions as mitochondrial disorders, lysosomal storage dis-
orders, and leukodystrophies. Potentially reversible etiologies including inflamma-
tory disorders, infections, toxic/metabolic abnormalities are also part of rare 
dementia causes. It is to note that information on the frequency of uncommon 
dementias among elderly are not available, while few epidemiological data on 
young-onset dementia come from restricted geographical setting. Harvey and col-
leagues estimated, on a population-based study of two London boroughs, a demen-
tia prevalence of 54 per 100,000 people aged 30–65  years and 98 per 100,000 
people aged 45–65 years [2].

Alzheimer’s disease represented the most common single diagnosis (34%), and 
the prevalence of metabolic, infective, and inflammatory/autoimmune diseases was 
generally estimated in a cumulative percentage of 19 [2]. Among others [3–5], only 
one study [6], conducted on a population with age ranged between 17 and 45 years, 
specifically evaluated the prevalence of all uncommon causes of early-onset demen-
tia, producing the following results: neurodegenerative etiology 31.1%, autoim-
mune and inflammatory 21.3%, metabolic disorders 10.6%, other 7.7%, vascular 
6%, and infective 4.7% [6]. The age-stratified analysis showed decreasing frequency 
of metabolic etiology with aging and an opposite behavior of neurodegenerative 
etiology.

The diagnosis of uncommon dementias is a challenge, due to the wide number of 
pathologies with heterogeneous clinical presentation and lack of diagnostic criteria. 
Suggestions for diagnostic procedure, management, and treatment are generally 
based on small not controlled study and on expert opinion. To guide clinicians 
toward differential diagnosis and to avoid misdiagnosis, uncommon dementias have 
been differently categorized following clinical, pathological, or etiological criteria 
[1, 6–8]. Rossor and colleagues proposed a flow chart for diagnostic procedure [1]. 
This chapter presents a comprehensive list of uncommon dementias, grouped in 
diagnostic categories (Table 15.1), and suggests a two-step diagnostic procedure for 
the differential diagnosis of rare dementias. A specific protocol for subacute demen-
tia is also provided.
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Table 15.1 Diagnostic categories

Neurodegenerative dementias
  Familial Alzheimer’s disease
  Fronto-temporal dementia
  Lewy body dementia
  Corticobasal degeneration
  Progressive supranuclear 

palsy

Lysosomal storage disorders
  Fabry disease
  Gaucher’s disease
  Niemann-pick type C disease
  Kuf’s disorder (neuronal ceroid 

lipofuscinosis)
  Tay-Sachs disease

Infective dementia
  HIV-related 

dementia
  Neurosyphilis
  Whipple’s disease
  Lyme disease
  Tuberculosis 

meningitis
Dementia plus
  Huntington disease
  Myotonic dystrophies
  Autosomal dominant 

cerebellar ataxia
  Hereditary spastic paraparesis
  Fragile X-associated tremor/

ataxia syndrome

Basal ganglia pathologies
  Neuroacanthocytoses
  Neurodegeneration with iron 

accumulation
  Fahr’s disease
  Wilson disease
Microgliopathies
  Nasu-Hakola disease (polycystic 

lipomembranous osteodysplasia 
with sclerosing 
leukoencephalopathy)

Inflammatory- 
autoimmune 
disorders
  Limbic encephalitis
  Hashimoto 

encephalopathy
  Neurosarcoidosis
  NeuroLES
  Bechet

Leukoencephalopathies
Leuko (adult-onset)
  Adrenoleukodystrophy
  Krabbe disease
  Metachromatic 

leukodystrophy
  Adult-onset 

leukoencephalopathy with 
axonal spheroid and 
pigmented glia

  Ovario-leukodystrophy
  Cerebrotendinous 

xanthomatosis
  Pelizaeus-Merzbacher disease
  Alexander disease
  Adult polyglucosan body 

disease
  Vanishing white matter 

disease
Familial form of vascular 
dementia
  CADASIL/CARASIL
  COL4A1
  RVCL
Mithocondrial
  MELAS
  MERRF
  Kearns-Sayre syndrome

Prion disease
  Creutzfeltd-Jakob disease (CJD) 

sporadic and variant
  Hereditary prion disorders 

familial CJD
Gestman-Strausler-Schenker 
disease
Familial fatal insomnia

Toxic metabolic
  Alcohol-related 

dementia
  B12 deficiency
  Heavy metal 

poisoning

CADASIL cerebral autosomal dominant arteriopathy subcortical infarcts and leukoencephalopa-
thy; CARASIL cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoen-
cephalopathy; RVCL Retinal vasculopathy with cerebral leukodystrophy; COL4A1 
collagen-type(IV)-mutations including pontine autosomal dominant microangiopathy and leuko-
encephalopathy; MELAS mitochondrial encephalopathy, lactic acidosis, and stroke; MERFF myo-
clonic epilepsy and ragged red fibers
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 Diagnostic Procedure

Uncommon causes of dementia should be suspected in the presence of:

 – Young-onset dementia
 – Predominance of psychiatric symptoms
 – Association with other neurological sign
 – Systemic involvement
 – Subacute onset and rapid progression
 – Positive family history for dementia or other neurological disturbance

All patients should undergo a complete clinical assessment with neurological, 
neuropsychological, and general examination, basic blood tests, and neuroimaging, 
preferably magnetic resonance imaging (MRI) [1, 8]. These evaluations represent 
the first step of the diagnostic procedure. A second diagnostic step, different for 
each diagnostic category, includes more complex blood or urinary examination, 
cerebrospinal fluid analysis (CSF), electroencephalography (EEG), electromyogra-
phy (EMG), fluorodeoxyglucose positron emission tomography (PET-FDG), tissue 
biopsy, and genetic test.

First diagnostic step: Clinical history includes family history, specific dementia 
risk as alcohol or heavy metal exposure, description of symptoms by temporal profile 
of onset, progression and degree of impairment. The objective of the neurological 
examination is to define the pattern of cognitive and behavioral deficits and to inves-
tigate the presence of specific neurological signs (pyramidal, extrapyramidal, cere-
bellar). General examination is also important in case of systemic illness and can 
reveal stigmata of some disorders, as Achilles tendon xanthomata in cerebrotendi-
nous xanthomatosis. Basic blood tests should include serum electrolytes, complete 
blood counts, liver and thyroid function tests, vitamin B12 and folate, cholesterol and 
triglycerides, glucose, urea and serum creatinine; syphilis and HIV serology in order 
to detect toxic/metabolic encephalopathy, or infective dementia [1, 7, 8].

Once defined the type of cognitive impairment and the association with specific 
neurological signs, MRI is of a great utility. Thanks to MRI, it is possible to identify 
three different types of dementia: dementia due to gray matter degeneration, leuko-
encephalopathies, and dementia based on basal ganglia disorders.

Gray matter degenerations include two categories: neurodegenerative dementia 
and dementia plus, while leukoencephalopathies include leukodystrophies, some 
lysosomal storage disorders, mitochondrial disorders, and familial form of vascular 
dementia (Fig. 15.1).

Second diagnostic step: Clinical examination and the MRI results lead to the 
identification of specific subgroups. Thus, different investigations are required as 
second step in each category (Fig. 15.2).

 Subacute Dementia

A specific protocol should be applied in case of dementia with abrupt onset.
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Each subject should undergo, in addition to basic blood tests and MRI, an EEG 
and the CSF examination. Usually, causes of subacute dementia present specific 
treatment or should be recognized in order to avoid transmission as in case of prion 
disease.

Table 15.2 summarized clinical features, diagnostic procedure, and treatment of 
subacute causes of dementias.

 Neurodegenerative Dementias

Although rare, represent a group of very well-studied disorders with specific diag-
nostic criteria (9). Dementia is the first and predominant symptom. For their man-
agement, see dedicated chapter of this book [9].

 Dementia Plus

Dementia is always associated with other neurological signs, as pyramidal, cerebel-
lar, or muscular signs, and often occurs later in the disease course. Generally, MRI 
presents cortical atrophy. All the diseases are inherited and genetic test is necessary 
to confirm the diagnosis.

 Huntington Disease [9–11]
Autosomal dominant disease caused by the expansion of CAG trinucleotide repeat 
sequence on chromosome 4, on a gene encoding for “huntingtin,” a protein of 
unknown function. Epidemiology: prevalence in European is 0.5–8/1,000,000. 
Clinic: age at onset 30–50  years, rarely before 20  years (Westphal variant). 
Symptoms: chorea, psychiatric symptoms, and cognitive decline. Cognitive deficits 
are mostly in executive function and judgment capacity. Language and semantic 
memory are generally spared. Disease duration: 15–20 years. Neuroimaging: atro-
phy of caudate and putamen, and frontal lobes. Diagnosis: genetic test, CAG expan-
sion (normal <27 repetition, 35–39 incomplete penetrance, >39 pathological).

Therapy. Motor symptoms: tetrabenazine, haloperidol, fluphenazine, risperi-
done, and olanzapine. Psychiatric symptoms: SSRI, clomipramine, atypical anti-
psychotics. Cognitive decline: rivastigmine is possibly the best option; however, 
data are not sufficient and based on few small open-label trials. Preliminary data on 
genetic therapy [10] have been reported.

Data from pilot clinical studies on intrastriatal transplantation of striatal neuro-
blasts from human fetus seems to show a delay in disease progression and transient 
clinical improvement [12, 13].

 Myotonic Dystrophies
CTG trinucleotide repeats expansion disorders transmitted with autosomal domi-
nant inheritance. Clinic: five main clinical forms: congenital, childhood-onset, 
juvenile, adult-onset, and late-onset/asymptomatic [14]. Adult-onset 20–40 years is 
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characterized by weakness, myotonia, cataracts, cardiac conduction defects, insulin 
resistance, respiratory failure, lower IQ scores, and frontal dysexecutive syndrome. 
Neuroimaging: cortical atrophy, especially in the frontal, temporal, and parietal 
lobes. Diagnosis: EMG testifies dystrophic and myotonic phenomena. Genetic test-
ing [14]. Therapy: in 2014, the first phase 1/2a clinical trial on genetic therapy with 
antisense oligonucleotide [15] has been conducted.

 Autosomal Dominant Cerebellar Ataxia
It encompasses a group of neurodegenerative disorders characterized by ataxia and 
different combination of pyramidal, extrapyramidal signs, and peripheral neuropa-
thy. Dementia is a constant feature of dentatorubral-pallidoluysian atrophy (DRPLA) 
and SCA17, with behavioral disorders and frontal-type dementia, can also be pres-
ent in SCA3, SCA8, and SCA13. In other form is more rarely descripted [16].

 Hereditary Spastic Paraparesis (SPG)
It is a group of heterogeneous neurodegenerative inherited disorders with the main 
clinical features of slowly progressive spasticity and weakness of lower limb. 
Dementia has been reported only in some families with SPG4 form and is specifi-
cally associated with the deletion of exon 17 of the spastin gene. The degree of 
cognitive impairment is not correlated with the severity of spastic symptoms but 
seems to be related with aging [17].

 Fragile X-Associated Tremor/Ataxia Syndrome (FXTAS)
It is a trinucleotide repeat disorder caused by the expansion of CGG on the fragile 
X mental retardation 1 gene (FMR1) on the X chromosome. Normal alleles present 
5–44 repeats, while more than 200 CGG repeats determine the most common inher-
ited form of intellectual disability and autism.

Premutation alleles 55–200 can be associated with FXTAS. Premutation expan-
sions prevalence is 1 per 113–259 female and 1 for 260–800 males [18]. FXTAS 
affects nearly 40% of permutation males and 8% of permutation female. Clinic: age 
at onset is over 50 years of age. Clinical features are kinetic, intention or postural 
tremor, cerebellar gait and limb ataxia, parkinsonism and dementia. Patients may 
have autonomic dysfunction and peripheral neuropathy. Dementia in FXTAS pres-
ents memory loss associated with both frontal lobe features (disinhibition, poor 
executive functioning, perseveration, mood disturbance) and subcortical features 
(psychomotor slowing, bradyphrenia, attention and concentration difficulties). The 
onset of cognitive symptoms often follows the onset of movement disorders. 
Neuroimaging: diffuse cerebellar and cerebral atrophy. MRI T2 hyperintensity of 
middle cerebellar peduncles and subcortical regions. Diagnosis: genetic test. It is 
important to recognize the disorder among the family in order to identify premutant 
alleles [18]. Therapy: treatment of cognitive impairment is based on off-label 
application of dementia treatments. In early phases of memory impairment, the use 
of cholinesterase inhibitors can result in short-term improvement. Expert opinion 
reported some benefit from memantine use [19]. For therapeutic approaches in frag-
ile X syndrome, see review [20].
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 Leukoencephalopathies

This category includes leukodystrophies and genetic leukoencephalopathies in 
which the hallmark is the progressive degeneration of CNS white matter. The diag-
nosis is based on genetic analyses; however, the list of implicated genes already 
counts more than 60 genes, and isolated cases of novel mutation are frequently 
described [21, 22]. In addition, despite the large number of genes and cellular path-
ways, there is an overlapping of clinical and radiological phenotype that made the 
diagnosis challenging, time consuming, costly, and disappointing. Many efforts 
have been made to improve diagnostic approach of these disorders [23, 24]; how-
ever, knowledge on adult-onset phenotypes is still incomplete. Genetic leukoen-
cephalopathies also include familial form of vascular dementia, mitochondrial 
diseases, and some lysosomal storage disorders. We will focus on leukodystrophies 
and genetic leukoencephalopathies, which can cause an adult-onset dementia; nev-
ertheless, the list is continuously increasing.

 Leukodystrophies (Adult-Onset)

Represent childhood neurodegenerative disorders, involving myelin development, 
that can be divided into (1) dysmyelinating (abnormally formed myelin), (2) hypo-
myelinating (decreased myelin production), and (3) spongiform (cystic degenera-
tion of myelin) [25].

Clinical onset is normally in infancy; however, adult-onset form has been described. 
Information on epidemiology and clinical data are based on single case report or spe-
cific clinical setting. Generally, age at onset is earlier than 45 years of age and is pre-
dominantly characterized by psychiatric symptoms. Some disorders present typical 
body features in the general examination than can help in the diagnosis [24].

 Adrenoleukodystrophy
Hereditary X-linked disease caused by mutations of the gene encoding a peroxi-
somal protein necessary for the metabolization of the very long-chain fatty acids 
(VLCFA). Epidemiology: adrenoleukodystrophy occurs usually in childhood; only 
1–3% of cases present an adult-onset. Clinic: age at onset of adult form is around 
20–30 years of age. Cognitive disorders are characterized by psychotic symptoms, 
character changes, hyperorality, tendency to wander, stereotypical vocal expression, 
and by subcortical signs as bradyphrenia and concentration deficits. Impaired vision 
and hearing are characteristic. Paraparesis, sphincteric disturbance, and sexual dys-
function can be present [26]. Neuroimaging: T2 white matter hyperintensity espe-
cially in parieto-occipital regions. Diagnosis: high plasma level of VLCFA 
(C24-C30 chain length). Genetic test. Therapy: dietary treatment with the use of 
glycerol trioleate and glycerol trierucate that lower VCLFA in culture. Unfortunately, 
the use of these oils does not improve clinical course for symptomatic patients, 
however in asymptomatic cases, genetically detected, determines a less severe ill-
ness course [26]. Genetic and hematopoietic strategies are under evaluation [27].
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 Krabbe Disease (Globoid Cell Leukodystrophy)
Autosomal recessive lysosomal storage disease caused by a deficiency of the lyso-
somal enzyme galactocerebrosidase (GALC). The GALC deficiency impaired the 
degradation of galactosylceramide, a major myelin lipid, whose excess elicits for-
mation of multinucleated macrophages, the globoid cells [28]. However, recently it 
has been demonstrated that GALC is also responsible for the degradation of galac-
tosylsphingosine (psychosine) that is a highly cytotoxic glycolipid that preferen-
tially kills oligodendrocytes in the central nervous system and Schwann cells in the 
peripheral nervous system [29]. Epidemiology: adult-onset is rare. A recent review 
of published cases reported 28 adult-onset cases [28]. Clinic: age at onset of adult 
form is between 25 and 72 years. Symptoms progression is slow and disease dura-
tion can be more than 10 years. Patients present pyramidal signs in 96% of cases, 
dysarthria (31%), cerebellar ataxia (27%), deep sensory signs (23%), tongue atro-
phy (15%), and optic neuropathy (12%). Cognitive decline is described in 12% of 
cases [28]. Neuroimaging: MRI T2 hyperintensity of optic radiations, posterior 
part of corpus callosum, and of cortico-spinal tracts.

Diagnosis: deficient galactocerebrosidase activity in leucocytes or fibroblasts. 
Psychosine concentration on dried blood spot [29]. Therapy: hematopoietic stem 
cell transplantation [28].

 Metachromatic Leukodystrophy (MLD) [30]
Autosomal recessive lysosomal sphingolipid storage disorder. It is caused by a defi-
ciency of the enzyme arylsulfatase A resulting in the accumulation of non- degradated 
sulfatide in oligodendrocytes, Schwann cells, and some neurons.

Sulfatide accumulation is the trigger to demyelination. Epidemiology: incidence 
in Europe is 1 per 100,000 live births. Even if more than 100 mutations have been 
described, among Caucasian only three are frequent (splice donor site mutation of 
the exon 2/intron 2; missense mutations causing Pro-426Leu substitution, missense 
mutation causing Ile-179Ser substitution). Clinic: there is genotype-phenotype cor-
relation with disease severity based on the amount of residual enzyme activity. The 
adult form, with an onset beyond the age of 16 years, corresponds to 18–20% of 
MLD cases. The adult form shows two possible distinct phenotypes: one with a 
predominant cerebello-pyramidal presentation and the other with predominantly 
psychiatric features. The psychiatric presentation is often associated with a specific 
mutation in Caucasian (Ile170S). Neurological signs appear later with seizures, 
chorea or dystonia. Cognitive impairment is characterized by attentional distur-
bance, reduced speed of processing, and executive functions impairment. In some 
cases, patients present fronto-temporal-like dementia symptoms.

Neuroimaging: symmetric confluent T2 MRI high signal in the periventricular 
regions and corpus callosum. Within the abnormal white matter, low-density tigroid 
stripes are present. The tigroid stripes are typical of MLD but not specific. Diagnosis: 
arylsulfatase A enzyme activity  reduced in blood leukocytes; increased sulfatide 
excretion in 24-h urine sample. Therapy: no available treatment. Hematopoietic 
stem cell transplantation is beneficial only in late juvenile or adult patients in the 
early stages of the disease. Recently genetic strategies have been developed [31].
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 Adult-Onset Leukoencephalopathy with Axonal Spheroids 
and Pigmented Glia (ALSP) [32, 33]
This term includes two previous distinct autosomal dominant disorders: hereditary 
diffuse leukoencephalopathy with axonal spheroids (HDLS) and pigmentary ortho-
chromatic leukodystrophy (POLD), both caused by a colony stimulating factor 1 
receptor (CSF1R) mutation first described in 2012 [32]. Epidemiology: first 
description was among a Swedish family in 1989, and now 122 cases from 90 fami-
lies were identified worldwide [33]. Clinic: the mean age of onset is 43 years (range 
18–78  years); core symptoms are behavioral changes, depression, frontal-type 
dementia, motor impairment as parkinsonism, spastic paresis, or ataxia. 
Neuroimaging: dilation of the lateral ventricles, white matter lesions predomi-
nantly frontal and slightly asymmetric, cortical atrophy, thinning and abnormal sig-
naling of the corpus callosum.

Diagnosis: genetic testing. Therapy: in the literature is described only one case 
of stem cell transplantation demonstrating a halt of disease progression; the patient 
was treated based on wrong diagnosis [34].

 Ovario-Leukodystrophies
Biallelic mutations in the mitochondrial alanyl-tRNA synthetase 2 gene (AARS2), 
previously associated with infancy cardiomiopathy, were first described in 2014 
associated with leukodystrophy and ovarian failure in female [35]. Ten cases in the 
literature. Clinic: symptoms are a variable combination of dementia, upper motor 
neuron signs, ataxia, and ovarian failure in females. MRI revealed slightly asym-
metric abnormal T2 hyperintense signal in the frontoparietal and periventricular 
white matter, with white matter rarefaction, involvement of the corpus callosum and 
pyramidal tracts and punctate areas of restricted diffusion. Clinical and radiological 
presentation overlaps often with ALSP [36].

 Cerebrotendinous Xanthomatosis [25, 37]
Autosomal recessive disorder due to mutations on the gene for the mitochondrial 
enzyme sterol 27-hydroxylase responsible for the production of bile acids. The defi-
ciency of that mitochondrial enzyme determines increased plasma level of cholesta-
nol and deposition in different body’s tissue, as Achilles tendon, nervous system, 
and lungs. Epidemiology: few cases described in the literature, probably underdi-
agnosed [38]. Clinic: peculiar triad of the disorder is tendon xanthomata (especially 
of Achilles tendons), juvenile ocular cataracts, and nervous system dysfunction. 
Nervous system symptoms consist in behavioral problems, dementia, psychiatric 
disorders, pyramidal weakness, cerebellar ataxia, and seizures. Neuroimaging: 
white matter hyperintensity above and especially below the tentorium and in some 
cases focal lesions. Diffuse brain and spine atrophy. Diagnosis: increased plasma 
level of cholestanol associated with low or normal level of cholesterol. Therapy: 
since the disease results from a defect of bile acid synthesis, treatment consists in 
assumption of chenodeoxycholic acid. Chenodeoxycholic acid can reverse enceph-
alopathy in early stages. Long-term treatment with chenodeoxycholic acid (750 mg/
day) suppresses abnormal bile acid synthesis [37].
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 Pelizaeus-Merzbacher Disease
X-linked hypomyelinating leukoencephalopathy due to mutations in the proteolipid 
gene (PLP). The PLP gene encodes for two proteolipid proteins, PLP that is the 
prominent protein of the CNS myelin and DM 20 that is involved in olygodendro-
cyte differentiation. Epidemiology: only rare single cases are reported. Clinical: 
classic presentation is before 5  years of age and consists in nystagmus, stridor, 
hypotonia, spasticity, ataxia, and choreoathetosis. Rare adult-onset cases present 
spastic paraparesis and sometimes tremor ataxia and dementia. Neuroimaging: 
central white matter is reduced in volume and present diffuse hyperintensity (cere-
bral hemispheres, cerebellum, and brainstem) with thin corpus callosum. Some pre-
served myelin islands are present living a “tigroid” appearance. Diagnosis: genetic 
test. Therapy: no treatment. Interestingly PLP gene mutations are also associated 
with spastic paraplegia type 2 (SPG2) [25].

 Alexander Disease
Autosomal dominant disorder caused by mutations on glial fibrillary acidic protein 
gene (GFAP). GFAP gene mutations cause an overexpression of abnormal protein.

Epidemiology: few cases reported in the literature [39]. Clinic: age at onset is 
between 13 and 62 years. Disease duration can be few years or decades. Symptoms 
are dysarthria, dysphonia, dysphagia (bulbar and pseudobulbar signs), pyramidal 
signs, ataxia, and palatal myoclonus. Cognitive decline occurs late in the disease 
course. Neuroimaging: paucity of myelin especially in the frontal lobe, cystic 
degeneration, and cavitation of white matter are frequently present. Basal ganglia 
and thalami are also affected as well as medulla oblongata and cervical spinal cord.

Diagnosis: genetic test. Peculiar histological finding: rosenthal fibers that are 
eosinophilic inclusion localized in astrocytes cytoplasm. Therapy: no treatment.

 Adult Polyglucosan Body Disease [40]
Autosomal recessive polyglucosane storage disorder caused by mutations of glyco-
gen branching enzyme gene (GBE1). This disorder is often observed among 
Ashkenazi Jewish families. Clinic: onset is in fifth or sixth decades of life with 
myelopathy signs, peripheral axonal sensory-motor neuropathy, and neurogenic 
bladder. Weakness and sensory loss typically start in lower limbs. Around 2/3 of 
patients have cognitive impairment at onset, with cortical and subcortical deficits. 
Neuroimaging: periventricular, subcortical, and deep white matter changes that 
extend to cervical-medullary junction. Brain and spinal cord atrophy. Diagnosis: 
decreased GBE1 activity on skin fibroblasts or muscle. Intra-axonal polyglucosan 
bodies on sural nerve biopsy. Genetic test [40]. Therapy: no treatment.

 Vanishing White Matter Disease [41]
Autosomal recessive disorder caused by mutations on one of the five genes encod-
ing subunits of eukaryotic translation initiation factor 2B (EIF2B). Mutations in the 
EIF2B gene disrupted the normal stress-elicited compensatory mechanisms (syn-
thesis of new protein and signals promoting either cellular survival or apoptosis). 
Epidemiology: case reports [41]. Clinic: based on a recent review (24 cases), the 
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mean age at onset results 30 years (range 122–62). Characteristic of the disease are 
episodes of acute deterioration with hypotonia, irritability, vomiting, seizures, 
unconsciousness after minor head trauma, febrile infections, sun exposure, or fear. 
Extracranial involvement often includes ovarian dysgenesis. Cognitive decline is 
described in 62% of cases. Neuroimaging: MRI shows diffuse abnormalities in 
white matter that can have signal intensity near that of CSF, diffuse disappearance 
of cerebral white matter. Relative sparing of temporal lobes. Diagnosis: genetic 
test. Therapy: no treatment.

 Familial Form of Vascular Dementia

There is a group of monogenic causes of strokes and a major cause of vascular 
dementia characterized by lacunar infarcts, white matter hyperintensities on T2/
FLAIR MRI, asymptomatic cerebral microbleeds on gradient echo MRI, and symp-
tomatic subcortical hemorrhage [42].

CADASIL (cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy): it is an autosomal dominant disorder due to 
mutations in the NOTCH3 gene. Epidemiology: estimated population prevalence in 
the UK of about 2 per 100,000 [43]. Clinic: migraine, lacunar strokes, and cognitive 
impairment. Migraine, usually with aura, is the first symptom in 60–75%, with 
onset usually in the 20s or early 30s. Strokes are lacunar with a mean age of onset 
of 46 ± 9.7 years. Psychiatric disturbances particularly depression and apathy but 
also anxiety are common, and onset of depression may precede any other symp-
toms. Cognitive impairment, with early involvement of selective executive dysfunc-
tion and impaired processing speed. Diagnosis: genetic test. Therapy: no effect of 
donepezil on cognitive decline [44].

CARASIL (cerebral autosomal recessive arteriopathy with subcortical 
infarcts and leukoencephalopathy): [42] autosomal recessive disease due to 
mutation of HTRA1 gene. Clinic: recurrent subcortical ischemic strokes, cognitive 
impairment, motor impairment, and early-onset diffuse alopecia. Diagnosis: genetic 
testing.

Retinal vasculopathy with cerebral leukodystrophy (RVCL): TREX1 gene 
mutation with autosomal dominant inherited. Clinic is characterized by cognitive 
impairment, visual loss (capillary obliteration, avascular areas in retina, microaneu-
rysms, telangiectatic capillaries), migraines, and subcortical ischemic or hemor-
rhagic strokes [42].

For the other rare monogenic vascular disorder, see review [42, 44].

 Mitochondrial Diseases

It is a group of progressive neurodegenerative disorders associated with polygen-
etic, maternally inherited, mitochondrial DNA mutation. Prevalence studies report 
that mitochondrial disease affects 9 in 100,000 adults aged less than 65 years. The 
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clinical presentation of mitochondrial disease is varied and can occur almost in any 
stage of life. Dementia is generally of a subcortical type, and neuroimaging shows 
characteristic involvement of white matter, especially in MELAS [45]. See a com-
prehensive review [46].

 Lysosomal Storage Disorders

It is a group of metabolic inborn errors with usually clinical onset in infancy and 
childhood. Psychiatric disorders are predominant as well as clinical signs of diffuse 
nervous system involvement (pyramidal, extrapyramidal, cerebellar). Rare late- 
onset cases can present cognitive decline and less devastating neurological deficits. 
Some disorders are characteristically associated with leukoencephalopathy while 
other with gray matter alterations. Diagnosis is based on the demonstration of 
decreased activity of specific metabolic enzyme. Some of these disorders can be 
treated with enzyme replacement therapy (ERT) [8] Table 15.3.

 Basal Ganglia Pathologies

This category includes disorders with specific involvement of the basal ganglia, 
degeneration, or material accumulation, which accounts for typical neurological fea-
tures: chorea, dystonia or parkinsonism, psychiatric symptoms (obsessive- compulsive 
disorder, depression, schizophrenia-like psychosis), dementia (Table 15.4).

 Neuroacanthocytosis (NA) [56]
NA can be divided in four groups: (1) classic NA involving basal ganglia degenera-
tion (2). Neurodegeneration with only occasionally acanthocytosis (about 10%of 
cases). (3) Paroxysmal dyskinetic disorders. (4). Low lipoprotein blood level associ-
ated with ataxia, sensory neuropathy, and no movement disorder. Group 1 and 2 
present dementia.

 Neurodegeneration with Brain Iron Accumulation (NBIA) [57]
It comprises a group of inherited entities, with a cumulative prevalence of less than 
1/1,000,000. So far ten causative genes have been described: PANK2, PLA2G6, 
C19orf12, COASY, FA2H, ATP13A2, WDR45, FTL, CP, DCAF17. However numer-
ous patients remain without genetic diagnosis. Pantothenate kinase- associated neu-
rodegeneration (PKAN) represents the 35–50% of NBIA cases; PLA2G6- associated 
neurodegeneration (PLAN) is the second most common, around 20% of cases.

 Fahr Disease [58, 59]
A physiological calcification in brain can be seen in up to 20% of CT scan and can 
also be secondary to parathyroid disorders, phacomatosis, infections, inflammation, 
or hemorrhage. Idiopathic brain calcification presents so far four causative genes: 
SCL20A2, PDGFB, PDGFRB, and XPR1. SCL20A2 is the most common and 
account for about 60% of cases.
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Table 15.4 Basal ganglia pathology

Neuroacanthocytosis (NA) [56] (basal ganglia degeneration)
  Chorea-acanthocytosis
   AR, vacuolar protein sorting 13 homolog A (VPS13A) gene
   30–50 years, limb and orobuccal chorea, psychiatric symptoms, dementia
   Caudate atrophy, increased T2 signal in basal ganglia
   Blood acanthocytosis, reduced chorein on red blood cells
  McLeod syndrome
   X-linked, XK gene
    25–60 years, 80% schizophrenia-like psychosis, dementia elevated CK, myopathy, 60% 

cardiomyopathy
   Striatal atrophy
   Blood acanthocytosis, elevated CK
Neurodegeneration with brain iron accumulation (NBIA) [57] (iron accumulation)
  Pantothenate kinase-associated neurodegeneration (PKAN) or Hallevorden Spatz syndrome
   AR, pantothenate kinase 2 (PANK2) gene
   20–30 years, duration up to 15 years.
    Cognitive decline 100%, psychiatric symptoms >50%. Dystonia: Eyes, mouth, and neck. 

MRI: eye of the tiger sign,” (bilateral areas of hyperintensity iron deposition within a 
region of hypointensity in the globus pallidus on T2)

  PLA2G6
   AR, PLA2G6
    Early adulthood form: subacute dystonia-parkinson, pyramidal signs, cognitive and 

psychiatric features
   Iron in basal ganglia and substantia nigra; cerebellar atrophy
  Kufor Rakeb disease
   AR, ATP13A2
    Young-onset pallido-pyramidal syndrome with oculogyric dystonic spasms, supranuclear 

gaze palsy, hypometric saccades, facial-faucial-finger mini-myoclonus, autonomic 
dysfunction and psychiatric features (visual hallucinations) oculogyric dystonic spasms, 
facial-faucial-finger mini-myoclonus, supranucelar gaze palsy, autonomic dysfunction, 
psychiatric and cognitive features

  Neuropherritinopathy
   AD, FTL (ferritin light chain) gene
    40 years, chorea, oro-facial action-specific dystonia, parkinsonism, cognitive deficits, 

behavioral abnormalities
   Low ferritin concentration in males
   Iron in caudate, globus pallidus, putamen, substantia nigra
   Followed by cystic degeneration in putamen
  Aceruloplasminemia
   AR, CP (ceruloplasmine) gene
    Retinal degeneration, diabetes mellitus, neurological symptoms, 40–50 years ataxia, 

involuntary movement, parkinsonism, cognitive decline
   Undetectable serum ceruloplasmina, elevated ferritin
   Decreased iron and microcytic anemia
   Iron in liver and brain (caudate, putamen, pallidum, thalamus)
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 Wilson Disease [60–62]
It is a rare inherited disorder of copper metabolism that primarily cause hepatic, 
neurologic, and ophthalmic manifestation, however also includes musculoskeletal 
manifestations (synovitis, early osteoarthritis, osteoporosis, rickets, spontaneous 
fracture). Therapy: clinically improvement is seen after few months of decoppering 
therapy (penicillamine) even in patients with severe neurological disability. 
Decoppering ensures that presymptomatic individuals remain symptom free [62].

 Others: Microgliopathies

Nasu-Hakola disease (NHD) or polycystic lipomembranous osteodysplasia 
with sclerosing leukoencephalopathy and the TREM2 spectrum [63, 64]. NHD 
is an autosomal recessive inherited disorder characterized by progressive dementia 
and repeated fractures during adolescence. It has been supposed that microglial 
dysfunction and activation is the primary cause of the disorders, which has been 
defined “microgliopathy.” NHD phenotype is associated with mutation in TREM2 
gene (triggering receptor expressed on myeloid cells 2), TYROBP (TYRO protein 
tyrosine kinase binding protein) or DAP12 (DNAX-activating protein 12), that are 
implicated in microglia activation for phagocytosis of apoptotic neuronal debris and 
inflammatory resolution.

The number of described mutation on TREM2 is increasing; the last was discov-
ered few months ago [63]. It is interestingly to note that loss of function of TREM2 
was initially associated with NHD phenotype, but later on other mutations were 
associated with different clinical phenotype: late-onset Alzheimer disease, 

Table 15.4 (continued)

Fahr disease [58, 59] (calcium accumulation)
   AD, SLC20A2 gene (sodium dependent phosphate transporter)
   20–50 years, extrapyramidal symptoms, cerebellar dysfunction
   Dementia neuropsychiatric symptoms.
   Bilateral calcification of basal ganglia, thalamus, dentate nucleus
    Secondary causes of altered calcium metabolism should be investigated (i.e., hypo or 

hyper-parathyrodism)
Wilson disease [60, 61] (copper accumulation)
   AR, ATP7B gene (copper-transporting ATPase)
   Late-onset presentation 20–30 years (European mutation H1069Q)
   Neurological, hepatic, osteomuscular (copper accumulation)
   Involuntary movements, dystonia, psychiatric symptoms
   Antisocial behaviors, cognitive decline
   Elevation of liver enzyme, joint pain and swelling
   Kaiser-flash rings cornea
   Low serum ceruloplasmin, increased 24-h urinary copper
   Excretion
   Therapy: Penicillamine (decoppering treatment).
    Initial dose 125–250 mg per day, gradually increasing up to 1–3 g per day. Maintenance 

phase 250–750 mg per day
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behavioral variant of fronto-temporal dementia, semantic variant of primary pro-
gressive aphasia. For a comprehensive review see [63].

Clinic of NHD phenotype [64]. NHD was first reported at the same time in 
Finland and Japan in the 1970s. So far, there have been described approximately 200 
cases worldwide. Disease onset ranges from 10 to 46 years. Average disease duration 
16 years. Disease starts with foot and knee pains and repeated pathological fractures. 
Dementia is characterized by personality changes, memory disorder, apraxia, agno-
sia, acalculia, and disorientation. Some patients can have urinary incontinence, sei-
zures, and pyramidal signs. Bone X-rays show cystic lesion in epiphyses of long 
bones. Neuroimaging: can be variable, characterized by diffuse atrophy of gray and 
white matter, and sometimes basal ganglia calcification can be associated.

 Prion Disease

It is a group of disease characterized by a spongiform degeneration of the whole 
brain due to the deposition of misfolded prion protein, normal component of neu-
rons cells [65]. The most common form of prion disorder is Creutzfeldt-Jakob dis-
ease that is sporadic and occurs with a frequency of 1 per million inhabitants. It is a 
devastating subacute dementia with ataxia and myoclonus.

 Infective Dementia [8, 66–70]

Cognitive decline is associated with other systemic symptoms: mood disorder, fre-
quent infectious, systemic illness in HIV [66]; meningitis and tabes dorsalis in neu-
rosyphilis [67]; lymphocytic meningitis, arthralgia, peripheral or facial neuropathies 
in Lyme disease [68, 69]; arthralgia, gastrointestinal symptoms, ataxia in Whipple’s 
disease [70].

 Inflammatory-Autoimmune Disorders

 Limbic Encephalitis [1, 9, 71, 72]
See Table 15.2.

 Hashimoto Encephalopathy
See Table 15.2 [9, 73].

 Toxic Metabolic [1, 7, 8, 74–76]

Alcohol-related dementia represents one of the most frequent causes of dementia in 
young population; Rossor reported a prevalence of 10% [1]. Dementia is associated 
with cerebellar signs. In case of thiamine deficiency dementia could be subacute 
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with confusion and ophthalmoplegia (Wernicke–Korsakoff encephalopathy) 
(Table 15.2) [1, 7, 8, 74].

 Conclusions

Uncommon causes of dementia comprise a wide number of very rare and often 
misdiagnosed disorders, including late-onset forms of childhood metabolic 
inborn errors, inflammatory disorders, infectious disease, and toxic/metabolic 
abnormalities.

Clinical data on the most of them are based only on single case report, and 
often the diagnosis is challenging due to the clinical heterogeneity among and 
within disorders.

Thus, a complete list of uncommon dementia is not possible.
The creation of diagnostic categories, even if arbitrary, can help clinicians 

toward differential diagnosis, and may reduce diagnostic errors, that is of great 
importance since disease modified therapies are available in some cases.

A creation of regional or national registry may be useful to real estimate the 
prevalence of uncommon dementias and to improve our clinical knowledge.
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Abstract
Schizophrenia is a severely impairing psychiatric disorder with a precocious 
onset, accounting for a conspicuous burden of disability worldwide. With respect 
to the etiology of schizophrenia, as for other major psychoses, the gene–environ-
ment interaction seems to be the most accredited model. In particular, alterations 
in the immune system have been repeatedly reported, involving both the unspecific 
and specific pathways of the immune system and suggesting that inflammatory/
autoimmune processes might play an important role in the development of the 
disorder. Relating to this hypothesis, an imbalance in the inflammatory cytokines 
has been associated with schizophrenia and, more broadly, alterations in the inflam-
matory and immune systems seem to be already present in the early stages of the 
disorder. Such phenomenon could be responsible of specific neurodevelopmental 
abnormalities, which identify the roots of the disorder during brain development, 
with consequences that do not become clinically evident until adolescence or early 
adulthood. On the other hand, longitudinal cohort studies on schizophrenic patients 
demonstrated a progressive loss of grey matter, more evident in the frontal and 
temporal lobes of the brain. These two perspectives, the neurodevelopmental and 
neurodegenerative one, are thought to coexist in the complex and still unravelled 
etiology of schizophrenia, with studies supporting both of them. This chapter aims 
at providing the state of the art in the field.
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 Background

Schizophrenia is a major psychosis accounting for conspicuous burden of disability 
worldwide, due to its early onset, chronic and severe evolution. Kraepelin and 
Bleuler already recognized that a significant part of schizophrenic subjects had pre-
viously shown behavioural abnormalities over childhood [1]. However, schizophre-
nia rarely develops in preadolescents [2]: its prevalence increases from age 14 with 
a peak in the late teens/beginning of 20s [3–5]. An equal gender ratio has been 
described for schizophrenic patients with onset during adolescence, while paediat-
ric onset is more common in male patients [5, 6].

Genetic studies conducted during the 1990s reported differences in neurological 
development in high-risk children [7–9]. Indeed, neurodevelopmental abnormali-
ties, occurring throughout childhood, have been reported in up to 50% of high-risk 
children, born from schizophrenic mothers [9], comprising hypoactivity, hypotonia, 
soft neurological signs—poor motor coordination, in particular—and deficits in 
attention and information processing in late childhood.

Taken as a whole, converging evidence supports the hypothesis that at least part of 
the genetic vulnerability to schizophrenia involves abnormal neurodevelopment [1].

From a clinical perspective, late childhood and adolescence onset is prognostic 
of a worse functioning in real-life setting: these patients are usually more severe 
from a clinical point of view, treatment resistant (when treated pharmacologically) 
and more keen to develop side effects. A major concern for these patients is the 
presence of a relevant cognitive impairment that makes some of the available psy-
chotherapeutic and rehabilitative approaches poorly effective. Family support and 
easy access to treatment are crucial but not always possible. Furthermore, the actual 
duration of untreated psychosis in these patients is likely to be longer.

It has been pointed out that many environmental risk factors seem to operate 
before, around or immediately after birth, including pregnancy and birth complica-
tions, perinatal and early-childhood brain damages, altered foetal development, sea-
son of birth and drug abuse, including cannabinoid intake [1]. Therefore, up to 
one-third of the variance in liability to schizophrenia can be attributed to non-genetic 
factors.

Despite consistent evidence supporting the presence of neurodevelopmental 
alterations in schizophrenia, many authors have put emphasis on the neurodegen-
erative processes occurring over the course of the illness [10]. Currently, however, 
the traditional neurodegenerative hypothesis has been largely questioned and, at 
least to some extent, revisited [11].

As a matter of fact, the debate, as to whether there is an abnormal developmental 
or degenerative process in the natural history of schizophrenia, likely stems from a 
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spurious dichotomy and depends on the stage at which its observation begins. 
However, the effect of long-term, albeit necessary, pharmacological treatment in 
relation to brain neurotrophic factor is a major concern nowadays, and it represents 
an important bias in evaluating the pathophysiological underpinnings of the disor-
der. Regardless of its neurodevelopmental versus neurodegenerative nature, an 
imbalance in inflammatory markers has been intensively studied in the past 20 years, 
and it is in fact largely documented [11–13]. Evidence of immune activation was 
obtained from the detection of abnormal levels of pro-inflammatory cytokines and 
their receptors in the peripheral blood and cerebrospinal fluid of schizophrenic 
patients [14].

Cytokines are involved in normal central nervous system (CNS) development 
and consequently result involved in the pathogenesis of many neuropsychiatric dis-
orders, acting directly on neural cells or modulating neurotransmitter and peptider-
gic pathways [14]. In such perspective, neurobiological hypotheses linking the 
neurodevelopmental alterations occurring in schizophrenia with the inflammatory 
processes, largely documented over the course of the illness, have been put forward 
[15].

 Neurodevelopmental Hypothesis of Schizophrenia

Several lines of evidence strongly indicate that Schizophrenia may be a neurodevel-
opmental disorder [15]. The “neurodevelopmental model” of schizophrenia postu-
lates that the disorder represents the result of an aberrant neurodevelopmental 
process starting much earlier than the onset of clinical symptoms, caused by a com-
bination of genetic and environmental factors [16, 17], producing a functional 
impairment in the long-term course of the disease [18, 19] as well as a cerebral 
damage (still not specific). Subtle changes in the cognitive performances are in fact 
detectable in many psychiatric conditions, including major psychoses, since their 
early stage. For instance, first-episode psychosis (FEP) patients show a cognitive 
impairment across several domains, supporting the neurodevelopmental hypothesis 
[20], including theories on how early stress with or without genetic vulnerability 
may moderate cognitive function in psychosis.

In particular, several investigators believe that the damage occurs during brain 
development, over the intrauterine period and the first few years after birth [21]. 
Main neurodevelopmental abnormalities in schizophrenia consist of changes in the 
expression of proteins involved in early migration of neurons and glial cells, their 
proliferation, axonal outgrowth, synaptogenesis, connectivity and apoptosis [22].

The “neurodevelopmental model” seems to be based on reports of an excess of 
adverse events occurring during the pre- and perinatal periods, which would lead to 
the presence of cognitive and behavioural signs, starting in adolescence and child-
hood, and becoming clinically evident in early adulthood. The lack of clear neuro-
degenerative patterns (as mentioned imaging findings are more accurate nowadays 
but not specific in many patients affected by schizophrenia), however, limits the 
support to this theory [23]. Nonetheless, multiple markers of congenital anomalies, 
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indicative of neurodevelopmental insults, have been indicated as supportive for the 
neurodevelopmental model of schizophrenia [24, 25], including agenesis of corpus 
callosum, stenosis of Sylvian aqueduct, cerebral hematomas and cavum septum pel-
lucidum. The presence of low-set ears, epicanthal eye folds, wide spaces between 
the first and second toes and abnormal dermatoglyphics are, in turn, suggestive of 
both first and second trimester abnormalities [22] but are present in a minor percent-
age of patients. Multiple records, moreover, indicate the presence of premorbid neu-
rological soft signs in children, who had subsequently developed schizophrenia [7, 
26]. Additionally, children at high risk for schizophrenia were found to show a 
broad range of abnormalities, the most prominent of which seemed to occur in 
attention, motor function, coordination, sensory integration, mood and social behav-
iours [27]. Indeed, such abnormalities may have predictive value in determining 
which children will later keep on showing overt signs of either schizophrenia spec-
trum disorders or schizophrenia itself [7], but this hypothesis still lacks appropriate 
studies to be supported.

With respect to the role of genetic factors, this has been investigated by several 
studies, with polygenic model acting additively or multiplicatively. Linkage and 
association studies [28, 29] have shown 12 chromosomal regions, containing 2181 
known genes [230] and 9 specific genes, involved in the possible etiology of the 
disorder [29]. On the other hand, environmental factors, including pre- and perinatal 
complications, as well as maternal infections occurring during pregnancy, were 
found to play an important role in the pathogenesis of schizophrenia. In particular, 
a meta-analysis of population-based data found significant estimates for three main 
categories of pre- and perinatal complications: (1) complications of pregnancy (e.g. 
bleeding, pre-eclampsia, diabetes), (2) abnormal foetal growth and development 
(e.g. low birth weight, congenital malformations, small head circumference) and (3) 
complications of delivery (e.g. asphyxia, uterine atony, emergency caesarean sec-
tion) [30].

Obstetric complications are supposed to increase the risk of developing schizo-
phrenia in two main ways: acting alone and/or interacting with genetic risk factors 
[30, 31]. In fact, it has been suggested that specific susceptibility genes for schizo-
phrenia may be regulated by hypoxia/ischaemia [32] occurring during birth.

Other environmental factors, potentially causing abnormal neurodevelopment, 
include possible infective processes occurring during pregnancy. Maternal infec-
tions can, for instance, increase the risk for the offspring to develop schizophrenia 
during adulthood [33, 34].

The available body of research in the field suggests that pre−/perinatal infections 
(including viruses as influenza, measles, polio, herpes simplex type 2 or bacteria 
like diphtheria and pneumonia) and other environmental insults, that adversely 
affect infant brain development, may increase the likelihood to develop schizophre-
nia in later life, particularly in genetically susceptible individuals [35–40]. 
Association studies regarding the influenza A virus showed that the maximum risk 
for the embryonic brain is represented by the exposure to the infective agent during 
the fourth and seventh month of gestation [41]. Subsequent studies have shown that 
rubella may increase the risk for the development of schizophrenia in the progeny 
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of exposed mothers by 10- to 20-fold [42, 43]. Finally, prenatal exposure to influ-
enza in the first trimester increased the risk of developing schizophrenia by seven-
fold, and infection in early to mid-gestation increased the risk by threefold. Also the 
presence of maternal antibodies against Toxoplasma gondii can lead to a 2.5-fold 
increased risk.

 Alterations of Inflammatory Pathways in Schizophrenia

The dysregulation of the inflammatory response system represents a major piece of 
evidence in the pathophysiology of schizophrenia, along with genetic and environ-
mental factors, ultimately affecting the neurodevelopmental process [44, 45]. 
Neuroimmunology is a recent yet rapidly growing field of research investigating the 
interface between immunology and development of chronic mental illness, includ-
ing areas such as stress, neuroplasticity, genetics and cytokines [46]. The latter ones, 
in particular, play a pivotal role in infectious and inflammatory processes and medi-
ate the crosstalk between the brain and the immune system. Therefore, cytokines are 
supposed to be the main actors of the immune and inflammatory abnormalities, 
documented in schizophrenia [47].

Because cytokines are large hydrophilic polypeptides, their ability to cross the 
brain–blood barrier is reduced, at least under physiologic conditions. The presence of 
abnormal circulating levels of pro-inflammatory cytokines, therefore able to trespass 
the hematoencephalic barrier, and their receptors is well established in schizophrenic 
patients [48–50] and their first-degree relatives [48, 51], thus confirming the presence 
of immune abnormalities that could develop from a pre-inflammatory state in the 
CNS, which has been always considered as an immune-sequestered district [52, 53].

In the last two decades, different hypotheses in relation to the cytokine-mediated 
development of schizophrenia have been proposed.

As a matter of fact, cytokines play an important role during neurodevelopment 
and in CNS functions at all stages, starting with the induction of neuroepithelium 
[55]. Subsequently, cytokines monitor the renewal of neuroepithelial cells, which 
act as precursors for all neurons, microglia and adult progenitors, as well as frame-
work for radially migrating neurons [56]. Such processes are orchestrated by cyto-
kines and related responses of their target cells [57]. As a general rule, there is an 
overproduction of neurons and glia and cytokines are pivotal to either promote sur-
vival of cells or to induce apoptosis of cells with impaired connections [58]. 
Therefore, even minimal variations on cytokine levels could result in subsequent 
functional impairment [59].

An increase of cytokines, following maternal infection, may alter the immune 
status of the brain, causing abnormal cells development with subsequent brain dam-
age [60]. It is clear that maternal immune activation (MIA) induces cytokines 
increase in the placenta (IL-1beta, IL-6, TNF-alpha) and amniotic fluid (IL-6, TNF- 
alpha) [61]. The action of cytokines on the placenta might alter the transfer of cells, 
nutrient, oxygen, growth factors and maternal antibodies, each of which with poten-
tial crucial effect on foetal development [61].
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Besides affecting neurodevelopment, some cytokines (i.e. IL-2 and IL-6) appear 
to have a role in the progression of schizophrenic illness. For instance, IL-2 stimu-
lates the proliferation of T lymphocytes and its inhibition contributes to humoral 
immunity enhancement [62]. Kim and colleagues found lower IL-2 serum levels in 
schizophrenics with long duration of illness [63]. Such findings suggest that IL-2 
may be a key modulator of dopaminergic metabolism and psychotic symptoms in 
schizophrenia [64].

Another possible contribution to the progression of the illness might be due to a 
hyper-activation of humoral immunity, which stimulates the tryptophan 
2,3- dioxygenase enzyme, with an increased transformation of the amino acid tryp-
tophan in kynurenic acid, that acts as a N-methyl-D-aspartate (NMDA) receptor 
antagonist [64].

Among cytokines, IL-6 potentiates B lymphocyte proliferation, and it seems to 
play a key role in the immunological abnormalities observed in schizophrenic 
patients [53]. It is also interesting to note that several studies showed that a long 
duration of illness in schizophrenia is associated with higher serum levels of IL-6 
[53]. Moreover, elevated IL-6 serum concentrations have been proposed as key fac-
tors, responsible for cerebral atrophy observed in schizophrenic patients with long 
duration of illness [65, 66].

 Neurodegeneration in Schizophrenia

Neuroanatomical abnormalities are common in schizophrenic patients yet unspe-
cific and largely thought to originate from a neurodevelopmental defect [21], there-
fore possibly representing a structural substrate for the disorder. However, there is 
growing evidence that the magnitude and pattern of such abnormalities could prog-
ress over time [67], involving a proper neurodegenerative process, biased, as stated 
above, by many factors, including ageing, treatment, treatment discontinuation and 
co-occurring neurological conditions including vascular disorders. The combina-
tion of neurodevelopmental and neurodegenerative processes in the pathogenesis of 
schizophrenia is not surprising but likely plausible [10]. Tissue losses in the brain 
can involve different areas: for example, decreases in the volume of the temporal 
lobe [68], in the hippocampal volume [69] and in the volume of parahippocampal 
gyrus [70] were reported. Similarly, several studies have shown reductions in the 
grey matter of volume of cortical structures in schizophrenic patients.

The molecular basis of grey matter volume losses in schizophrenic subjects is 
still poorly understood, even though such anomalies seem to be more likely con-
nected to the loss of organization of neuronal processes more than to the actual loss 
of cell bodies. In fact, post-mortem studies in schizophrenic brains showed abnor-
mal neuronal organization within corticolimbic structures [71, 72]. For instance, a 
MR imaging study reported that schizophrenic patients showed vertical sulcal pat-
terns more frequently than healthy controls [73], while other studies also demon-
strated distortions of normal patterns of cortical asymmetries in schizophrenia and 
hippocampal volume reductions only on the left side [74, 75]. Even though some 
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studies reported the progression of neuroanatomical abnormalities in schizophrenic 
patients, the point of whether such alterations are static or dynamic is still open to 
argument. Indeed, post-mortem studies also reported larger abnormalities in the left 
temporal lobes of patients with schizophrenia, i.e. temporal horn enlargement [76] 
and neuronal heterotopia. These results, however, remain obscure and need further 
explanation [72].

Some studies report that ventricular enlargement and grey matter volume losses 
are progressive over periods of 1–5 years in schizophrenic subjects [77, 78], while 
other studies describe that such structural measures are highly stable over time [79, 
80]. Some investigators reported the presence of cortical thickness reductions in 
schizophrenic patients; in particular, the absence of widespread cortical thinning 
before disease onset implies that the cortical thinning is unlikely to simply reflect 
genetic liability to schizophrenia but is predominantly driven by disease-associated 
factors [81].

On the other hand, recent studies of individuals with “prodromal” schizophrenia 
showed that relatively rapid changes in neuroanatomical structure early in the 
course of illness can be found [67]. Several different mechanisms of neuronal injury 
are now under investigation in relation to the pathogenesis of schizophrenia. Some 
investigators suggested that a developmental deficit of NMDA receptor-bearing 
GABAergic interneurons would place an individual at increased risk for excitotoxic 
neuronal injury later in life [82]. Excitotoxicity (i.e. neurodegeneration via the over-
activity of excitatory neurotransmission) represents an interesting mechanism to 
explain neuronal injury in schizophrenia, because it could be initiated and main-
tained through the action of neurotransmitter systems, such as the monoamines, that 
have long been implicated in schizophrenia [83]. Another intriguing theory to 
explain neuronal injury in schizophrenia is the dysregulation of apoptosis [84], a 
process normally associated with the elimination of redundant neurons during 
development [85] and evaluated in the past decades as a mechanism deeply involved 
in neoplastic processes. Also, glucocorticoid hormones [86], triggered by environ-
mental stressors, including those (e.g. famine) associated with an increased risk for 
schizophrenia [87], have been implicated as factors contributing to neurodegenera-
tive impairment.

 Conclusions

This chapter sought to summarize the most intriguing models and evidence link-
ing abnormalities in the neurodevelopment with altered immune/inflammatory 
mechanisms in schizophrenic patients. However, such perspective does not 
exclude the possibility to consider also the presence of progressive neurodegen-
eration as a prominent biological feature of the disorder. In fact, it seems likely 
that what we currently diagnose as a unitary disorder includes, actually, highly 
heterogeneous entities, in terms of pathophysiology [88]. These would include 
forms predominantly characterized by neurodevelopmental alterations (e.g. 
inflammatory features), as well as others with minor or absent neurodevelop-
mental aspects, but marked and progressive neurodegeneration, starting from the 
early adolescence, as main biological feature. Therefore, the attempt to solve the 

16 Neurodevelopmental and Neurodegenerative Alterations



344

question whether schizophrenia is or is not a neurodevelopmental disorder or a 
progressive neurodegenerative seems to be outdated and needs to overcome by 
recent biological acquisitions [1]. Differences in the genetic background could, 
moreover, give account of these two different timing and patterns of illness evo-
lution and presentation.
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Abstract
Parkinson’s disease (PD) is a common neurodegenerative disorder causing a 
remarkable burden at the individual, family, social, and economic levels. Several 
risk and protective factors have been recently identified, providing potential for 
the research and implementation of preventive strategies. Although most cases 
remain sporadic, various monogenic forms of PD have been described, including 
autosomal dominant (e.g., LRRK2, SNCA, VPS35, EIF4G1, CHCHD2), autoso-
mal recessive (e.g., parkin, PINK1, DJ-1, DNAJC6), and X-linked (e.g., 
RAB39B). The pathophysiology of PD is still intriguing, with several recent 
concepts and theories, including evidence that disease pathology might spread 
along the various neural systems and regions as a prion protein. Thorough scien-
tific knowledge and clinical experience are required to establish the diagnosis 
correctly, and novel criteria have been freshly proposed to aid clinicians in this 
task. This process implies also effectively distinguishing PD from less common  
parkinsonian disorders including Kufor-Rakeb syndrome, Perry syndrome, a few 
degenerative ataxias and spastic paraplegias, and several forms of neurodegen-
eration with brain iron accumulation (NBIA), among others. Treating PD is  a 
challenging enterprise, as the various options should be considered, and often 
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rerouted, taking into account disease stage, motor and non-motor symptoms, and 
non-PD concomitant patient features. Although general guidelines and strategies 
are available, it is essential to tailor therapy to each patient, so that quality of life 
is maximized for many years, while minimizing risks and adverse effects. In 
carefully selected patients, deep brain stimulation, subcutaneous apomorphine, 
and levodopa/carbidopa intestinal gel should be considered whenever optimized 
noninvasive strategies are insufficient to guarantee these goals.

Keywords
Parkinson’s disease · Epidemiology · Genetics · Diagnosis · LRRK2 · Parkin · 
Levodopa · Dopamine receptor agonists · Deep brain stimulation · Treatment

 Introduction

Two hundred years have gone by since the publication of An Essay on the Shaking 
Palsy by James Parkinson [1]. Yet, Parkinson’s disease (PD) continues to fascinate 
clinicians and researchers alike, while troubling a growing number of patients and 
their families. Currently, there are no efficacious preventive or disease-modifying 
strategies, and much less a cure for PD, which is frustrating for all stakeholders in 
the field, but also inspiring for those pursuing innovative protective or therapeutic 
interventions. Many important developments emerged in recent years with regard to 
the knowledge on the different aspects of PD, including epidemiology, genetics, 
pathophysiology, diagnosis, and treatment. These will be outlined in this chapter in 
order to provide the readership with updated data and pragmatic advice on PD and 
its optimal management.

 Epidemiology

 Incidence and Prevalence

Parkinson’s disease is the second most common neurodegenerative disorder, after 
Alzheimer’s disease. Its overall estimated prevalence is 0.3%, and the number of 
individuals afflicted by this disorder is expected to double by 2030, imposing an 
increasing social and economic burden on societies as populations grow older [2]. 
The median age of onset is between 60 and 65 years of age and both incidence and 
prevalence of PD rise with increasing age, peaking between 70 and 79 years old in 
most studies [3, 4]. PD is rare before the fifth decade, with an overall prevalence of 
1 per 100,000 in individuals with age between 40 and 49 years, increasing up to 
around 1900 per 100,000 above the age of 80 [5]. Age-adjusted prevalence seems to 
be lower in Africa, when compared to Europe or North America. Incidence in Asia 
is apparently similar to Europe and America, although data on race or ethnicity is 
scarce and inconsistent [4, 6].
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In most studies the incidence of PD varies from 17 to 19 per 100,000 individuals 
per year, and there is some evidence that it has been increasing in the past few 
decades, particularly in men aged 70 years or older [3]. This trend can, however, be 
partially explained by an increased awareness of signs and symptoms of parkinson-
ism. Most studies show that both incidence and prevalence are 1.5–2.0 times higher 
in men than women. Furthermore, onset occurs on average 2 years later in women, 
who more often present a tremor dominant motor phenotype of PD, which has been 
associated with slower progression of disability [7].

However, it should be taken into account that both prevalence and incidence are 
highly variable among epidemiologic surveys. These differences are largely 
explained by diverse survey designs, methodology, and various diagnostic criteria, 
but can also reflect dissimilar susceptibilities between different populations [4, 
8–11].

 Risk and Protective Factors

PD is likely a multifactorial disorder with a strong environmental component. In 
fact, several studies have reported associations of several factors and the risk of PD 
(Table 17.1). Most data come from case-control studies, in which exposure is mea-
sured using questionnaires, an approach prone to recall and selection bias, and only 
a few exposures have shown consistent correlation in large population-based studies 
[4–12].

Smoking is one of the most studied variables, lying among those with consistent 
data. There is a robust inverse association between smoking and the risk of PD, not 
explained by common biases such as selection or confounding exposures [13–15]. 
Past smokers and current smokers have a lower risk of PD when compared to never- 
smokers, and disease becomes apparent at an older age [13–17]. There is also a 
dose-dependent lower risk of PD linked to more years of tobacco use, higher 

Table 17.1 Exposures 
associated with increased or 
decreased risk of PD

Risk factors Protective factors
Age Tobacco smoking
Male gender Coffee consumption
Exposure to 
pesticides

Elevated blood urate levels

Farmers NSAIDs
Rural living Exercise
Well water drinking Mediterranean diet
Traumatic brain 
injury
Hepatitis C infection
Dairy intake
Personal or family 
history of melanoma
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cigarette burden, and fewer years since quitting [16, 17]. However, whether this 
association is causal remains controversial, and some hypothesize that this is a mere 
epiphenomenon, given that PD patients tend to have a non-novelty-seeking person-
ality and seem to be less inclined to initiate or continue to smoke, drink alcohol or 
coffee [18]. For instance, PD patients are less likely to have ever smoked, and those 
who develop a smoking habit quit at an earlier age than controls, which might reflect 
a less rewarding experience from smoking, and might indicate ease to quit as a pro-
dromal event to PD [19]. Nevertheless, the correlation of smoking and PD remains 
statistically significant after adjusting for novelty-seeking assessment scales [17], 
and this theory would not explain the risk difference between ever-smokers and 
never-smokers (as smoking typically starts before the fourth decade of life, usually 
long before prodromal PD), the inverse association between passive and parental 
smoking, and the time trends variation in the incidence of PD [20–22].

Coffee consumption also has a strong inverse correlation with the risk of PD, 
both in case-control and prospective studies, not attenuated when adjusted for 
smoking. This association seems to be stronger in men than women. Caffeine is 
thought to be the responsible component, since other non-coffee sources of caffeine, 
but not decaffeinated coffee, also correlate inversely with PD risk [12, 23–26].

Data are still inconsistent regarding alcohol. Several case-control studies report 
either a moderate inverse association or no change in risk, and this relation is attenu-
ated when adjusted to the effect of smoking and coffee intake [27–29]. Conceivably 
the effects of alcohol could be mediated by serum uric acid levels [27, 28], as there 
is an inverse association between blood urate levels and the risk of PD [30]. 
Population-based studies reported a 30% lower risk of PD in patients with gout in 
both sexes [31]. Disease progression also seems to correlate negatively with urate 
levels [32] although this association is less clear in some groups such as women, 
smokers, and individuals younger than 60  years. The antioxidant properties of 
urates are thought to mediate the beneficial effects [33, 34].

In PD neuronal degeneration is frequently accompanied by microglial activation. 
Hence, it seems possible that anti-inflammatory drugs, like NSAIDs, could prevent 
or at least delay disease onset. In 2003, a prospective study with two large cohorts 
reported a lower risk of PD in regular users of non-aspirin NSAIDs but not in those 
using aspirin, with a greater reduction of risk associated with regular use and long- 
term use, consistent with a dose–response relationship [35]. However, subsequent 
research failed to find this association in NSAIDs other than ibuprofen, with 30% 
lower risk of PD in users when compared to nonusers [36, 37].

Diets with high intake of vegetables, whole grains, poultry, and fish, such as the 
Mediterranean diet, are associated with a lower risk of PD [38, 39]. This could be 
explained by the high concentrations of complex phenols and vitamins, which can 
serve as antioxidants, and the lower consumption of compounds associated with 
higher PD risk, such as animal fat or dairy. Similarly, high intakes of flavonoids, 
such as anthocyanin-rich foods [40], and frequent moderate to vigorous physical 
exercise in mid or later life are also associated with lower PD risk [41, 42].

Interest on environmental exposure and PD risk heightened in the 1980s, with the 
identification of MPTP, a neurotoxin causing acute dopaminergic neuron loss and 
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parkinsonism. It has been hypothesized that environmental exposures could facilitate 
nigrostriatal degeneration, either alone or in combination with genetic predisposi-
tions, and could cause PD [12]. For example, most studies show a positive associa-
tion between pesticide exposure and PD [43, 44]. Farming, living in rural areas, or 
drinking well water also correlates positively with increased PD risk [43, 45, 46]. 
Welding is associated with parkinsonism, due to the exposure to manganese (man-
ganism), but it is not clear whether it can specifically increase the risk for PD [47].

Several long-term population-based studies have shown an association between 
the intake of dairy products and the future risk of PD [25, 48]. This could be explained 
by the bioconcentration in milk of certain organic compounds such as organochlo-
rine pesticides or by the lower levels of urates in high consumers of milk [49].

The possible role of traumatic brain injury (TBI) gained attention after the world- 
renowned boxer and activist Muhammad Ali (aka Cassius Marcellus Clay Jr.) was 
diagnosed with PD, back in the 1980s. It is hypothesized that TBI can cause damage 
to the blood–brain barrier, disrupt mitochondrial function, and increase α-synuclein 
accumulation in the brain [4]. A recent meta-analysis of 22 studies (19 case-control 
studies, 2 nested case-control studies, and 1 cohort study) reported a pooled OR of 
1.57 for the association of PD and head trauma [50]. This risk seems to be particu-
larly high within the first year following TBI, with declining risk in subsequent 
years [51, 52]. These results are explained by many authors through reverse causa-
tion (i.e., patients with subclinical PD are more likely to fall). However, a recent 
study reported 44% increased risk of PD diagnosis in individuals with TBI when 
compared with individuals with non-TBI trauma (i.e., fractures) [53].

There is also higher occurrence of PD in patients with melanoma and vice versa 
[54, 55]. One explanatory theory is that melanoma and PD share environmental or 
genetic risk factors or pathogenic pathways. For instance, individuals with red hair 
color or homozygous for the melanocortin-1-receptor Arg51Cys variant (i.e., mela-
noma risk factors), or family history of melanoma, display greater PD risk [56–58].

Lastly, recent studies [59–61] have shown a relationship between hepatitis C 
virus (HCV) infection and PD. One of them suggests that there is also an increased 
risk of PD following hepatitis B virus infection [60], without association between 
PD and autoimmune hepatitis, chronic hepatitis, or HIV, which favors a specific 
aspect of the viral infection, rather than a general inflammatory process or the use 
of antivirals. Whether such association reflects shared disease mechanism, shared 
genetic or environmental susceptibility, sequelae of the hepatitis or a consequence 
of treatment remains to be determined.

 Etiology, Genetics, and Pathophysiology

 Genetics

 Causative Genes
Around 10% of PD cases have an identifiable genetic cause. The identification of 
mutations in the SNCA gene as a cause of autosomal-dominant parkinsonism [62] 
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marked the beginning of a fruitful era in PD genetics, bringing new insights into 
pathophysiology. Several PD-related gene loci have been identified to date, with at 
least eight causative genes of dopa-responsive parkinsonism described so far 
(Table  17.2) [62–80]. Other Mendelian disorders display parkinsonism as a pre-
dominant characteristic, bearing also atypical features for PD, such as Perry syn-
drome (parkinsonism, severe depression, weight loss, central hypoventilation) or 
Kufor-Rakeb syndrome (juvenile-onset parkinsonism, dementia, pyramidal signs, 
supranuclear gaze palsy), and should be considered, when clinically appropriate, in 
the differential diagnosis of early-onset PD or when there is a family history of 
parkinsonism (Table 17.3) [80–87].

Table 17.2 Monogenic forms of Parkinson’s disease

Disorder, 
inheritance 
pattern (former 
designation)

Gene, 
locus Clinical features Neuropathology

Additional 
comments

PARK- 
parkin, AR 
(PARK2)

Parkin, 
6q26

Early-onset PD, with 
slow motor 
progression. Early 
motor complications 
from levodopa 
treatment. Mild 
dysautonomia; 
frequently lower 
limb dystonia and 
hyperreflexia

Absence of LB.
Loss of pigmented 
neurons in the 
SNpc and in the 
locus coeruleus

Up to 50% of AR JP 
cases and 15% of 
sporadic PD
Second most 
common cause of 
monogenic 
parkinsonism
Heterozygous status 
might be a risk 
factor for PD

PARK- 
PINK1, AR 
(PARK6)

PINK1, 
1p36.12

Early-onset PD with 
slow motor 
progression. Patients 
can also present with 
atypical features 
such as prominent 
dystonia and 
cognitive and 
psychiatric 
disturbances, or 
early gait 
impairment without 
cognitive disturbance

Loss of neurons in 
the SNpc and LB 
pathology in 
selected nuclei of 
the brainstem, 
SNpc, and nucleus 
basalis of 
Meynert.
Absence of 
involvement of the 
LC

Second most 
common cause of 
AR JP
2–4% of the 
sporadic early-onset 
PD cases
Heterozygous status 
might be a risk 
factor for PD

PARK-DJ-1, 
AR (PARK7)

DJ1, 
1p36.23

Early-onset PD with 
slow progression. 
Lower limb 
dystonia, dementia, 
bulbar, and motor 
neuron signs have 
been reported

Neuronal loss in 
SNpc and LB 
pathology

Rare, ≤1% of AR JP 
cases
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Table 17.2 (continued)

Disorder, 
inheritance 
pattern (former 
designation)

Gene, 
locus Clinical features Neuropathology

Additional 
comments

PARK- 
DNAJC6, 
AR 
(PARK19)

DNAJC6, 
1p31.3

Early-onset PD, with 
slow progression and 
good response to 
levodopa.
Patients can also 
present with atypical 
parkinsonism in 
childhood, with 
rapid progression 
and little or no 
response to 
levodopa, 
accompanied by 
pyramidal signs, 
dystonia, seizures, 
and cognitive 
impairment

Unknown –

PARK- 
SNCA, AD 
(PARK1/
PARK4)

SNCA, 
4q22.1

Early-onset PD, with 
fast progression.
Behavioral and 
cognitive 
impairment, 
dementia is a 
common feature

Widespread LB 
pathology in the 
brainstem and 
cerebral cortex

First described gene 
for monogenic PD

PARK- 
LRRK2, AD 
(PARK8)

LRRK2, 
12q12

Generally classical 
PD phenotype. 
Patients more often 
present with tremor 
and more frequently 
suffer from dystonia 
when compared to 
sporadic 
PD. Abduction- 
adduction tremor of 
the lower limbs is a 
typical feature

Highly variable. 
Most have LB 
pathology, with 
neuronal loss in 
the SNpc

Most common cause 
of genetic PD: 2% 
of sporadic and 5% 
of familial PD in 
Northern Europe 
and North America. 
Highly prevalent in 
some populations 
(10% of Portuguese, 
20% of Ashkenazi 
Jewish ancestry, and 
40% of North 
African Berber Arab 
patients with PD)

PARK- 
VPS35, AD 
(PARK17)

VPS35, 
16q11.2

Tremor-dominant 
classical PD, with 
good response to 
levodopa

Unknown –

PARK- 
EIF4G1, AD 
(PARK18),

EIF4G, 
3q27.1

Classical PD, with 
preserved cognition

LB pathology –

(continued)
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Table 17.2 (continued)

Disorder, 
inheritance 
pattern (former 
designation)

Gene, 
locus Clinical features Neuropathology

Additional 
comments

PARK- 
CHCHD2, 
AD

CHCHD2, 
7p11.2

Classical PD Unknown –

PARK- 
RAB39B, 
X-linked

RAB39B, 
Xq28

Early-onset PD, with 
good response to 
levodopa.
Cognitive 
impairment in 
childhood and 
early-onset PD has 
been reported

LB pathology.
Loss of pigmented 
neurons in SNpc 
and LC. Abundant 
cortical LB, tau 
NFT, and axonal 
spheroids in the 
basal ganglia

–

AD autosomal dominant, AR autosomal recessive, AR JP autosomal recessive juvenile parkinson-
ism, LB Lewy bodies, LC locus coeruleus, NFT neurofibrillary tangles, PD Parkinson’s disease, 
SNpc substantia nigra pars compacta (based on information from [62–80])

Table 17.3 Non-PD monogenic disorders that can present with prominent parkinsonism and 
clinically resemble PD in some cases

Disorder (alternative or former designations) Gene, locus
Inheritance 
pattern

DYT/PARK-ATP13A2 (Kufor-Rakeb syndrome, 
PARK9)

ATP13A2, 1p36.13 AR

PARK-FBXO7 (PARK15) FBXO7, 22q12.3 AR
NBIA/DYT-PANK2 (PKAN) PANK2, 20p13 AR
NBIA/DYT/PARK-PLA2G6 (PLAN, PARK14) PLA2G6, 22q13.1 AR
Gaucher disease GBA, 1q22 AR
HSP-KIAA1840 (spastic paraplegia type 11) SPG11, 15q21.1 AR
HSP-ZFYVE26 (spastic paraplegia type 15) ZFYVE26, 14q24.1 AR
HSP/NBIA-FA2H (FAHN, SPG35) FA2H, 16q23.1 AR
Spastic paraplegia type 38 AP5Z1, 7p22.1 AR
Polymerase gamma (POLG) POLG1, 15q26.1 AD or AR
SCA-ATXN2 (spinocerebellar ataxia type 2) ATXN2, 12q24.12 AD
SCA-ATXN3 (spinocerebellar ataxia type 3, 
Machado-Joseph disease)

ATXN3, 14q32.12 AD

Progranulin-associated frontotemporal dementia GRN, 17q21.32 AD
MAPT-associated frontotemporal dementia MAPT, 17q21.31 AD
C9orf72-associated frontotemporal dementia C9orf72, 9p21.2 AD
Perry syndrome Dynactin 1 (DCTN1), 

2p13.1
AD

DYT/
PARK-ATP1A3 
(rapid-onset dystonia–parkinsonism)

ATP1A3, 19q13.2 AD

Lubag disease (X-linked dystonia–parkinsonism) TAF1, Xq13.1 X-linked
Fragile X tremor/ataxia syndrome or FXTAS FMR1, Xq27.3 X-linked

AD autosomal dominant, AR autosomal recessive, PKAN pantothenate kinase-associated neurode-
generation, PLAN PLA2G6-associated neurodegeneration, FAHN fatty acid hydrolase-associated 
neurodegeneration (based on information from [80–87])
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 Susceptibility Genes
Research efforts have identified genetic variants that alter the risk of PD, rather than 
causing it. For instance, heterozygous mutations in the GBA gene (encoding lyso-
somal enzyme glucocerebrosidase that causes Gaucher disease when homozygous 
mutations are present) are a well-established genetic risk factor for PD, with carriers 
having a fivefold greater risk [78, 80, 88].

While the first studies consisted of small case-control studies using candidate 
genes, more recently genome-wide association studies (GWAS) have provided a 
comprehensive study of the genome, identifying loci that contain genetic variants 
that confer risk for a certain disease. This analysis is based in the common disease/
common variant theory, postulating that, for common diseases, the risk is likely to 
be conferred by a constellation of common variants that individually increase risk 
by a relatively small amount. So, the risk could be derived from the joint, the risk of 
the identified loci in combination, tracing a risk profile for PD. They have provided 
potential associations between common genes, single-variant polymorphisms 
(SNPs) and PD, and both PARK-designated and non-PARK-designated genes 
(including BST1, CCDCC2/HIP1R, DGKQ/GAK, GBA, LRRK2, MAPT, 
MCCC1/LAMP3, SNCA, STK39, and SYT11/ RAB25SNCA, UCHL1, LRRK2, PARK 
16, GAK, MAPT, GBA, NAT2, INOS2A, GAK, HLA-DRA, and APOE) [89–92].

 Neuropathological Correlates

PD, like most neurodegenerative disorders, is caused by pathological accumulation 
of abnormal proteins within vulnerable neuronal populations, leading to cell death. 
Neuropathologically PD is characterized by the presence of round eosinophilic 
inclusions in the neuronal perikarya called Lewy bodies (LB), with similar inclu-
sions within the cell processes referred to as Lewy neurites (LN). LB and LN are 
mainly composed of alpha-synuclein, but also contain neurofilaments and ubiquitin 
[93]. Although LB deposition is the neuropathological hallmark of PD, it occurs 
also in a number of other diseases such as Dementia with Lewy bodies (DLB), mul-
tiple system atrophy (MSA), and PLAN-associated neurodegeneration with brain 
iron accumulation (NBIA type 2) together referred to as synucleinopathies [93].

In PD (both sporadic and most inherited types, Table 17.2), there is neuronal 
loss within the substantia nigra pars compacta (SNpc), which projects to the puta-
men (the dopaminergic nigrostriatal pathway), and of the noradrenergic neurons in 
locus coeruleus. Interestingly, in the SNpc, this neuronal loss is not random but 
rather occurs in a region-specific manner, with remarkable loss of the ventrolateral 
tier, while cell loss from the medial tier does not differ significantly  from normal 
aging. Parkinsonian features emerge when there is moderate to severe loss of these 
neurons [93]. Nonetheless, LB pathology is not limited to these two nuclei. In fact, 
it is found in several vulnerable central nervous system (CNS) regions and also in 
the peripheral autonomic nervous system, including the enteric plexus, paraverte-
bral autonomic ganglia, and sympathetic nerve fibers in the adrenal gland and heart 
[93, 94].
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 Prion Propagation of PD Pathology

In 2003, Braak and co-workers have proposed a neuropathological staging system 
for LB pathology in PD (Table 17.4) [95]. According to these authors, there is caudo-
rostral progression of pathology, which is first seen in the dorsal motor nucleus of the 
vagus nerve and olfactory bulb, with subsequent loss of pigmented neurons in the 
SNpc, which relates to the first recognizable motor symptoms of PD noticeable only 
at pathological stage IV. Expanding on this concept, in 2008, Halliday and co-work-
ers have identified three main pathological patterns: that seen in younger patients, 
who follow the slow progression proposed by the Braak staging; another one typical 
of patients with older-onset disease (PD with dementia, PDD), who have shorter 
survival and higher cortical LB loads (both limbic and neocortical) earlier in their 
disease course, eventually coexisting with Alzheimer’s pathology (AP); and those 
presenting with typical dementia with Lewy bodies (DLB), who have considerable 
diffuse neocortical pathology at the onset, often coexisting with AP [96, 97].

This theory of disease propagation gained further support when, in 2008, autop-
sies of PD patients who had received implanted embryonic tissue in the 1980s to 
1990s revealed LB pathology, not only in the patients’ brains but also in the grafted 
neurons [98, 99]. These grafted neurons seemed too young to have developed alpha- 
synuclein aggregates through independent cell-autonomous processes, and several 
cellular mechanisms were proposed to explain these finding, including neuroinflam-
mation, oxidative stress, or lack of neurotrophic support. However, the theory that 
has gained greater support hypothesizes that these aggregates result from protein 
transfer from the host brain cells to graft neurons, behaving like a prion protein 
[100, 101]. In animal models, injections of alpha-synuclein into animals result in 
neurons with intracellular inclusions at the injection sites, from where they can 
spread to distant locations [102–104]. Once inside a new neuron, this exogenous 
alpha-synuclein can oligomerize with the endogenous protein and seed the forma-
tion of aggregates [100–102].

Table 17.4 Neuropathological staging of PD proposed by Braak et al. (see [95])

Parkinson’s disease Braak staging Anatomical site of pathological findings
Stage 1 and 2 Brainstem (medulla oblongata and pontine tegmentum)

  − Dorsal motor nucleus of the vagus nerve
  − Intermediate reticular zone
  − Locus coeruleus

Stage 3 and 4 Midbrain, basal prosencephalon, and mesocortex
  − Substantia nigra pars compacta
  − Transentorhinal cortex
  − Hippocampal CA2 sector

Stage 5 and 6 Neocortex
  − Prefrontal cortex
  − Temporal cortex
  − Insular cortex
  − Anterior cingulate cortex
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 The Gut as Starting Point

As mentioned later in the text, constipation and olfactory impairment are two of the 
most common early non-motor manifestations of PD, which is also consistent with 
the Braak staging (see previous section) [105]. Also, LB pathology has been detected 
in the gastrointestinal tract up to 20 years prior to the clinical diagnosis of PD [106]. 
Bridging clinical and experimental observations with pathological findings, Braak 
and co-workers postulated the dual-hit hypothesis, which states that a neurotropic 
pathogen/toxin could enter the brain via two routes: (1) nasal, with anterograde 
progression into the temporal lobe and (2) enteric, with retrograde progression to 
the dorsal motor nucleus of the vagus nerve (DMNV), from where they could reach 
the medulla and spread [107]. Evidence from animal models also supports this the-
ory, as chronic intragastric administration of low doses of rotenone in wild-type 
mice triggered neuropathological changes typical of PD, with spatiotemporal pro-
gression. In another experiment, mice undergoing hemivagotomy and then treated 
with rotenone showed significantly lower accumulation of alpha-synuclein in the 
DMNV deprived of nervous connection with the digestive tract due to hemivagot-
omy, as compared to the side remaining anatomically intact [105]. Adding to this 
body of evidence, human research findings have been reported, with lower PD risk 
associated with truncal vagotomy, but not superselective vagotomy [108].

This hypothesis could also explain some of the environmental risks. One of the 
proposed explanations for this effect is the change in the composition of the gut 
microbiome, by modulation of intestinal inflammation, leading to less alpha- synuclein 
aggregation, and lower risk of PD. Consistent with this theory, data regarding intesti-
nal microbiota in PD patients suggest that there are changes in this population and 
even correlations with the motor phenotype. Nevertheless, reverse causality could also 
explain these findings, and whether these are cause or consequence remains to be 
determined [105]. Of note, both the Braak staging system and the dual-hit hypothesis 
are controversial, and there is published divergent literature [101].

 Clinical Features, Diagnosis, and Disease Course

Parkinsonism refers to the clinical constellation of bradykinesia, rigidity, resting 
tremor, and postural and gait impairment [109]. Defining PD as the cause of this 
syndrome requires careful history taking and examination, followed by a few para-
clinical tests, to exclude other causes of parkinsonism. There is currently no single 
biomarker that can accurately define or refute the presence of PD [110].

 Motor Symptoms

Establishing the presence of bradykinesia is the first step in diagnosing 
PD. Movements become slower and of smaller amplitude with repeated tasks (dec-
remental slowness). Early in disease course, bradykinesia can manifest as decreased 
facial expression (hypomimia) and soft speech (hypophonia) [111].
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Rigidity is the resistance of muscles to passive movement around a joint. Unlike 
spasticity or paratonia, it is not altered by the amplitude or velocity of the maneuver 
but can be enhanced by asking the patient to perform voluntary movements of the 
contralateral limb (Froment’s sign). Patients can report rigidity as decreased range 
of movement and shoulder pain (often misdiagnosed as orthopedic or 
rheumatologic).

Rest tremor of the arms and legs usually starts unilaterally and distally, with a 
typical frequency of 4–6 Hz. When affecting the thumb and forefinger, it can acquire 
the classical “pill rolling” characteristics. It then progresses more proximally and to 
the contralateral side and frequently affects the jaw and tongue. Head tremor in PD 
is very rare and should prompt careful reconsideration of the diagnosis. Asymmetric 
postural tremor occurs at times; it is usually faster (6–7 Hz) than rest tremor and 
occurs immediately on stretching out the arms, but it is not  useful to support the 
diagnosis of PD. If the posture is maintained, re-emergent tremor can occur with the 
same frequency of rest tremor [109].

Other motor features of PD, which may not develop until well into the disease 
course, include postural instability, gait initiation difficulties, freezing, progres-
sively flexed posture, and dysphagia.

 Non-motor Symptoms

Although the diagnosis of PD currently relies on the typical motor features, various 
non-motor symptoms (NMS) emerge in PD and become increasingly prevalent over 
the course of the disease [112]. The onset of some of them can precede the classic 
clinical motor picture by years or even decades. They are a major determinant of 
quality of life, progression of overall disability, and of nursing home placement.  
NMS include disorders of sleep–wake cycle regulation, cognitive impairment, dis-
orders of mood and affect, autonomic dysfunction, and sensory symptoms [110]. 
The neuroanatomical basis of NMS remains largely undefined. Current dopaminer-
gic treatment usually causes little benefit on those features, because most of them 
are related to non-dopaminergic changes.

 Sensory Features
Hyposmia or anosmia is present in 90% of patients with PD, usually bilaterally and 
may precede the onset of motor features [112]. Alterations in olfaction in PD are 
most likely due to changes in central olfactory processing in the olfactory bulb and 
amygdala, related to substance P and acetylcholine deficiency. This theory is sup-
ported by evidence of normal biopsy samples of the olfactory epithelium [113], the 
presence of Lewy bodies and Lewy neurites in the olfactory bulb and cortex, other 
brain regions related to olfaction [114], and atrophy of the olfactory bulb in MRI 
studies of PD patients [115]. The failure of olfactory deficits to respond to dopami-
nergic medications also supports the lack of involvement of dopaminergic 
systems.
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Visual disturbances in PD manifest with impaired acuity and color vision, diplo-
pia, and positive phenomena (e.g., illusions, hallucinations). Their incidence 
increases with disease progression [112] and does not improve with dopaminergic 
therapy (indeed visual hallucinations may worsen, particularly with dopamine 
receptor agonist treatment). Impaired acuity and color vision may be related to 
changes in dopaminergic transmission in the retina. Indeed, retinal thinning is found 
in both patients with idiopathic PD and carriers of mutations in GBA with and with-
out parkinsonism [116]. The old concept that visual hallucinations in PD came only 
as a consequence of dopaminergic therapy is incorrect, as such symptoms are pres-
ent in untreated patients and may occur as early as the prodromal phase. Visual 
hallucinations in PD have been linked with perceptual, executive, and sleep dys-
function, are a predictor of cognitive decline in later disease, and probably reflect 
the distribution of Lewy body pathology in the occipital cortex [117].

Changes in sensory function and onset of pain are a common and frequently 
underreported feature of PD, affecting up to 80% of patients [118]. Several methods 
have been proposed to classify the complex pain syndrome of PD. A recent clinical 
tool is the King’s Parkinson’s disease pain scale, which classifies pain in PD in 
musculoskeletal, fluctuation related, central, nocturnal, orofacial, and peripheral 
pain [119]. The loss of dopaminergic input to the basal ganglia alters sensory per-
ception, and in fact pain fluctuates with the motor function, often worsening during 
the off state. However, there are both dopaminergic and non-dopaminergic pain 
pathways, as well as neuropathic and nociceptive pain. The exact contribution of 
each system to pain in PD is unclear, as multiple neurotransmitter pathways are 
involved, making specific pain-relieving treatments challenging.

 Autonomic Dysfunction
Autonomic dysfunction in PD encompasses bladder, bowel, and sexual dysfunction, 
as well as cardiovascular complications such as postural hypotension. Urinary dys-
function in PD is associated with detrusor muscle hyperreflexia due to a centrally 
mediated mechanism related to the loss of the inhibitory role of the basal ganglia. 
No specific alterations have been found to occur in the bladder of patients with PD 
[120]. Urinary symptoms include nocturia, increased frequency, and urgency of 
micturition. Dopaminergic therapy improves bladder symptoms in a minority of PD 
patients, but no specifically aimed intervention towards this comorbidity has been 
proven effective to this day [112]. Dysfunction occurs along the entire length of the 
gastrointestinal tract in PD, translated clinically in excessive salivation, dysphagia, 
impaired gastric emptying, constipation, and impaired defecation. The deposition of 
Lewy bodies at almost every level of the gastrointestinal tract in PD [121] and early 
pathological involvement of the dorsal motor nucleus of the vagus nerve (important 
in autonomic control of the bowel) may explain why gastrointestinal disturbances 
such as constipation occur earlier than alterations in motor function. The usually 
pronounced time lapse between these symptoms and the diagnosis of PD has raised 
the possibility that constipation is a risk factor for PD as well as a prodromal marker 
[122]. Apomorphine and levodopa infusions improve gastrointestinal motility. The 
gastrointestinal effects of apomorphine are not prevented by the peripheral 
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dopamine antagonist domperidone, suggesting that they have a central origin. As for 
the majority of non-motor symptoms, other neurotransmitters may also be 
involved—there is preliminary evidence of a serotoninergic component to impaired 
motility [123].

Cardiovascular autonomic dysfunction is common in PD, causing both ortho-
static hypotension and labile hypertension. Orthostatic hypotension is defined as a 
decrease in systolic blood pressure of 20 mmHg or a decrease in diastolic blood 
pressure of 10 mmHg within 3 min of standing when compared with blood pressure 
from the sitting or supine position. It results from an inadequate sympathetic 
response to postural changes in blood pressure and occurs in PD with a reported 
frequency of 30–58% [124]. Being one of the earliest premotor symptoms, it has 
been related to an increased risk of degenerative synucleinopathies within 10 years 
of diagnosis [125]. Labile hypertension includes supine hypertension (associated 
with target organ damage, as well as an increased risk of cardiovascular events in 
PD patients) and postprandial hypotension. Changes in heart rate have also been 
documented in untreated PD patients [126]. Cardiovascular function seems to be 
related to motor fluctuations. During off periods, patients have a higher resting heart 
rate and both a greater orthostatic fall of blood pressure and supine hypertension.

 Sleep Disorders
Most patients with PD suffer from disturbances in sleep and wakefulness. These can 
be divided into two categories: daytime somnolence and sleep attacks, and noctur-
nal sleep disturbances. The latter encompasses not only rapid eye movement behav-
ior disorder (RBD) but also insomnia (disease-related or drug-induced), periodic 
limb movements in sleep, and restless legs syndrome. The prevalence of sleep- 
related disturbances increases with disease duration.

RBD refers to the enactment of dreams during REM sleep, enabled by the loss of 
the normal REM sleep atonia. History taking is usually enough to presume RBD; 
however, its definite diagnosis requires polysomnography to document the absence 
of normal REM sleep atonia. The median estimate time between RBD symptom 
onset and the development of degenerative disease is 13 years.

Arousal and wakefulness are maintained by a complex neuronal network that 
connects several brain structures. Dopaminergic neurons in the ventral tegmental 
area and substantia nigra (SN) receive inputs from hypothalamic projections and 
form loops that ascend through the thalamus and cortex and descend through the 
pedunculopontine nucleus and the reticular formation. The early involvement of the 
brainstem in PD is the reason why sleep disturbances frequently precede motor 
symptoms. The multiple neurotransmitters involved in these pathways (dopamine, 
5HT, and noradrenaline) may explain why some sleep disturbances respond better 
to dopaminergic treatment than others. For instance, restless leg syndrome and peri-
odic limb movements seem to improve, while excessive daytime sleepiness and 
sleep attacks may be worsened by dopaminergic drugs. Insomnia is especially dif-
ficult to manage in PD patients, as it may be exacerbated by the return of motor 
symptoms during the night, or conversely by drug-related features such as night-
mares, hallucinations, dyskinesia, and/or dystonia [125].
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 Neuropsychiatric Disorders
Neuropsychiatric features can occur in PD from the prodromal premotor phase to 
the late stages of the disease.

Anxiety is felt by up to 60% of PD patients and is more frequent in young 
women, people with young-onset PD, and in later stages of the disease. Generalized 
anxiety, panic attacks, and social phobias usually (but not always) occur in associa-
tion with depression. Interestingly, anxiety fluctuates with the motor status, increas-
ing during off periods.

Clinical significant depression affects 35% of patients [127], but milder symp-
toms are more frequent, in particular anhedonia and apathy. The early onset of neu-
ropsychiatric features is thought to reflect its relation to pathology outside the 
nigrostriatal pathway. Recent evidence suggests that noradrenergic function is par-
ticularly compromised in PD-associated depression in comparison with endogenous 
depression [122]. The biochemical and pathological basis of depression and anxiety 
in PD is complex, as both can be related to the underlying neurodegenerative pro-
cess or come as a pathological reaction to the perceived disability. Improvement of 
mood disorders with dopaminergic treatment and deep brain stimulation (DBS) 
could either point to a dopaminergic component of such symptoms or be secondary 
to improved motor function.

Apathy and fatigue occur in over half of individuals with PD and are increasingly 
recognized as independent non-motor features of the disease. Fatigue is not only a 
consequence of motor dysfunction but is rather related to the disease itself, as it 
occurs in patients with good motor function [112].

Psychotic symptoms in PD include illusions, hallucinations, and delusions that 
form a continuum progressing over the course of the disease [128]. In early stages of 
PD, milder phenomena occur, usually with preserved insight. Examples include 
visual illusions (misperception of actual stimuli, e.g., a lamp may look like a person), 
presence hallucinations (perceptual experience of someone else being in the room, 
without visual content), visual hallucinations “de passage” (unspecific shadows or 
ill-formed human shaped images quickly showing up and fading in the periphery of 
the visual field), and even fully formed colorful and detailed visual hallucinations, 
typically people, animals, and objects. Such episodes are usually short (seconds to 
minutes) and may occur several times a day, particularly when the patient is alone or 
in dim light and quiet environment. In clinical practice, it is important to question the 
patient openly about these symptoms, as they may not be spontaneously voiced, out 
of fear or shame. In later PD stages, insight dwindles and delusions (false beliefs) 
and hallucinations in other modalities, such as auditory phenomena, may occur. 
Psychotic symptoms predict worsening cognitive function [121, 129].

Medication onset is a modifier rather than a necessary feature for the occurrence 
of psychotic symptoms. Current evidence indicates that the evolution of psychotic 
symptoms is related to the progression of brain LB pathology [95].

 Cognitive Impairment
Cognitive decline and dementia are a major cause of disability in PD patients. 
Prevalence of dementia ranges from 15–20% after 5 years to 46% at 10 years, with 
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individuals with a predominantly bradykinetic-rigid phenotype bearing a greater 
risk. However, some level of cognitive dysfunction is present in a much larger per-
centage of patients. Early PD patients often present with executive function impair-
ment, related to frontostriatal pathology, which may be dopamine responsive. The 
onset of cortical posterior cognitive deficits such as visual spatial construction, lan-
guage, and memory heralds the progression of mild cognitive impairment (MCI) to 
dementia. This “dual syndrome hypothesis” of cognition in PD is supported by 
clinical evidence that MCI can either progress to dementia, or remain stable, or even 
revert in some patients  [125]. The pathophysiology of cognitive impairment in PD 
is complex. Cortical LB pathology seems to play a major role, but amyloid plaque 
pathology may also contribute.

 Clinical Diagnosis and the New Diagnostic Criteria

The accurate clinical diagnosis of PD can be challenging. Early diagnostic errors 
can rate as high as 24% in specialized centers. Common misclassifications in 
clinicopathological series are atypical parkinsonian syndromes, in particular 
multiple system atrophy and progressive supranuclear palsy, whereas clinically 
based studies find essential tremor, drug-induced parkinsonism, and vascular 
parkinsonism as the main diagnostic caveats [93].  Diagnostic criteria designed 
in 1988 by the UK Brain Bank to assign diagnosis in a pathological series became 
commonly used in clinical practice. Even though there is a high positive predic-
tive value at the time of death, sensitivity and reliability of early diagnosis were 
only slightly above 80% at first visit, since many exclusionary features take time 
to emerge [130, 131].

A recent change of diagnostic criteria has been proposed by the International 
Parkinson and Movement Disorder Society [122], designed to render the diagnos-
tic process as close to evaluation by an expert as possible and to enhance diagnostic 
confidence in early disease stages. The proposed diagnostic flow is outlined as 
follows: motor parkinsonism is the core feature of the disease, defined as bradyki-
nesia plus rest tremor or rigidity. After documentation of parkinsonism, determina-
tion of PD as the cause relies on three categories of diagnostic features: absolute 
exclusion criteria (which rule out PD), red flags (which must be counterbalanced 
by additional supportive criteria to allow diagnosis of PD), and supportive criteria 
(positive features that increase confidence of the PD diagnosis). Two levels of cer-
tainty are delineated: clinically established PD (maximizing specificity at the 
expense of reduced sensitivity) and probable PD (which balances sensitivity and 
specificity).

When thinking about the pathological basis of PD, it seems logical that a nega-
tive presynaptic dopamine transporter scan (i.e., normal functioning dopaminergic 
system on SPECT) should be considered an absolute exclusion criterion. The focus 
on early diagnosis and the advances on diagnostic testing translate in the inclusion 
of positive meta-iodobenzylguanidine cardiac scintigraphy (MIGB) and olfactory 
loss as supportive criteria.
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The expanding knowledge on the vast non-motor profile of PD has led to a sig-
nificant change in diagnostic criteria. Dementia is regarded as a non-motor feature 
of PD, frequently present early in the disease. It has been argued that dismissing the 
“one year rule” to differentiate PD from DLB could be premature, as it remains use-
ful in clinical practice and research studies [132].

 Parkinson’s Disease Timeline

An International Parkinson Disease and Movement Disorder Society (MDS) task 
force recently suggested new terminology for the various stages of PD. In a system 
similar to other models, three stages were identified: preclinical, prodromal, and 
clinical. Early and mid-stage clinical PD encompasses the premotor, motor, and 
motor complications which culminate in the late stage of disease [122].

 Preclinical
Preclinical disease refers to a state in which neurodegeneration has started, but no 
symptoms or signs are evident. Its diagnosis remains dependent upon reliable bio-
markers that precede clinical signs, which have not currently been identified [133].

 Prodromal
Overt clinical PD is preceded by a prodromal phase of years or even decades, 
characterized by specific non-motor symptoms and subtle motor dysfunction. 
Prodromal disease can be understood by interpreting the neuropathological stag-
ing of PD while taking into account the high threshold of dopaminergic function 
loss before motor symptoms appear. Efforts to develop neuroprotective therapies 
are focusing on the early stages of disease, which offer the best opportunity to 
intervene [125].

MDS has also published research diagnostic criteria to estimate the probability 
that an individual has prodromal PD [133]. Prodromal and risk markers are com-
bined into an evidence-based and adaptable Bayesian model whose predictive valid-
ity and, therefore, usefulness for selecting populations for “disease prevention” 
trials are still under research [109]. The strongest marker of prodromal PD is rapid 
eye movement (REM) sleep behavior disorder. Other markers supported by strong 
evidence include subtle motor dysfunction, olfactory loss, autonomic dysfunction, 
and affective disorders. Diagnostic testing is cautiously included in this model. 
Hyperechogenicity of SN, PD-related pattern on SPECT/PET, dopaminergic PET/
SPECT abnormalities, hippocampal hyperperfusion, electrocardiogram beat-to- 
beat variability, and alpha-synuclein gastrointestinal biopsy still yield a low predic-
tive value [133].

 Clinical
Traditionally, progression of PD is regarded as an increase in severity of motor 
symptoms with the emergence of levodopa-induced motor complications and 
mounting disability. This motor progression is nonlinear, with a more rapid decline 
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in motor function in earlier stages compared with later stages. Most patients with 
PD who receive dopaminergic therapy go on to develop motor complications, whose 
occurrence is related to disease duration and to the duration and cumulative dose of 
dopaminergic drugs. An estimated 40–50% of patients will develop motor compli-
cations after 4–6 years of treatment [109]. On top of the disability caused by motor 
symptoms and motor complications, there is also the burden of NMS (Fig. 17.1).

Wearing-off is usually the first motor complication surfacing in the course of 
disease and refers to the re-emergence of dopamine deficiency-related symptoms. In 
these periods, patients present with stiffness, slowness, or tremor. Greater symptom 
severity occurs during “off periods,” while “on periods” occur when effective dopa-
mine replacement restores motor function.

Dyskinesias are involuntary choreiform or dystonic movements related to the vari-
able levels of dopamine resulting in abnormal patterns of basal ganglia activity. Peak-
dose dyskinesias occur when levodopa levels are at their highest. On the other end of 
the spectrum are off period dyskinesias, typically painful abnormal posturing (dysto-
nia). Biphasic dyskinesias occur when the levels of levodopa are rising, then reduce or 
disappear when a certain threshold is reached, and finally return when levels fall 
again; these  are particularly difficult to manage. There are other motor complications 
and fluctuations such as delayed on (longtime interval until a levodopa dose kicks in), 
no-on (failure of a single dose to bring any benefits), and sudden off states.

The term “late stage PD” concerns the clinical phenotype in which disability is 
mostly associated with non-motor symptoms such as dementia, psychosis, and 
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Fig. 17.1 Typical Parkinson’s disease clinical progression, throughout the several stages (pro-
drome, early stage, mid-stage, and advanced PD). Please note the various motor and non-motor 
symptoms, as well as their approximate timing of appearance, taking into account that variations 
among individual patients exist. Every symptom contributes cumulatively to increasing disability 
and loss of quality of life
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motor symptoms that are unresponsive to levodopa, such as postural instability, 
severe gait changes, and falls. These symptoms are the strongest independent pre-
dictors of institutionalization and death, and effective treatments are still lacking 
[134]. Late stages of PD are of increasing clinical relevance owing to improved 
treatment and survival. Unlike other disease stages, the duration of late stage PD is 
relatively homogeneous [135].

 Parkinson’s Disease Therapy

The effective treatment of PD warrants both solid scientific knowledge and clinical 
experience. Therapeutic strategies should be defined according to disease stage, the 
type and severity of motor and non-motor symptoms, extent of functional impair-
ment determined by each disease manifestation, and PD-unrelated circumstances 
such as comorbidities, concomitant medications, and the patient’s social and eco-
nomic setting. The treatment of PD has been thoroughly reviewed in several evi-
dence-based publications [136–139]. In this section we outline the principles of PD 
therapy from a practical standpoint.

 Treatment of Motor Symptoms

Parkinsonian features often emerge subtly and can go unnoticed or remain misinter-
preted for several years until expert advice is finally sought. Disability may be inex-
istent or mild in earlier disease stages, and there is no mandatory reason to start 
therapy at this point, as no disease-modifying therapy is currently available [136, 
137, 140]. In practice, therapy is actively offered to patients when symptoms cause 
discomfort, disability, or interfere with the person’s lifestyle.

 Early Disease Stages
After deciding to start therapy, an intricate choice process is carried out, as there are 
different treatment options. These are explained to the patient, including the advan-
tages and pitfalls of each alternative. A number of patients with mild symptoms fare 
quite well for some time on monotherapy with a monoamine oxidase B (MAO-B) 
inhibitor. MAO-B inhibitors are taken once (e.g., rasagiline 1 mg tablets, selegiline 
1.25 mg orally disintegrating tablets) or twice (e.g., selegiline 5 mg tablets) a day. 
They are usually well tolerated, although caution should be taken to avoid concomi-
tant administration of drugs that increase the risk of serotonergic syndrome, such as 
antidepressants. MAO-B inhibitors provide significant, although modest, symptom-
atic benefit, and patients will eventually need add-on or alternative drugs at some 
point—dopamine receptor agonists and/or levodopa. MAO-B inhibitors are associ-
ated with a lower risk of motor complications as compared to levodopa, but the 
benefits concerning PD symptoms and quality of life are also lower.

Dopamine receptor agonists (DRAs) can be of the ergoline (e.g., bromocriptine, 
cabergoline, dihydroergocryptine, pergolide) or non-ergoline (e.g., piribedil, 
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pramipexole, ropinirole, rotigotine) types. Ergoline DRAs have been associated with 
fibrotic reactions affecting the heart, lungs, and retroperitoneal space, thus warranting 
special vigilance, and some of them have been withdrawn in many countries. Once 
daily controlled release formulations of pramipexole, ropinirole, and rotigotine are 
available. Rotigotine is the only drug available as transdermal patches. Common side 
effects of DRAs include nausea, vomiting, hypotension, lower limb edema, and trig-
gering or worsening of hallucinations or delusions. Excessive daytime sleepiness and 
sudden sleep “attacks” may cause important problems. Impulse control disorders 
(e.g., pathological gambling, compulsive shopping, hypersexuality, binge eating) may 
be seen in more than 10% of patients, particularly in younger men, or those with spe-
cific previous personality traits (e.g., novelty seekers) or behaviors (e.g., tobacco, 
drug, or alcohol dependence). Patients must be warned about these possible events 
before choosing to have DRAs and should be carefully monitored after these have 
been started. DRAs provide a significant symptomatic relief and offer the possibility 
of a once-daily regimen, which is an advantage over levodopa, especially in less com-
pliant patients or those with an active life. On the other hand, DRAs have been associ-
ated with a lower risk of motor complications in comparison to levodopa. Nonetheless 
it is predictable that, at some point, many patients on DRAs will be switched to 
levodopa, either partially or completely, given the advantages of levodopa. Although 
time to onset of motor complications from the point at which therapy is started may 
be longer if DRAs are used, patients treated with levodopa display a better symptom-
atic relief; [141] thus, delaying levodopa may not be the wisest strategy for every 
patient. DRAs are usually used in patients younger than 70 years old, due to the lower 
risk of serious cognitive and behavioral adverse effects in this age range. Nonetheless, 
many older patients tolerate DRAs well and benefit from their use.

Immediate-release levodopa is the single most effective drug in the treatment of 
PD, namely, concerning the improvement of motor symptoms and quality of life. It 
is administered with a dopa decarboxylase inhibitor (e.g., carbidopa, benserazide) 
in order to avoid peripheral dopaminergic action and adverse effects, while increas-
ing levodopa bioavailability beyond the blood–brain barrier. A practical golden rule 
with DRAs and levodopa is to “start low and go slow,” in order to lessen adverse 
effects while trying to find the lowest effective dose, which is important due to the 
fact that the cumulative dopaminergic dose correlates with the risk of motor compli-
cations [142]. It is important to find an acceptable balance between clinical benefits 
and risks, in order to allow patients to have an independent life without troublesome 
parkinsonian symptoms, while keeping them at lower risk of important motor com-
plications and non-motor adverse effects as much as possible. Levodopa is usually 
the top choice in older patients or those who have predictably lower survival either 
due to PD or comorbidities, given the lower risk of intolerable adverse effects, while 
maximizing clinical benefit. It is usually started at 50 mg one to three times daily, 
and a slow dose titration is performed, with the usual target therapeutic dose ranging 
from 150 to 400 mg per day in early disease stages. Prolonged-release levodopa 
should not be used during daytime due to its erratic drug delivery. Combining 
levodopa and/or DRAs and/or MAO-B inhibitors is common practice. Levodopa 
should be administered without protein-rich food, as absorption will likely be 
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impaired and serum levels will become unpredictable. In practice, we advise patients 
to have levodopa at least 20–30 min before any meal, and intervals between admin-
istrations should be more or less the same (e.g., every 3–5  h, depending on the 
number of daily doses).

Typically, a “honeymoon” period will last for a few years (usually 2–5) after 
levodopa and/or DRAs have been started, with patients experiencing significant 
improvement of symptoms while living a fully independent life, until motor compli-
cations finally emerge.

Anticholinergics (benztropine, trihexyphenidyl) should not be used routinely 
due to the risk of important adverse effects associated with a marginal ability to 
improve PD symptoms, with the exception of rest tremor. These drugs should be 
reserved for younger patients without cognitive impairment and only if there is 
upsetting rest tremor not improved by other therapeutic approaches.

 Motor Complications
After a few years of dopaminergic therapy, particularly after levodopa has been 
introduced, motor complications emerge in a considerable proportion of patients, 
albeit of variable severity. Wearing-off and peak-dose dyskinesias are usually seen 
first. For thorough evidence-based reviews on the treatment of motor complications 
in PD, please refer to the guidelines issued by the European Federation of 
Neurological Societies/Movement Disorders Society European Section [136] and 
the Movement Disorder Society review on this subject [137]. Table 17.5 offers a few 
practical strategies on how to manage motor complications in PD.

Expert optimized medical therapy is often not enough to provide the desired 
quality of life, either due to motor complications or drug-induced intolerable adverse 
effects. In this case deep brain stimulation (DBS) might be considered in selected 
patients whose symptoms respond to levodopa (assessed by formal levodopa chal-
lenge). An age limit of 70 years old was established in many centers, but this is 
usually flexible and discussed on a case-by-case basis within the multidisciplinary 
team. In order to be offered the procedure, patients should not be demented, must 
not have a severe or uncontrolled psychiatric disorder, and cannot have structural 
brain lesions that prevent correct electrode placement or contraindications for intra-
cranial surgery. Several randomized controlled trials have shown the clinical bene-
fits of DBS in PD, even in patients showing early motor complications [144–146].

Further options for managing patients with severe motor complications not ame-
nable by optimized medical treatment are subcutaneous apomorphine and the intes-
tinal infusion of levodopa/carbidopa gel. There is evidence of efficacy in PD for any 
of these options [147, 148].

 Treatment of Non-motor Symptoms

In general there is a relative lack of evidence to guide the treatment of non-motor 
symptoms (NMS) in PD. While there are some controlled data regarding a few of 
them [138, 139], many strategies are chosen on a purely empirical basis.
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In practice, psychotic symptoms can be treated with quetiapine, given that this 
drug has a low potential to exacerbate parkinsonism, although there is no real evi-
dence of efficacy in PD.  Typical (e.g., haloperidol, chlorpromazine) and many 
second- generation (e.g., risperidone, olanzapine) antipsychotics should be avoided, 
due to the high risk of worsening parkinsonian symptoms. Clozapine is  efficacious  
but carries the need for frequently monitoring the blood cell count due to the risk of 
agranulocytosis.

Dementia may be improved with cholinesterase inhibitors, which may also exert 
beneficial effects on hallucinations (e.g., donepezil, rivastigmine, galantamine), or 
memantine.

Depression and anxiety are usually treated with serotonin selective reuptake 
inhibitors (SSRIs, e.g., sertraline, escitalopram), or serotonin and noradrenaline 
reuptake inhibitors (SNRIs, e.g., venlafaxine). If needed to reduce acute significant 
anxiety, benzodiazepines should be used exceptionally and only during short peri-
ods of time (less than 4 weeks).

Table 17.5 Practical drug-based strategies to manage motor complications in Parkinson’s 
disease

Motor complication Drug-based management strategies
Wearing-off • Add DRA (if not part of current therapy)

• Increase levodopa or DRA dose
• Increase number of levodopa intakes while decreasing time 
intervals between each one
• Add MAO-B inhibitor (e.g., rasagiline, selegiline)
• Add COMT inhibitor (e.g., entacapone, opicapone, tolcapone)
• Add safinamide
• DBS of the STN or GPi

Peak-dose dyskinesias • Add amantadine
• Decrease amount of daily levodopa
• Stop MAO-B inhibitor or COMT inhibitor if part of current 
therapy
• DBS of the STN or GPi

Nocturnal and morning off • Add prolonged-release levodopa at nighttime
• Add MAO-B inhibitor
• Add prolonged-release DRA at nighttime or 24-h rotigotine 
transdermal patch (or increase dose if already part of regimen)
• Liquid levodopa in the morning
• Subcutaneous apomorphine (morning dose, nighttime  
infusion)
• Intestinal levodopa/carbidopa gel infusion
• DBS of the STN or GPi

Severe fluctuations, 
including biphasic 
dyskinesias

• Consider all the strategies mentioned above

Gait freezing • “Off” state freezing: same strategies as for wearing-off
• “On” state freezing: unresponsive to dopaminergic therapies
• Cueing (visual, auditory)

COMT catechol-O-methyltransferase, DRA dopamine receptor agonist, DBS deep brain stimula-
tion, GPi globus pallidus internus, MAO-B monoamine oxidase B, STN subthalamic nucleus 
(based on data from [136, 137, 143])
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REM sleep behavior disorder usually improves under clonazepam taken at night-
time. Melatonin is an alternative. Periodic limb movements in sleep also improve 
under clonazepam.

Constipation is treated with laxatives, particularly macrogol, and patients should 
be advised to increase water and vegetable consumption, along with higher levels of 
physical activity. Droxidopa and midodrine may be considered for troublesome 
orthostatic hypotension. Phosphodiesterase 5 (PDE5) inhibitors such as sildenafil 
and tadalafil may improve erectile dysfunction. Urinary dysfunction is a particularly 
complex issue, warranting specialized urological assessment and management.

One should always keep in mind that NMS may worsen under drugs used to treat 
PD. Whenever possible it is recommended that these should be stopped (or  their 
dose decreased, as appropriate), in the following circumstances:

• Dementia, delirium, hallucinations, delusions: amantadine, MAO-B inhibitors, 
COMT inhibitors, DRAs, anticholinergics, benzodiazepines, tricyclic antide-
pressants, oxybutynin

• Orthostatic hypotension: levodopa, DRAs
• Constipation, urinary retention: amantadine, anticholinergics, tricyclic 

antidepressants
• Erectile dysfunction, anorgasmia: SSRIs, NSRIs

 Other Therapeutic Interventions

Non-pharmacological and non-surgical therapies can be useful and should be offered 
to PD patients whenever appropriate and available, such as physiotherapy, physical 
exercise, speech and language therapy, and occupational therapy [137, 149, 150]. The 
detailed discussion of these interventions falls beyond the scope of this text.

In conclusion, there is an array of effective symptomatic therapies for PD, par-
ticularly regarding motor symptoms. Clinical expertise and thorough knowledge on 
available options are essential to achieve optimized results. Future research will 
focus on developing effective disease-modifying therapies, a goal for which preci-
sion medicine might be fundamental [81, 140, 151].
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 Introduction

Neurodegeneration causes inexorable loss of neurons and function in both diseases 
and aging [1]. Neurodegeneration damage produces a range of progressive disabili-
ties from cognitive decline, behavioral and mood disorders to problems with move-
ment, co-ordination, and sensory dysfunction. Neurodegeneration is a major and 
growing public health issue which in its broadest sense embraces classical neurode-
generative disorders such as Alzheimer’s disease and Parkinson’s disease, as well as 
multiple sclerosis (MS), diabetes, and acute brain injury among many other condi-
tions. This chapter discusses the clinical and pathophysiological features of neuro-
degeneration in MS.

The historical context will be discussed first, because our understanding of MS 
pathology has been much influenced by demyelination and a concept of dissemina-
tion in time and space [2, 3]. Next, the classical pathological features of neurode-
generation in MS are reviewed in more detail [4]. Axonal loss will be placed 
centrally because of the important link to irreversible loss of function [1, 4, 5]. The 
resulting disability has a major impact on an individual patient’s life [5]. Here limi-
tations will be reviewed of those clinical and paraclinical assessments which were 
predominantly focused on demyelination and/or evidence for dissemination in time 
and space [2, 6]. It is against this backdrop that biomarkers for neurodegeneration 
will be presented [7]. The chapter closes with an outlook on how this knowledge 
may be applied to future treatment trials targeted at halting neurodegeneration in 
MS [5].

 Historical Context

Most of the credited clinico-pathological descriptions of MS date back to the mid- 
nineteenth century. The classical pathological features embrace inflammation, 
demyelination, and gliosis [1, 4, 8].

Jean Marin Charcot, who pioneered the pathophysiological explanation of the 
symptoms observed in patients distinguished three steps in the pathology of MS, 
which he called la sclérose en plaques disseminée, la sclerose generalisée et la 
sclerose multiloculaire. First, astrocytic and microglial activation: “la multiplica-
tion des noyaux et l’hypertroplasie concomitante des fibres réticulées de la névro-
glie sont le fait initial.” Second, neuro-axonal degeneration: “l’atrophie dégénerative 
des éléments nerveux est secondaire.” The interested reader is referred to a wonder-
ful historical account on axonal pathology for more details [9]. And third, astroglio-
sis: “la névroglie fait place au tissu fibrillaire.” Ultimately, it was demyelination 
(“dépouillés de leur myéline” [10]) which became the key pathological feature of 
the disease, here depicted in a frequently cited sketch (Fig. 18.1).

The cause for these features has remained enigmatic ever since James Dawson’s 
dichotomization into “inflammatory” and “developmental” concepts [11].

While pathologically succinct, the difficulty for the treating physician remains to 
recognize and communicate a diagnosis of MS to the patient. Historically, MS was 
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recognized in the pre-antibiotic area where inflammatory diseases such as syphilis 
presented major public health issues. Separating one from the other was not always 
straightforward. Not surprisingly, given the multitude of symptoms and signs mim-
icking other diseases, MS was also considered a chameleon. In absence of a diagnos-
tic test, the clinical judgement cannot be substituted for. This notion is reflected in a 
series of diagnostic criteria, all more or less stating that the patient’s symptoms and 
signs ought to be compatible with the characteristics of MS [12–14]. The careful and 
systematic, evidence-based approach on which these criteria rest distilled a concep-
tual framework which may be phrased as “dissemination in time and space” [2].

Dissemination in time (DIT) and dissemination in space (DIS) are well suited to 
describe the occurrence of radiologically recognizable MS lesions in the brain and 
spinal cord [2].

Fig. 18.1 The figure shows the original sketch of an MS lesion from the landmark paper of 
Charcot [10]. The image depicts a fresh MS plaque colored with carmine. Charcot’s text implies 
the presence of axonal pathology based on morphological observations of diameter and continuity. 
His interpretation is careful as he does not exclude possible preparation-related artifacts. The origi-
nal text reads as “Elle représente une préparation frâche, provenant du centre d’une plaque 
scléreuse, colorié par le carmin et traité e par delacération. Au centre, vaisseau capillaire portant 
plusieurs noyaux. A droite et à gauche, cylindres d’axe, les uns volumineux, les autres d’un très–
petit diamètre, tous dé pouillés de leur myéline. Le vaisseau capillaire et les cylindres d’axe étaient 
fortement colorés par le carmin. Les cylindres d’axe ont des bords parfaitement lisses, ne present-
ant aucune ramification. Dans l’intervalle des cylindres d’axe, membranes fibrilles de formation 
récente, à peu près parallèles les unes aux autres dans la partie droite de la préparation, formant à 
gauche et au centre, une sorte de réseau résultant, soit de l’enchevêment, soit de l’anastomose des 
fibrilles. Celles–ci se distinguent des cylindres d’axe, 1 par leur diamètre qui est beaucoup moin-
dre; 2 par les ramifications qu’elles offrent dans leur trajet; 3 parce qu’elles ne se colorent pas par 
le carmin. — C á et et là , noyaux disséminés. Quelques–uns paraissant en connexion avec les 
fibrilles conjonctives; d’autres ayant pris une forme irre gulière, due à l’action de la solution 
ammoniacale du carmin.” [10]
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It was precisely the absence of clear evidence for these characteristic features 
which made it so challenging to develop diagnostic criteria for primary progressive 
multiple sclerosis (PPMS) [15]. Later, Thompson and colleagues phrased this as 
“Neither set of criteria is appropriate to PPMS, since the basic requirement of two 
discrete episodes of neurological dysfunction cannot by definition be fulfilled.” 
[16]. The clinical cornerstone of what emerged in International Panel diagnostic 
criteria was the documented clinical progression for more than 1 year [13].

Paradoxically, the first in vivo observation of axonal loss in MS was difficult to 
publish at all, according to anecdotal reports from the authors. Hoyt and colleagues 
had observed retinal nerve-fiber bundle defects in the eyes of patients with MS [17]. 
Much more frequently cited is the follow-up paper on this observation by Frisen 
et al. stating the presence of “insidious atrophy” of retinal nerve fibers in the eyes of 
patients with multiple sclerosis [18]. The second case reported by Frisen and Hoyt 
was a 15-year-old student athlete with a clinical diagnosis of “multifocal demyelin-
ating disease,” but without any history of optic neuritis. One may speculate that one 
argument for rejection at the time might have been that multiple sclerosis was a 
demyelinating disease, and the question was raised: why should there be at all atro-
phy of the non-myelinated axons in the eye of a patient who did not even suffer from 
optic neuritis?

Axonal loss was only some 24 years later firmly put on the MS research agenda 
by the American cell biologist Bruce Trapp and the Norwegian pathologist Lars Bo 
[19]. The conceptional change this influential pathological study had will be dis-
cussed in the next section.

 Pathological Features

 Axonal Loss in Multiple Sclerosis

In order to put the observation by Trapp et al. into context, one needs to recall that 
axonal pathology may not be the most striking feature in the MS brain but certainly 
is the one with the highest impact for the patient [19–23]. Historically, axonal loss 
in MS has been associated with the “burnt-out” phase of the disease [24, 25]. Only 
with the wide availability of immunohistological techniques it was possible to dem-
onstrate axonal pathology in active MS lesions [26]. There was extensive staining 
for amyloid precursor protein (APP), and the APP-positive structures resembled 
transected axons. It was however, the three-dimensional reconstruction of these 
axonal ovoids, using confocal microscopy, which conclusively demonstrated axonal 
transections within acute MS lesions [19]. Interestingly, an accumulation of neuro-
filament protein was observed in the so-called end-bulbs. In vivo imaging of the 
development of axonal degeneration is available for experimental models [27–29].

In other words, the important new insight from this work was that a high number 
of transected axons were already present in acute lesions [19, 26] and in patients 
with a short clinical course [19]. This data changed the earlier perception of axonal 
loss in MS [30, 31].
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The data from Trapp et al. is consistent with the concept that an important trigger 
for axonal loss are MS lesions [3]. But because disability continued to progress even 
after successful suppression of the inflammatory part of the disease, other aspects of 
axonal pathology were discussed [32]. Axons might be driven into a fatal energy 
deficit [4, 33, 34]. There is good evidence that mitochondrial pathology and sodium 
channel redistribution contribute to an “ATP penalty” [35–40]. Axonal transport 
might be impaired [41–44]. Next, there might be loss of trophic support or increase 
of inhibitory substances such as Nogo [45]. A barrier may result from astrogliosis. 
A low-grade inflammatory process might persist [46]. There is the problem of fail-
ure to remyelinate. There may be acceleration of physiological processes of aging- 
related neurodegeneration. Endogenous capacities of repair might have their limits 
[46]. In sum, those factors causing axonal degeneration might eventually outnumber 
those which were protective [47].

It is worthwhile to remember some limitations, axonal injury remains a dynamic 
process and quantification of axonal loss in histological material might be compli-
cated by tissue edema, the presence of inflammatory cells, and the problem of estab-
lishing a relationship with the number of healthy axons. There is a crucial dependence 
on well-preserved tissue with limited capacities of the existing brain banks. Most 
postmortem studies were biased to tissue from patients with long-standing disease 
duration, and there is a lack of representative tissue from the clinically and thera-
peutically relevant early disease phase. Some early tissue might be available through 
biopsy, but again questions might be asked how representative such tissue really is 
if taken because the presentation was very atypical. Finally, there are shortcomings 
to the analytical methods, dyes, and antibodies used.

 Concepts of Axonal Degeneration

Like axonal injury, axonal degeneration is also a dynamic process. Most recent insights 
come from experimental studies in mice on fluorescently labeled axons [27, 48]. It may 
be opportune to go back in time and revisit the first systematic description of axonal 
injury by Waller which gave rise to the eponym “Wallerian degeneration” [49].

In brief, Wallerian degeneration is a complex process which describes the degen-
eration of the distal axonal stump after axonal transection from the neuron. Wallerian 
degeneration begins with the enzymatic proteolysis of the axonal cytoskeleton [50]. 
Additionally, Wallerian degeneration affects also the sheathing glial cells, causes 
alterations in the adjacent blood-tissue barriers, and stimulates cells of macrophage 
lineage. From a mechanistic point of view, Wallerian degeneration is of anterograde 
direction.

Wallerian degeneration has to be distinguished from dying-back neuropathy, 
defined as the slow proximal spread of nerve fiber breakdown and ultimate apopto-
sis of the neuron [51]. The term dying back was introduced to describe the spatio- 
temporal pattern of central and peripheral nerve fiber pathology in degenerative 
diseases. Contemporary understanding is that axonal degeneration is defined by 
direction into anterograde and retrograde.
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Fig. 18.2 A simplified and uniform mechanistic concept of axonal degeneration. (a) The normal 
situation is here shown for the visual system. The first-order neuron is represented by the retinal 
ganglion cell (RGC). The first axon is represented by the retinal nerve fiber layer (RNFL) which is 
named optic nerve after the axons passed through the lamina cribrosa. Here an axon is shown to 
synapse in the lateral geniculate nucleus (LGN) with the second-order neuron. Next, the second 
neuron sends its axon through the optic radiations to the occipital cortex. (b) Anterograde axonal 
degeneration starts at the RGC/RNFL/optic nerve (e.g., with optic neuritis). Once anterograde 
axonal degeneration reaches the LGN, it continues as trans-synaptic anterograde axonal degenera-
tion. (c) Retrograde axonal degeneration starts with axonal transections in the optic radiations 
(e.g., with eloquently placed white matter lesions). Once retrograde axonal degeneration reaches 
the LGN, the process continues as trans-synaptic retrograde axonal degeneration. Ultimately this 
leads to loss of retinal nerve fibers and apoptosis of the RGC. Longitudinally, the trans-synaptic 
part of this concept of bidirectional axonal degeneration will always have to occur with a time lag. 
Understanding this time lag may potentially open a new therapeutic window for future neuropro-
tective strategies in MS

An important, mechanistic question to be asked is how the process of neurodegen-
eration can spread from a sick to a healthy neuron/axon? One attractive concept is 
trans-synaptic axonal degeneration [52, 53]. These authors used a noninvasive, utrar-
apid imaging technique, readily tolerated by patients, retinal optical coherence tomog-
raphy (OCT) [54]. The study design was elegant and simple by focusing on 
neurodegeneration in the visual pathways. Following a stroke in the posterior visual 
pathways, dying-back neuropathy spread (trans-synaptic) from the second-order neu-
ron located in the lateral geniculate nucleus (LGN) to the axons (retinal nerve fiber 
layer, RNFL) of the first-order neuron (retinal ganglion cell, RGC) [52, 53]. These 
studies have advanced the understanding of acquired axonal degeneration [55].

In addition to retrograde trans-synaptic axonal degeneration, there is evidence 
for anterograde trans-synaptic axonal degeneration from a postmortem study of the 
visual system of patients with multiple sclerosis [56].

Taken together, these data suggests a concept of bidirectional (trans-synaptic) 
axonal degeneration [57] (Fig. 18.2).

The attraction of this unified concept of bidirectional (trans-synaptic) axonal 
degeneration is that not only it is convenient to explaining how neurodegeneration 
spreads in MS, but more importantly it may contribute to opening a therapeutic 
window for future neuroprotective strategies in MS. The aim here will be to prevent 
the trans-synaptic part of the degenerative process and thereby at least limit the 
impairment for the patient.
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 The Patient

The use and definition of terms to describe a patient’s impairment, disability, and 
handicap in this section were based on the recommendations of the system adopted 
by the World Health Organization (WHO).

Impairment describes the “loss or abnormality…of structure of function.” 
Disability describes “a restriction or lack…of ability to perform an activity in the 
manner of within the range considered normal for a human being.” Handicap 
describes “the disadvantage for an individual…that prevents or limits the perfor-
mance of a role that is normal…for that individual.” To be more specific, handicap 
represents the effects of impairments or disabilities in a wide social context and may 
be substantially influenced by the cultural background.

By definition (DIS and DIT [2]), a patient will suffer from MS-related symptoms 
causing potentially reversible impairment in different parts of his/her body. From a 
patient’s perception, gait and vision are the two most valuable functions [58]. Both 
gait and vision topped a list of 13 bodily functions during the early (<5 years) and 
late (>15  years) disease course. Importantly, early in the disease where patients 
were still ambulatory, gait was rated more valuable compared to visual function, but 
there was a crossover with long-disease duration. With the ever-increasing use of 
visual communication channels (e.g., smart phones, tablets, social media), it can be 
anticipated that from a patients point of view, the value and dependence on the 
visual system will continue to increase in the near future. This may be particularly 
true for those handicapped patients who crucially depend on the visual system for 
social interaction. Not surprisingly all of above is related to a patient’s quality of life 
[59].

Two questions are frequently asked by patients: “Will this happen again?” 
(relapse) and “Will I end up in a wheelchair?” (neurodegeneration). The first one 
may, with caution, be answered based on the momentary clinical and radiological 
disease activity. Addressing the second question is more challenging because of a 
relative lack of longitudinal data from well-validated outcome measures for 
neurodegeneration.

 Clinical and Paraclinical Assessments

“There are few neurological diseases in which the diagnosis depends so much upon the skill 
of the examiner in knowing what questions to ask and how to interpret the replies.” [60]

 Clinical Scales

Impairment or loss of function is quantified by clinical scales. The paradox between 
clinical examination and each clinical scale is that normal functioning is tested, but 
loss of function is quantified. Because of the potential of CNS regeneration and 
plasticity, the clinical appearance of disability is a dynamic process. This forms the 
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basis on which MS patients had been classified [61]. A more recent approach sepa-
rated an “active” from a “non-active” subtype based on clinical and MRI data [62].

A range of validated clinical scales is now in use. For MS the most widely applied 
scale is the extended disability status scale (EDSS) for multiple sclerosis developed 
by Kurtzke in 1983 [63]. The EDSS combines a disability status scale [64] with 
functional systems [65]. For a comprehensive up-to-date review of outcome mea-
sures in MS, the reader is referred to van Munster and Uitdehaag [66].

Psychometry is tested by the Paced Auditory Serial Addition Test (PASAT) [67]. 
The National Adult Reading Test (NART) is used to give an estimate of the premor-
bid IQ [68]. Current intellectual function is assessed by the Advanced Progressive 
Matrices, Set 1 (Ravens). Memory is assessed by recognition of words and faces 
[69]. The paired-associate learning test estimates learning abilities. Attention is 
readily quantified by the speed of letter counting [70]. Tests of executive function 
include the Wisconsin Card Sorting Test (Nelson) and the Cambridge 
Neuropsychological Test Automated Battery (CANTAB) [68, 71]. Fatigue is com-
monly estimated by Krupp’s fatigue rating scale [72]. Anxiety and depression have 
been measured using the National Hospital Anxiety and Depression Scale (HAD) 
measuring quality of life and measures for outcome of neuro-rehabilitation [73].

The timed walk test (TWT), 9-hole Peg test (9HPT) and Paced Auditory Serial 
Addition Test (PASAT) have been combined mathematically to give the multiple 
sclerosis functional composite (MSFC) [66, 74]. The MSFC has the potential to 
provide a more reliable measure of changes of function in MS than the EDSS, 
which is nonlinear and biased toward locomotion [75]. In addition, the MSFC may 
be perceived as a “melting pot” which permits to embrace other relevant clinical 
measures within a statistically valid concept. One potential extension of the MSFC 
may be low-contrast letter acuity [76]. One advantage of such multidimensional 
measures relates to the potential to cover both disease activity and progression in 
MS [66].

A cross-sectional measure of disease severity in individual patients is provided 
by the global Multiple Sclerosis Severity Score (MSSS) [77]. The global MSSS is 
taken from a statistically constructed “look-up table.” This table provides normally 
distributed disease severity scores for patients with an EDSS between 0 and 9.5 and 
a disease duration between 1 and 30 years.

Newer developments include patient-reported outcome measures (POM) [66]. A 
well-established example for a POM is the MSIS-29 [78].

The advantages of clinical scales (and questionnaires) are that they may provide 
a more holistic view of an individual patient’s disability compared to paraclinical 
tests. But there are also limitations to be considered:

 1. Psycho-physiological testing heavily depends on the patient’s co-operation and 
motivation.

 2. Biased to data from the system tested. This has been a frequently discussed limi-
tation of the EDSS which is biased to the pyramidal system.

 3. Learning effects. This is particularly challenging for testing cognition 
longitudinally.
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 4. Challenges of validation across cultural and language-barriers. This may impact 
on the use as an outcome measure in multicenter studies.

 5. Multiple biological causes for poor performance. In MS this includes:
 (a) Conduction block
 (b) Demyelination
 (c) Axonal loss

 Paraclinical Tests

“The technological advances that have contributed to a better understanding of the patho-
physiology and pathogenesis of MS have resulted in a disturbing increase in the number of 
false diagnoses of MS based exclusively on the results of test procedures.” [60]

Paraclinical tests are a double-edged sword, but do have their merits in experi-
enced hands if used as an extension of the clinical reasoning. The four most fre-
quently used paraclinical tests over the past 50 years comprise in alphabetical order: 
cerebrospinal fluid (CSF), computed tomography (CT), MRI, and visual evoked 
potentials (VEP), acknowledging that MRI has become the sole paraclinical test of 
the 2010 revision of the McDonald criteria for RRMS [13]. A historical head-to- 
head comparison based on the earlier Poser criteria is presented in Table 18.1.

Of note, none of these studies investigated the relevance of any of these tests for 
axonal loss, which as pointed out earlier was not the main focus of MS research at 
the time.

While sensitive for diagnostic purposes, the limitations of MRI to predict devel-
opment disability were elegantly summarized by Kappos and colleagues in a thor-
oughly conducted meta-analysis: “Neither the initial scan nor monthly scans over 
six months were predictive of change in the EDSS in the subsequent 12 months or 
24 months. The mean of gadolinium-enhancing-lesion counts in the first six monthly 
scans was weakly predictive of EDSS change after 1 year (odds ratio  =  1.34, 
p = 0.082) and 2 years (odds ratio = 1.65, p = 0.049)” [82].

Table 18.1 Paraclinical tests used in MS

Reference Test Sensitivity (%) Conclusion
Polman et al. [79] CSF 72.2 Diagnostic classification

CT2 17.0 Differential diagnosis
VEP 62.0 Diagnostic classification

Beer et al. [80] CSF 77 Best reclassification specificity
MRI 84 Highly sensitive, demonstrates DIS
VEP 37 Useful if MRI and CSF are not diagnostic

Filippini et al. [81] CSF
MRI 70 Most sensitive test
VEP

For each test, the diagnostic sensitivity of the respective study is presented alongside the author’s 
main conclusions
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This meta-analysis demonstrates the difficulties in predicting accumulation of 
irreversible disability, which is related to neurodegeneration, based on a paraclinical 
test focused on inflammatory disease activity. In contrast, MRI data on CNS atrophy 
are much better correlated to sustained disability [83, 84]. There is data on perfu-
sion, functional MRI, high-field MRI, new sequences specifically addressing iron 
storage, double inversion recovery (DIR), and MR spectroscopy (MRS). For in- 
depth review of these and other MRI techniques, the reader is referred to recent 
reviews on the issue [85–88].

Likewise, for the CSF there is conflicting evidence on the relationship of CSF 
oligoclonal bands (OCBs) and disability [89]. There are some reports suggesting 
that the absence of OCBs in the CSF of patient with MS may be a good prognostic 
sign [90–95]. Others did not find any prognostic value of either presence or absence 
of CSF OCBs [96–98].

There may also be leverage using VEPs (and other evoked potentials) as a para-
clinical test for neurodegeneration in MS [6].

It may be suggested to separate those paraclinical tests which permit detection of 
axonal loss (and neurodegeneration) in the acute phase from those which are supe-
rior for documenting axon loss after some time has elapsed. Tentatively, retinal 
OCT was added to this list as an emerging paraclinical test for retinal layer 
atrophy:

 1. Early phase of ensuing axonal injury and loss:
 (a) Biomarkers for acute axonal damage [99–101]
 (b) Imaging markers for neuronal dysfunction and apoptosis [102–104]

 2. Late phase of axonal loss having resulted in manifest atrophy:
 (a) MRI atrophy markers [105, 106]
 (b) OCT [107, 108]
 (c) VEP and motor evoked potentials (MEP) [6, 109]

 Acute Neurodegeneration in MS: Body Fluid Biomarkers

In MS, disintegration of the axonal membrane causes release of biomarkers from 
injured axons and neurons in the surrounding extracellular fluid (ECF) [110]. These 
biomarkers diffuse from the brain ECF into the CSF and blood. Sampling from each 
of these body fluid compartments is possible with related advantages and 
disadvantages.

A review of the biomarker literature in MS shows that most early studies were 
cross-sectional and frequently of limited sample size [100, 111–115]. This radically 
changed in the past 2 years. Pioneering studies relied on in-house developed immu-
noassays for the quantification of biomarkers. With availability of commercial tests 
for quantification of key biomarkers such as the neurofilament proteins from the 
blood the literature on the subject has increased exponentially [99, 116, 117].
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Because of the essentially correlative nature of clinical biomarker investigations, 
only a snapshot in time is provided by cross-sectional studies. Not surprisingly, 
some studies find a clinical relevant correlation for a particular biomarker, while 
others do not. Some of these issues can be addressed by a meta-analysis. It will 
however be much more important to obtain high-quality long-term data. Therefore, 
Table 18.2 summarizes blood biomarkers categorized to their cell-type specificity. 
For an extended biomarker table and in-depth review on CSF biomarkers for neuro-
degeneration, see [110, 114, 118].

The measurement of cell-type-specific biomarkers indirectly permits to estimate 
the degree of damage to the respective cellular source. For example, an increase of 
blood neurofilament (Nf) levels gives indirect evidence for neuro-axonal damage. 
Neurofilaments have consistently found to be of prognostic value in MS [99, 
119–130].

Importantly, there has been convincing analytical and experimental work to sub-
stantiate the hypothesis that Nf levels are related to neurodegeneration [116, 130–
139]. Tests are now commercially available with the most sensitive technology 
being Simoa [140].

 Newly Validated Atrophy-Related Imaging Biomarkers 
for Neurodegeneration: Optical Coherence Tomography

An emerging imaging technology for neurodegeneration in MS is retinal optical 
coherence tomography (OCT) [108]. The results of the early time-domain OCT 

Table 18.2 Blood biomarkers in MS and their cellular sources

Blood biomarker Neuron and axon Astrocyte Microglia Oligodendrocyte Other cells

14–3-3γ + + + + +
Amyloid β42 +
Apo-E + + +
FABPs + + + + +
FFA + + + + +
Ferritin + +
GAP-43 +
Gelsolin + +
GFAP +
HNE + + + + +
NSE + +
Neurofilaments +
S100B + + +
Tau + + + + +
UCHL-1 +
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meta-analysis have now been repeated for spectral-domain OCT. The results of the 
two meta–analyses were almost identical underlining the robustness of the method.

While it is well known that optic neuritis causes loss of the retinal nerve fiber 
layer [18], it only recently emerged that such atrophy can also be present in eyes not 
affected by optic neuritis [108, 141–153]. Because retinal nerve fiber layer (RNFL) 
thickness also correlated with clinical scales and MRI measures, there is a need to 
test the reliability and validity of OCT in a multicenter setting.

 Outlook

Taken together, neurodegeneration is an important feature of MS pathology because 
it is responsible for irreversible disability in patients. The dynamic nature of neuro-
degeneration poses challenges to the techniques used for monitoring. Some meth-
ods have their strengths in the acute phase; others only become reliable once 
neurodegeneration becomes manifest as atrophy. A holistic model combining the 
respective strength and weaknesses is presented in Fig. 18.3.

This may be an opportune moment to end this chapter with an open question 
building on an analogy. In diabetes mellitus, patients measure several times per day 
their blood glucose levels to optimize individual treatment. Additional paraclinical 
tests are used to closely monitor related organ damage with the aim to further guide 
patient management. How can we combine our respective expertise and methods to 
achieve a similar feat in MS?

Fig. 18.3 A holistic model combining the strength of biomarkers suited for diagnosis (whole 
brain and spinal cord MRI) of the acute phase of neurodegeneration (e.g., body fluid neurofilament 
levels) with those more reliable during the later phase of neurodegeneration-related atrophy mea-
sures (retinal OCT). A fundamental problem of imaging techniques is that any inflammation- 
related edema in the acute phase will mask neurodegeneration-related atrophy. Likewise, body 
fluid biomarkers such as neurofilaments will predominantly be released from disintegrating axons/
neurons during the acute phase and only to a smaller degree during the “burnt-out phase.” A logical 
combination of these two distinct methodological approaches would be to have them integrated in 
longitudinal studies on neurodegeneration in MS
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