UNB

Universitat Autonoma de Barcelona

Pathophysiological and structural underpinnings
of frontotemporal lobar degeneration:
a multimodal biomarker study

Ignacio lllan Gala

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: @ M) http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: @@@@ http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




Pathophysiological and structural underpinnings
of frontotemporal lobar degeneration:
a multimodal biomarker study




Cover figure: Correlation of cortical mean diffusivity with the CSF levels of
SAPPB in bvFTD. The lateral view of the right hemisphere is displayed. Only
clusters that survived familywise error at p<0.05 are shown. Analyses were
adjusted for age, sex after a harminozation step. The full figure can be found
in the chapter 6 (Figure 5)
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Abstract

Frontotemporal lobar degeneration (FTLD), is a heterogenic pathological construct encompassing multiple neu-
ropathological conditions primarily affecting the frontal and temporal lobes. Although multiple clinical syndromes
predict the neuropathological diagnosis of FTLD, clinical-patholocial correlations are far from being perfect. Cer-
ebrospinal and imaging biomarkers represent powerful tools for the study of FTLD pathophysiology and improve
the diagnostic accuracy of FTLD and its differentiation from other diseases.

This thesis aims to improve our understanding of the pathophysiological and structural underpinnings of FT-
LD-related neurodegeneration through a multimodal biomarker approach combining: (i) clinical markers of dis-
ease progression (i.e. CDR-FTLD, ALFRS), (ii) CSF biomarkers related to different pathophysiological aspects
of FTLD (APP-derived peptides, YKL-40 and NfL) and (iii) the MRI study of cortical macrostructure (cortical
thickness) and microstructure (cortical mean diffusivity) in FTLD—related syndromes (FTLD-S).

We provide novel insights into the pathophysiology of FTLD by showing that: (i)CSF levels of sAPPB,YKL-40 and
NFL alone or in combination had a good diagnostic accuracy to discriminate FTLD-S from healthy controls and
patients with Alzheimer’s disease (i) In the absence of Alzheimer’s disease pathophysiology, APP-derived peptides
related to the so-called amyloidogenic pathway (sAPPB, AB, ,,, AB, . AB, ;5) are globally reduced in FTLD-S and
correlate with cortical macrostructure (cortical thickness); importantly this pattern of APP-derived differed
from the observed in Alzheimer’s disease were a selective decrease in the CSF levels of AB, ,, was observed; (i)
YKL-40, a biomarker related to astroglial activity, is increased in FTLD-S and their levels may be useful for the
prediction of disease progression in the ALS-FTD continuum; and (iv) cortical mean diffusivity, a novel imaging
biomarker is more sensitive that cortical thickness for the study of the earliest FTLD-related neurodegeneration.
These findings add to our current understanding of FTLD pathophysiology and open new doors towards preci-

sion medicine approaches in FTLD-S.
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Outline

This thesis aims to improve our understanding
of the pathophysiological and structural under-
pinnings of FTLD-related neurodegeneration
through a multimodal biomarker approach com-
bining: (i) clinical markers of disease progression
(i.e. CDR-FTLD, ALFRS), (ii) CSF biomarkers
related to different pathophysiological aspects
of FTLD (APP-derived peptides, YKL-40 and
NfL) and (iii) the MRI study of cortical macro-
structure (cortical thickness) and microstructure
(cortical mean diffusivity) in FTLD-S.

I have included a total of six papers, five of them
already published in journals of first decile. The
main body of this thesis is composed of four pa-
pers that will be presented in chapters 3, 4, 5 and
6, respectively. The first three papers (chapters 3,
4 and 5) have been already accepted for publica-
tion in Neurology (chapters 3 and 4) and Brain
(chapter 5). The fourth paper (chapter 6) is in
preparation for submission.

Chapter 1 sets the framework for this thesis by
introducing the concept of FTLD and the wid-
ening spectrum of associated phenotypes. In
particular, I discuss current limitations of clini-
cal-pathological correlations in FTLD and high-
light the importance of pathophysiological and
structural biomarkers to increase diagnostic cer-
tainty of underlying FTLD in FTLD-S. In chap-
ter 2 I describe the hypotheses and objectives of
this doctoral thesis.

In chapter 3, I assess the clinical utility of three
CSF biomarkers (sAPPB, YKL-40 and NfL) for
the diagnosis of FTLD in a large multicenter co-
hort of FTLD-S and we also evaluate the struc-
tural correlates of these biomarkers with cortical
macrostructure in FTLD-S. Chapter 4 addresses
the clinical utility of these three CSF biomarkers
along the ALS-FTD clinical spectrum and eval-
uate the relationship between CSF biomarkers
and both cortical macrostructure and survival.

Chapter |: Outline and introduction |

In chapter 5, I investigated the value of a novel
neuroimaging biomarker, cortical mean diffu-
sivity for the diagnosis of the bvFTD in a large
multicentric cohort. In chapter 6, I explore the
relationship between APP-derived peptides re-
lated to the amyloidogenic pathway (AP, ., AP, .
ApB1-38 and sAPPP) and cortical macrostructure
in FTLD-S compared to Alzheimer’s disease and
controls.

Lastly, in chapter 7 I provide a general discus-
sion integrating the main results presented in
this thesis, putting them into context and em-
phasizing the novel insights into pathophysio-
logical aspects of FTLD. In addition to the paper
included in the main body of the thesis, I have
included two papers related to relevant aspects
of the discussion as annexes (supplementary pa-
per 1 published in ] Neurol Neurosurg Psychiatry
and supplementary paper 2, published in JAMA
Neurol). Finally, I discuss on the future perspec-
tives regarding the application of both CSF and
imaging biomarkers for the study of FTLD.

In summary, this thesis utilizes a multimodal
biomarker approach to investigate the potential
role of APP-derived peptides, YKL-40 and NfL
as pathophysiological markers of FTLD-related
neurodegeneration and proposes a novel neuro-
imaging biomarker for the study of cortical mi-
crostructural changes that may be more sensitive
than cortical thickness for the study of FTLD-re-
lated neurodegeneration. This thesis adds to our
current understanding of FTLD pathophysiolo-
gy and opens new doors towards precision med-
icine approaches in FTLD-S.
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Introduction

The many faces of FTLD and its clinical
presentations

Overview of frontotemporal dementia and its
relationship with frontotemporal lobar de-
generation. Frontotemporal dementia (FTD) is
the name given to a group of clinical syndromes
characterized by prominent impairment of be-
havior or language caused by neurodegeneration
of frontotemporal cortex and/or its subcortical
connections. Frontotemporal lobar degeneration
(FTLD), on the other hand, is a neuropathologi-
cal term referring to a wide range of neuropatho-
logical conditions defined by varying patterns
of neurodegenerative changes and neuronal and
glial inclusion.

All the behavioral, language and motor pheno-
types that predict a neuropathological diagnosis
of FTLD will be referred to in this thesis as FT-
LD-related syndromes (FTLD-S). The label FTD
will be reserved for the three classic phenotypes
associated with FTLD: namely, the behavioral
variant of frontotemporal dementia (bvFTD), the
semantic variant of primary progressive aphasia
(svPPA) and the nonfluent/agrammatic variant
of primary progressive aphasia (nfaPPA) (Bang
et al., 2015; Karageorgiou and Miller, 2014). Each
of these clinical syndromes will be introduced in
the next sections.

Although most patients diagnosed of FID may
have underlying FTLD at autopsy this clini-
cal-pathological correlation is far from perfect.
Each pathological subtype of FTLD can manifest
as several FTLD-S and, conversely, each FTLD-S
can herald multiple FTLD subtypes as depicted
in Figure 1 (Bang et al., 2015; Elahi and Mill-
er, 2017; Irwin et al., 2015). Of note, emergent
data from large clinical-pathological cohorts of
4R-tauopathies (progressive supranuclear palsy

[PSP] and corticobasal disease [CBD]) over the
last decade has unveiled a significant overlap be-
tween these previously-considered pure motor
disorders and some FTLD-S (Armstrong et al.,
2013; Hoglinger et al., 2017; Irwin, 2016; Kovacs,
2015). This new array of motor presentations also
included the amyotrophic lateral sclerosis-fron-
totemporal dementia (ALS-FTD) continuum.
This clinical continuum will also be introduced
in the following sections.

In addition to this clinical and pathological het-
erogeneity, some FTLD-S may resemble atypical
forms of other neurodegenerative disease such
as Alzheimer’s disease and Lewy Body Disease.
Particularly, the behavioral/dysexecutive vari-
ant of Alzheimer’s disease can mimic bvFTD
(Ossenkoppele et al., 2015) and Lewy body dis-
ease (which often presents with comorbid Alz-
heimer’s disease) may mimic nfaPPA and CBS-
PSPS, as shown in Figure 1 (Day et al., 2017;
Kasanuki et al., 2018; Lee et al., 2011; Rogalski
et al., 2016). Of note, Alzheimer’s disease and
Lewy body disease can be found as a concurrent
neuropathological finding in some FTLD cases
(Lleo et al., 2015; 2018; Takeda, 2018; Toledo et
al., 2012).
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Frontotemporal Lobar Degeneration-Related Syndromes

(FTLD-S)

|
L I | 1

Frontotemporal Lobar Degeneration

(FTLD)

FTLD-Tau FTLD-TDP

' 4R Type A
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_______________________
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Figure |. The complexity of clinical-pathological relationships along the FTLD spectrum. Abbreviations: ALS = amyotrophic

lateral sclerosis - frontotemporal dementia; aFTLD-U = atypical frontotemporal lobar degeneration with ubiquitin-positive inclusions;

AGD = argirophylic gran disease; BIBD = Basophilic inclusion body disease; bvFTD = behavioral variant of frontotemporal dementia;

CBS = corticobasal syndrome; CBD = corticobasal degeneration; FTLD = frontotemporal lobar degeneration; FTLD-S = frontotemporal

lobar degeneration-related syndromes; FUS = Fused in sarcoma; FUS-nos = Fused in sarcoma not otherwise specified; GGT = globular

glial tauopathy; nfaPPA = nonfluent agrammatic primary progressive aphasia; NIFID = Neuronal intermediate filament inclusion disease;

PSP = progressive supranuclear palsy; svPPA = semantic variant of primary progressive aphasia; TDP-43 = TAR DNA binding protein;

VCP = valosin containing protein.

Frontotemporal dementia. The term of fron-
totemporal dementia (FTD) was introduced in
1994 by the Lund and Manchester groups to de-
fine patients with a suspected neurodegenerative
disease manifesting with a progressive personali-
ty change (Brun et al., 1994). Four years later, the
concept of FTD was unified with two subtypes
of PPA: the “semantic” and the “non-fluent” sub-
types (Neary ef al., 1998). The concept of “se-
mantic” dementia included patients displaying a
combination of impaired word comprehension,
“fluent aphasia” and to a lesser extent, impaired
recognition of objects and faces (Hodges ef al.,
1992; Mummery et al., 1999; Snowden, 1999;
Hodges, Patterson, 2007). However, it soon be-
came evident that “fluent vs non-fuent” or “se-
mantic vs non-fluent” schemes failed to reflect
the complexity of syndromes related to the dis-

integration of the language network observed
in patients with PPA (Mesulam, 2003). Those
schemes were indeed unable to identify patients
with underlying Alzheimer’s disease at autopsy
(Kertesz and Munoz, 2003; Galton et al., 2000).
A notable contribution to the study of PPA was
made in 2004, when Maria Luisa Gorno-Tempini
defined a distinct form of PPA that she named
“logopenic progressive aphasia” (Gorno-Tempi-
ni et al., 2004; Gorno-Tempini et al., 2008). This
new variant was characterized by the selective
impairment of the phonological loop (i.e. pho-
nological working memory) resulting in a pro-
found disruption of repetition of long sentences
and pseudowords, as well as naming and phono-
logical errors with a relative sparing of semantic
knowledge and syntactic abilities (Henry, Gor-
no-Tempini, 2010). The posterior pattern of atro-
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phy and early pathological studies suggested that
“logopenic progressive aphasia” (subsequently
named “logopenic variant of primary progressive
aphasia” [IgPPA] in current diagnostic criteria of
PPA) might be primarily caused by Alzheimer’s
disease (Mesulam et al., 2008; Rabinovici et al.,
2008). More recently, the concept of FTD has
been redefined to encompass three clinical syn-
dromes that have been shown to predict FTLD
(Bang et al., 2015; Montembeault et al., 2018).
Each of these three syndromes is characterized by
distinct clinical features at disease onset. bvFTD
is defined by a prominent personality change
with progressive deterioration of social behav-
ior and cognitive functions (Rascovsky et al.,
2011) while the svPPA and nfaPPA syndromes
are characterized by a prominent impairment of
language and/or speech (Gorno-Tempini et al,
2011; Montembeault et al., 2018).

The behavioral presentation of FTD. bvFTD is
the most common FTD variant and is charac-
terized by prominent behavioral abnormalities,
including behavioral disinhibition, apathy, loss
of empathy, stereotyped or compulsive behavior,
hyperorality, and dietary changes (Bang et al.,
2015; Coyle-Gilchrist ef al., 2016). Current diag-
nostic criteria rely on the clinical features at pres-
entation but may also consider the information
provided by biomarkers to increase the diagnos-
tic certainty (Table 1).

Accordingly, the diagnosis of possible bvFTD is
based solely on the clinical syndrome and aims to
identify patients at the mildest stages of disease,
while the diagnosis of probable bvFTD attempts
to classify patients with a high probability of un-
derlying FTLD pathology and requires objective
imaging changes (frontotemporal atrophy and/
or cerebral hypometabolism). These criteria were
developed by the FTDDC consortium in 2011 and
accurately predict FTLD pathology, especially in
the early onset cases (defined by a symptom onset
before 65 years), where a focal pattern of frontal
and/or temporal cerebral atrophy is frequently

observed (Baborie et al., 2011; 2012; Rascovsky
et al., 2011). The insidious behavioral changes of
the bvFTD can be difficult to recognize as a neu-
rodegenerative syndrome, and are often mistaken
as midlife psychiatric disorders, especially in the
absence of overt atrophy or hypometabolism in
neuroimaging (Ducharme et al., 2015; Gossink
et al., 2016; Lanata and Miller, 2016; Landqvist
Waldo et al., 2015; Piguet et al., 2011; Shinagawa
et al., 2014; Woolley ef al., 2011). Notwithstand-
ing, bvFTD is a heterogeneous syndrome. From
a clinical perspective, the behavioral symptoms
and a distinct cognitive profile with insensitivity
to errors and relative sparing of visuoperceptual
abilities dominate the clinical picture at disease
onset (Piguet ef al., 2011; Ranasinghe et al., 2016;
Rascovsky and Grossman, 2013; Rascovsky et
al., 2007). There is a male predominance and the
mean age at symptom onset is around 60 years, al-
though a significant proportion of late-onset cas-
es have been reported in European cohorts (Bang
et al., 2015; Coyle-Gilchrist et al., 2016; O’'Connor
et al., 2017; Ranasinghe ef al., 2016). The median
survival is of 8.2-8.7 years from symptom onset,
but disease course is highly heterogeneous and a
subgroup of cases with a “slowly progressive vari-
ant” has also been reported (Davies ef al., 2006;
Garcin et al., 2009; Hodges et al., 2003; Khan et
al., 2012; Mioshi et al., 2010). Clinical and prog-
nostic variability parallels the observed structural
and neuropathological heterogeneity (Josephs,
Hodges, et al., 2011; Kim et al., 2007; Perry et al.,
2017; Whitwell et al., 2009). Recent studies from
deeply phenotyped cohorts have identified dis-
tinct bvFTD subgroups characterized by different
patterns of neurodegeneration, progression rates
and neuropathological correlates (Josephs, Whit-
well, et al., 2011; Mioshi et al., 2010; O’Connor et
al., 2017; Ranasinghe et al., 2016; Whitwell et al.,
2009).

The language presentations of FTD. Primary
progressive aphasia (PPA) refers to a group of fo-
cal neurodegenerative syndromes characterized
by prominent language impairment at symptom



Chapter |: Outline and introduction |

Neurodegenerative disease: the following symptom must be present to meet criteria for bvFTD

A. Shows progressive deterioration of behavior and/or cognition by observation or history (as provided by a knowledgeable
informant).

Il. Possible bvFTD: three of the following behavioral/cognitive symptoms (A—F) must be present to meet
criteria. Ascertainment requires that symptoms be persistent or recurrent, rather than single or rare events.

A. Early* behavioral disinhibition [one of the following symptoms (A.1—A.3) must be present]:
A.1. Socially inappropriate behavior
A.2. Loss of manners or decorum
A.3. Impulsive, rash or careless actions

B. Early* apathy or inertia [one of the following symptoms (B.1-B.2) must be present]: B.1. Apathy, B.2. Inertia

C. Early* loss of sympathy or empathy [one of the following symptoms (C.1—C.2) must be present]:
C.1. Diminished response to other people’s needs and feelings
C.2. Diminished social interest, interrelatedness or personal warmth

D. Early* perseverative, stereotyped or compulsive/ritualistic behavior [one of the following symptoms (D.1-D.3) must be
present]:

D.1. Simple repetitive movements

D.2. Complex, compulsive or ritualistic behaviors

D.3. Stereotypy of speech

E. Hyperorality and dietary changes [one of the following symptoms (E.1-E.3) must be present]:
E.1. Altered food preferences
E.2. Binge eating, increased consumption of alcohol or cigarettes
E.3. Oral exploration or consumption of inedible objects

F. Neuropsychological profile: executive/generation deficits with relative sparing of memory and visuospatial functions [all of
the following symptoms (F.1—F.3) must be present]:

F.1. Deficits in executive tasks

F.2. Relative sparing of episodic memory

F.3. Relative sparing of visuospatial skills

lll. Probable bvFTD: All of the following symptoms (A—C) must be present to meet criteria.

A. Meets criteria for possible bvFTD

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 bvFTD [one of the following (C.1—C.2) must be present]:

C.1. Frontal and/or anterior temporal atrophy on MRI or CT
C.2. Frontal and/or anterior temporal hypoperfusion or hypometabolism on PET or SPECT

IV. Behavioural variant FTD with definite FTLD Pathology: Criterion A and either criterion B or C must be
present to meet criteria.

A. Meets criteria for possible or probable bvFTD
B. Histopathological evidence of FTLD on biopsy or at post-mortem

C. Presence of a known pathogenic mutation

V. Exclusionary criteria for bvFTD: Criteria A and B must be answered negatively for any bvFTD diagnosis.
Criterion C can be positive for possible bvFTD but must be negative for probable bvFTD.

A. Pattern of deficits is better accounted for by other non-degenerative nervous system or medical disorders
B. Behavioral disturbance is better accounted for by a psychiatric diagnosis

C. Biomarkers strongly indicative of Alzheimer's disease or other neurodegenerative process

* As a general guideline ‘early’ refers to symptom presentation within the first 3 years

Table I. International consensus criteria for bvFTD. Adapted from Rascovsky et al., 201 I.
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onset. Although other cognitive deficits may be
present at diagnosis, language deficits must be
the most salient clinical feature at disease onset
(during the first two years of the disease) and the
primary cause of functional impairment (Mesu-
lam, 1982). The language presentations of FTD
encompass two primary progressive aphasias :
nonfluent agrammatic primary progressive apha-
sia (nfaPPA) and the semantic variant of primary
progressive aphasia (svPPA)(Gorno-Tempini et
al., 2011). A third variant, named the logopenic
variant of primary progressive aphasia (IgPPA),
was also included in this consensus classification
(Gorno-Tempini ef al., 2004). However, the IgP-
PA has been consistently related to Alzheimer’s
disease and consequently it will not be consid-
ered within the FTLD-S spectrum (Bergeron et
al., 2018; Spinelli et al., 2017).

nfvPPA is an heterogeneous syndrome charac-
terized by disgrammatism and/or motor speech
deficits (i.e. apraxia of speech) with prominent
left interior frontal and insular atrophy (Gross-
man, 2012; Josephs, 2006; Ogar et al., 2007). Some
authors have proposed the splitting of nfaPPA in
two distinct syndromes: “progressive apraxia of
speech” and “agrammatic aphasia”. These authors
argue that patients with isolated apraxia of speech
show focal imaging abnormalities in premo-
tor cortex, whereas patients with predominant
agrammatism show more widespread involve-
ment affecting premotor, prefrontal, temporal
and parietal lobes, caudate and insula (Josephs
et al., 2012). However, more studies are needed
to determine the potential for improving clini-
cal-pathologic correlations in the nfaPPA vari-
ant. The median survival is 9.4-10.6 years and
many patients develop motor syndromes during
follow-up consistent with the diagnosis of CBS
or PSPS (Armstrong et al., 2013; Hoglinger et al.,
2017; Irwin, 2016; Kovacs, 2015; Matias-Guiu et
al., 2014). From a neuropathological perspective,
most patients are found to have a 4R tauopathy
as illustrated in Figure 1 (Bergeron et al., 2018;
Spinelli et al., 2017).

Finally, svPPA is characterized by loss of object
and word knowledge with strikingly focal ante-
rior temporal atrophy (Collins et al., 2017; Gor-
no-Tempini et al., 2011; Grossman and Irwin,
2018; Mesulam et al., 2014). Patients with svPPA
have a primary impairment in semantic memo-
ry, therefore exceeding an isolated language dys-
function. Most of the evidence accrued over the
last decades indicates that the language deficit in
svPPA patients is multimodal in nature, which
explains their difficulties in semantic tests in-
volving different modalities of input such as lan-
guage vision, sounds, smells and tactile sensation
(Bozeat et al., 2000; Luzzi et al., 2007). This group
is characterized by the longest survival (6.9-11.9
years) and most of the cases present FTLD-TDP
type C at autopsy, as shown in Figure 1 (Bergeron
et al., 2018; Spinelli et al., 2017).

Motor syndromes related with FTLD

The diagnosis of FTD is predictive of a neuro-
pathological diagnosis of FTLD in most cases
(Elahi and Miller, 2017). However, this concept
of FTD excludes clinical presentations of FTLD
with a prominent motor impairment at symptom
onset.

The ALS-FTD spectrum. Although the first ob-
servation of a clinical overlap between ALS and
FTD dates from the beginning of the twentieth
century (Braumiihl 1932; Al-Chalabi et al., 2016;
Bak 2010; Brown and Al-Chalabi, 2017; Wool-
ley and Strong, 2015), the study of the clinical
and neuropathological overlap between ALS and
FTD has been boosted in the last decade due to
the emerging molecular evidence relating ALS
and FTLD (Al-Chalabi et al., 2012; Burrell ef al.,
2016; Ng et al., 2015; Swinnen and Robberecht,
2014).

From a clinical perspective, the development of
specific diagnostic tools has allowed the in-depth
study of the cognitive, language and behavioral
changes in patients with ALS (Crockford et al.,



2018; Niven et al., 2015). Recent data suggest that
up to 50% of ALS patients show some form of
cognitive impairment while up to 60% of the in-
formants of ALS patients may report behavioral
symptoms (Crockford et al., 2018; Woolley and
Strong, 2015). The concurrence of ALS and FTD
phenotypes is also observed with a prevalence of
full-blown FTD syndrome among ALS patients
varying from 10-20% (Burrell et al., 2016; Lil-
lo et al., 2012; Swinnen and Robberecht, 2014;
Woolley and Strong, 2015). Moreover, ALS pa-
tients may present with language impairments
that partially overlap with those observed in PPA
(Ash et al., 2014; 2015; Van Langenhove et al,
2017), but with some distinctive features (Bak
and Chandran, 2012; Grossman et al., 2008).

From a neuropathological perspective there is
also a significant overlap between ALS and FTLD
as shown in Figure 2. Nearly 95% of ALS cases
have TDP-43 pathology while a minority (<5%)
have FUS pathology (Brettschneider ef al., 2013;
Brettschneider, Arai, et al,, 2014; Brettschnei-
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der, Del Tredici, et al., 2014). Indeed, ALS-TDP
and FTLD-TDP are considered two extremes
of a neuropathological continuum. At one ex-
treme, ALS is characterized by neurodegenera-
tion in motor cortex with variable impairment
of frontal and temporal structures depending on
the presence of cognitive and/or behavioral im-
pairment (Whalhout et al 2015; Schuster et al.,
2014; Schuster et al., 2013; Prudlo et al., Neurol-
ogy 2016). At the other extreme, FTLD is char-
acterized by a prominent neurodegeneration of
frontotemporal structures with neurodegener-
ative cores located at the anterior cingulate, in-
sula, and anterior temporal pole and a variable
neurodegenerative burden depending on disease
stage and FTLD subtype (Seeley et al., 2008; See-
ley et al., 2009; Seeley et al., 2010; Nana et al.,
2018; Borroni, Cosseddu, et al., 2015). Two dis-
tinct, but partially overlapping staging systems,
have been proposed for TDP pathology in ALS
and FTLD-TDP (Brettschneider et al., 2013;
Brettschneider, Arai, et al., 2014; Brettschneider,
Del Tredici, et al., 2014).

B. ALS-TDP

High

deposition

Figure 2. Neuropathological staging schemes in FTLD-TDP and ALS-TDP. Neuropathological staging schemes in: (A) FTLD-TDP
(Braak et al., Nat Rev Neurol 2013) and (B) ALS-TDP (Brettschneider et al., Ann Neurol 2013): Adapted from Burrell et al., Lancet
Neurol 2016). Abbreviations: FTLD-TDP = frontotemporal lobar degeneration with TAR DNA binding protein inclusions; ALS-TDP =
amyotrophic lateral sclerosis with TAR DNA binding protein inclusions
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Recent diagnostic criteria allow the classifica-
tion of patients along the ALS-FTD continuum
in three broad categories: (i) ALS without cog-
nitive impairment; (ii) ALS with cognitive and/
or behavioral impairment; and (iii) ALS-FTD
for the patients with a full-blown FTD syndrome
(Strong et al., 2017). However, despite significant
advances made in the last years further tools are
needed for an objective staging of patients along
the ALS-FTD continuum (Cykowski et al., 2017;
Henstridge et al., 2017; Prudlo et al., 2016).

The CBS-PSPS spectrum. PSP and CBD were
originally described as two distinct atypical ex-
trapyramidal syndromes (Gibb ef al., 1989; Steele
et al., 1964; 2014). However, recent literature re-
fines these seminal descriptions by showing the
existence of a substantial clinical, genetic and
neuropathologic overlap between these two dis-
eases (Burrell ef al., 2018; Irwin, 2016; Kobylecki
et al., 2015). From a neuropathological perspec-
tive, PSP and CBD are now included in the neu-
ropathology spectrum of FTLD as 4R Tauopa-
thies and genetic studies have shown common
genetic risk factors between PSP and CBS, as well
as between FTD and 4R tauopathies (Mackenzie
et al., 2009; 2010; Yokoyama et al., 2017). From
a clinical perspective, there is also a substantial
clinical overlap between CBS and PSPS (Table
2). The new international diagnostic criteria

for both CBS and PSPS reflect the clinical over-
lap between these clinical syndromes and FTD
(Armstrong et al., 2013; Hoglinger et al., 2017).
In the case of PSP, “variant PSP syndromes” (i.e.
nfaPPA and bvFTD) have been included in the
recent movement disorder society criteria PSP
criteria (Boxer ef al., 2017). The early identifica-
tion of these phenotypes offers an opportunity
to perform the diagnosis of PSP in non-motor
phases, predating the canonical motor phase.
Seemingly, in the case of CBS, a language and a
behavioral phenotype (nfaPPA and fronto-spa-
tial syndrome) have been included in the new
CBD diagnostic criteria (Armstrong et al., 2013).
Opverall, these new diagnostic criteria acknowl-
edge that some FTLD-S (nfaPPA and bvFTD)
may predate, occur simultaneously or follow the
prototypical motor phenotypes that were recog-
nized in the classical PSP and CBD diagnostic
criteria (Litvan et al., 1996; Riley et al., 1990).
Notwithstanding, despite significant advances it
remains difficult to predict the specific patholo-
gy (i.e. PSP or CBD) in cases with suspected un-
derlying 4R tauopathy (Caso ef al., 2014; Lleo et
al., 2018; Santos-Santos ef al., 2016). Thus, novel
biomarkers are needed to identify the molecular
underpinnings of FTLD-S and predict disease
progression at the individual patient level (Elahi
and Miller, 2017; Grossman, 2014; Meeter et al.,
2017; Tsai and Boxer, 2016).

Specificity of CBS-PSPS clinical
features

CBD-related

clinical features

PSP-related
clinical features

Ideomotor / orobucal apraxia

Myoclonus

Relatively-specific clinical .
y-sp Dystonia

features at symptom onset

Cortical signs / alien hand

Postural instability
Supranuclear oculomotor palsy
Freezing of gait

Visuospatial symptoms

Unspecific clinical features at
symptom onset

nfaPPA (including progressive apraxia of speech)
Behavioral-disexecutive syndrome (bvFTD)

Akinetic (atremoric) > rigid syndrome

Macro square wave jerks, urinary incontinence, dysphagia

Table 2. Overlap of clinical phenotypes within the CBS-PSPS clinical spectrum.



The exact prevalence of FTLD-S is unknown be-
cause these disorders are still frequently missed
and misdiagnosed and thus, most approxima-
tions probably underestimate its true preva-
lence (Bang et al., 2015). The prevalence of the
core FTD syndromes (bvFTD, nfaPPA and svP-
PA) has been estimated to range from 15 to 22
per 100,000 people but it should be noted that
until recently epidemiological studies have
only considered a limited array of the FTLD-S
(Coyle-Gilchrist et al., 2016; Nilsson et al., 2014).
Keeping these limitations in mind, it is widely ac-
cepted that FTLD-S are a common cause of neu-
rodegenerative dementia, especially among ear-
ly-onset dementias (defined by a symptom onset
less than 65 years) where it represents the second
most common cause of dementia following Alz-
heimer’s disease (Snowden et al., 2011). Conse-
quently, FTD is the second cause of dementia
in the presenile age group (defined by an age at
symptom onset less than 65 years) and accounts
for 5-15% of all cases of dementia, with a prev-
alence of 3-26 per 100,000 people in the 45-65
age bracket (Vieira ef al., 2013). Although FTD
has been classically described as an early-onset
dementia, its incidence most prevalent in people
aged between 60-69 years old and only 13% have
an onset before the age of 50 (Knopman and
R. O. Roberts, 2011; Neary et al., 2005; Onyike
and Diehl-Schmid, 2013; Ratnavalli et al., 2002).
Moreover, FTD might be more common than as-
sumed among older adults because as this popu-
lation rarely undergoes the type of investigation
needed to establish a confident diagnosis in vivo
and are not generally followed to autopsy (Marel-
li et al., 2015; Piguet et al., 2011). Indeed, 20 to
40% of the FTD cases may occur after 65 year
of age and some of the FTLD-S (especially those
with underlying FTLD-Tau) are an increasing-
ly-recognized cause of late-onset dementia (Bor-
roni et al., 2008; Johnson et al., 2005; Seo et al.,
2018; Shinagawa et al., 2008; Ye et al., 2015).
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Historical background. Frontotemporal Lobar
Degeneration (FTLD) is a neuropathological
umbrella term that encompasses distinct neu-
ropathological entities sharing overlapping pat-
terns of frontal and/or temporal gray atrophy
and distinct neuroglial proteinaceous inclusions
(Lashley et al., 2015; Mackenzie and Neumann,
2016). Historically, the concept of FTLD has
evolved over the last 130 years. The first descrip-
tions of FTLD was made by Arnold Pick, one of
the forefathers of modern cognitive neurology,
between 1892 and 1906 (Pick 1982; Pick 1901;
Pick 1904; Pick 1905; Pick 1906). Arnold Pick
described a number of patients with progressive
aphasia with circumscribed cerebral atrophy at
autopsy (Derouesné, 2014). But these pioneer
observations also included some patients with
progressive personality change where he ulti-
mately observed a focal atrophy of the frontal
and/or temporal lobes. However, Arnold Pick
was unable to determine the specific neuro-
pathological signature of these seminal FTLD
cases and two of these cases were since found to
be atypical cases of Alzheimer’s disease (Brion
et al., 1991). Ultimately, it was Alois Alzheimer
who described the argyrophilic globular neuro-
nal cytoplasmic inclusions that he named “Pick
bodies”. In the following decades, the heteroge-
neity of FTLD cases became apparent and the
FTLD classification was progressively refined in
the light of several major milestones (Figure 3).
In the 1990s the tau isoform composition of spo-
radic tauopathies (PSP, CBD, Pick disease) was
identified and in 2006, TDP-43 was found to be
the main component of ubiquitin-positive FTLD
cases without pick bodies (Rademakers et al.,
2012). Finally, the discovery of the FUS-positive
inclusion in some FTLD cases and identification
of FUS and C9orf72 genes provided additional
evidence supporting the overlap between FTLD
and amyotrophic lateral sclerosis ALS (Liscic ef
al., 2008; Rademakers et al., 2012).



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

v Arnold Pick describes cases with circumscribed cortical 1892
atrophy

v Argyrophilic “Pick bodies” are described by Alois 1911
Alzheimer

v Heterogeneity of FTLD is recognized by the classification

e 1974

by Constantinides et al.

v Ubiquitin-positive neuronal inclusions are described in
ALS patients and the concept of motor neuron disease — 1996
inclusion dementia (FTLD-U) is established

v" PSP and CBD are recognized as tauopathies 1990s

v’ Discovery of the MAPT (1998) and GRN (2006) mutations

v’ Discovery as TDP-43 as the major component of 2006
ubiquitin-positive inclusions

v' Discovery of the FUS gene in familial ALS and FUS- 2009
positive inclusion in some FTLD cases

v' Discovery of the C90rf72 in the FTD-ALS spectrum 2011

Molecular confirmation that FTLD and ALS are
related disorders

Figure 3. Major milestones of the evolution of the FTLD concept Adapted from Lashley et al., Neuropathol Appl Neubiol 2015 and

Rademakers et al., Nat Rev Neurol 2012.

Neuropathological classification of FTLD.
FTLD is characterized by prominent neurode-
generation of the frontal and temporal lobes and
encompasses several neuropathological entities.
Traditionally, FTLD was characterized by the
presence and the morphology of abnormal in-
tracellular protein accumulations demonstrated
by classical histochemical techniques (Lashley
et al., 2015; Mackenzie and Neumann, 2016).
Modern laboratory techniques, such as immu-
nohistochemistry, have contributed to our un-
derstanding of the biochemical composition of
these protein aggregates. These findings have
allowed the refinement of FTLD classification
according to the characterization of protein ac-
cumulations (Mackenzie and Neumann, 2016;
Mackenzie et al., 2009; 2010; 2011). The most
recent classification scheme of FTLD recognizes
four major subgroups (Lashley et al., 2015; Mac-
kenzie and Neumann, 2016; Rademakers et al.,
2012). Most FTLD cases (90-95%) are classified
within the FTLD-tau or FTLD-TDP groups due

to the abnormal accumulation of hyperphospho-
rylated tau or 43 kDa transactive response DNA-
binding protein (TDP-43), respectively. The re-
maining 5-10% of cases are classified within the
FTLD-FET (FET = Fused in sarcoma, Ewing’s
sarcoma, TATA-binding protein-associated fac-
tor 15) subgroup. Lastly, in a small proportion of
FTLD cases the protein nature of the ubiquitin-
p62-positive inclusions has not been identified.
This group has been termed the FTLD-ubiqui-
tin proteasome system (FTLD-UPS) group and
is represented mostly by cases of affected indi-
viduals of a Danish pedigree due to mutation
in the charged multivesicular body protein 2B
(CHMP2B) gene (Skibinski et al., 2005). Each of
these FTLD groups can be further subclassified
in different neuropathological entities (i.e. CBD
and PSP) or FTLD subgroups. Table 3 sum-
marizes the current classification of FTLD and
the neuropathological hallmarks of each of the
FTLD subgroups.
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FTLD group
(aggregated
protein/s)

Related Topography of neurodegeneration and immunohistochemical (IHC) hallmarks for
gene/s each FTLD subgroups

IHC reactivity: 3R > 4R

Pick disease: Topography of neurodegeneration = Frontotemporal; IHC =
argyrophilic neuronal cytoplasmic inclusions called “Pick bodies" positive for 3R
tau.

IHC reactivity: 4R > 3R

PSP. Topography of neurodegeneration = Subcortical degeneration > cortical
degeneration; IHC = “globose” or “flame-shaped" neurofibrillary tangles in
subcortical nuclei and tufted astrocytes positive for 4R tau.

FTLD-Tau MAPT CBD: Topography of neurodegeneration = Peri-rolandic gray and white matter
(Tau) degeneration > subcortical degeneration; IHC = "astrocytic plaques” and ballooned

achromatic neurons in the cerebral cortex (positive for 4R tau).

GGT: Topography of neurodegeneration = Prominent white matter degeneration;
IHC = Globular inclusions in oligodendrocytes and astrocytes (4R tau).

AGD: Topography of neurodegeneration = Amygdala and fronto-temporal cortex;
IHC = small argyrophilic dot-like spindle-shaped structures (grains)

IHC reactivity: 3R=4R (variable)

MAPT mutations: Topography of neurodegeneration = frontotemporal structures
but variable; IHC = no distinct features

Type A: Topography of neurodegeneration = Neocortex (layer II), subcortical nuclei
and white matter; IHC = Neuronal cytoplasmic inclusions, neuronal intranuclear
inclusions (PGRN mutations);

Type B: Topography of neurodegeneration = Neocortex (superficial and deep
C9orf72 layers), white matter, subcortical nuclei, medulla, and spinal cord; IHC = Neuronal
PGRN cytoplasmic inclusions (but few dystrophic neurites and neuronal intranuclear
FTLD-TDP VCP inclusions) and glial cytoplasmic inclusions.

(TDP-43) TARDBP Type C: Topography of neurodegeneration = Neocortex (superficial cortical layers);
SQSTM1 IHC = Long dystrophic neurites with few or no neuronal cytoplasmic inclusions
TBK1 (hippocampus), glial cytoplasmic inclusions and neuronal intranuclear inclusions.

Type D (only found in VCP mutations): Topography of neurodegeneration

= Neocortex and subcortical nuclei with sparing of the hippocampus, lower
brainstem and cerebellum; IHC = Neuronal intranuclear inclusions and short
dystrophic neurites with rare neuronal cytoplasmic inclusions.

aFTLD-U: Topography of neurodegeneration = Frontal and temporal cortex,
anterior striatum and hippocampal sclerosis; IHC = Neuronal cytoplasmic

inclusions (for all FET proteins, ubiquitin and p62).
FTLD-FET

(FUS, EWS and FUS*
TAF15)

NIFID: Topography of neurodegeneration = Cortex, subcortical nuclei, cerebellum,
brainstem and spinal cord; IHC = Neuronal cytoplasmic inclusions/ Neuronal
intranuclear inclusions reactive for both class IV neuronal IF and FET proteins.

BIBD: Topography of neurodegeneration = Variable; IHC = Neural cytoplasmic
basophilic inclusions and variable Neuronal cytoplasmic inclusions of FET proteins.

FTLD-UPS
(Ubiquitin and CHMP2B
p62)

Topography of neurodegeneration = Variable; IHC = inmunoreactive to ubiquitin
and p62 but negative for Tau, TDP-43, FET proteins

Table 3. Neuropathological classification of FTLD. *only related with familial ALS; Abbreviations: 3R/4R: three/four repeats; AGD:
Argirophylic gran disease; GGT: Globular glial tauopathy; PSP: Progressive supranuclear palsy; CBD: Corticobasal degeneration; FTLD:
Frontotemporal lobar degeneration; FUS: Fused in sarcoma; EWS: Ewing’s sarcoma; TAFI5: TAT-binding protein-associated factor 15;
NIFID: Neuronal intermediate filament inclusion disease; BIBD: Basophilic inclusion body disease; IHC: Immunohistochemistry;aFTLD-U:
Atypical frontotemporal lobar degeneration with ubiquitin-positive inclusions
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Genetics of FTLD. FTLD is a highly heritable
disorder with approximately 30-60% reporting
a positive familiar history (Rohrer et al., 2009;
Wood et al., 2013). Among cases with a positive
familial history, 10-20% will harbor one causal
mutation (Deleon and Miller, 2018). Notwith-
standing, a genetic cause can still be found in
about 6% of patients without a known family
history of FTD (Elahi and Miller, 2017; Rade-
makers et al., 2012). From a clinical perspective,
patients presenting with the bvFTD and patients
manifesting both ALS and FTD are most likely
to be genetic while svPPA is most likely sporad-
ic (Dols-Icardo et al., 2018; Rohrer et al., 2009;
Seelaar ef al., 2009). Although genetic cases tend
to be younger at disease onset than sporadic cas-
es, each mutation is associated with a wide range
of age at symptom onset. The three commonest
genes associated with FTLD are C9orf72, GRN
and MAPT (Ghetti et al., 2015). The relative fre-
quency and the main characteristics of FTLD-re-
lated mutations are summarized in Supplemen-
tary Table 1.

The study of the genetic architecture of FTLD has
revealed important information about the FTLD
pathophysiology and potential therapeutical tar-
gets (Ling et al., 2013; Philips and Robberecht,
2011). Of note, recent studies investigating the
genetic architecture of FTLD have linked FTLD
with the amyloid precursor protein (APP), a pro-
tein that has been involved in Alzheimer’s dis-
ease pathophysiology (Ferrari ef al., 2017).

Monitoring disease progression in
FTLD-S

The diagnosis of mild FTLD-S. The spectrum of
clinical syndromes associated with FTLD has ex-
panded considerably in recent years (Hodges and
Piguet, 2018). The new diagnostic criteria now
allow the diagnosis of behavioral, language and
motor phenotypes at mild disease stages where
structural and metabolic imaging techniques
are frequently uninformative (Boxer ef al., 2017;

Chow et al., 2008; Hoglinger et al., 2017; Josephs
et al., 2014; Mesulam et al., 2012). Consequently,
in the absence of specific pathophysiologic bio-
markers the diagnosis of FTLD-S at milder stag-
es has aroused new concerns (Kipps et al., 2010).
Particularly, some authors have emphasized the
risk of false positive diagnostics in bvFTD cases
lacking structural or metabolic changes in neu-
roimaging studies (Krudop et al., 2017; Shinaga-
wa et al., 2016). Additionally, recent studies have
shown that a subgroup of bvFTD cases without
neuroimage changes may represent non-neu-
rodegenerative cases (Devenney et al., 2016;
Gossink et al., 2016). The term “phenocopies”
has been proposed to label cases fulfilling the di-
agnostic criteria for possible bvFTD but failing
to progress to frank dementia over time (Deven-
ney et al., 2018; Hornberger et al., 2009; Kipps
et al., 2010). However, the existence of a “slow-
ly-progressive” variant of bvFTD characterized
by a slower cognitive decline and milder cortical
atrophy has been consistently documented by
several groups (Davies et al., 2006; Khan et al.,
2012). In a recent longitudinal study, 70% of the
patients classified as possible bvFTD at the first
clinical encounter were reclassified as probable
bvFTD during follow-up (at least three years of
follow-up) (Devenney ef al., 2018). However, the
remaining 30% failed to show clinical deteriora-
tion or structural abnormalities by neuroimaging
during follow-up. In this study, a C9orf72 muta-
tion carrier was identified among the non-pro-
gressive group, a finding that had been previously
reported (Devenney ef al., 2018; Gomez-Tortosa
et al., 2014; Khan et al., 2012; Llamas-Velasco et
al., 2018). Thus, the true nature of patients with
possible bvFTD remains controversial and addi-
tional biomarkers may contribute to either con-
firm or discard the neurodegenerative etiology
in these cases (Vijverberg et al., 2016; 2017). For
example, in a particular patient classified as pos-
sible bvFTD at first evaluation due to the absence
of significant cerebral atrophy on neuroimaging,
the application of a new imaging biomarker able
to detect subtle structural changes may support



the diagnosis of a neurodegenerative disease
(Rascovsky and Grossman, 2013). Seemingly,
other biomarkers of different modalities such as
cerebrospinal fluid (CSF), may allow the exclu-
sion of Alzheimer’s disease pathophysiology as
well as the identification of the molecular signa-
ture of the different FTLD subtypes.

Measuring disease severity in FTLD-S. In FT-
LD-S, disease progression ultimately leads to
cognitive, behavioral, motor and functional dete-
rioration (Mioshi et al., 2007; Piguet et al., 2011).
Functional disability is an important tool for the
estimation of disease severity, which in turn rep-
resents an indirect way of monitoring FTLD-re-
lated neurodegeneration. Clinical tools aiming at
monitoring disease severity in FTLD-S need to
consider specific aspects of the different pheno-
types for an accurate staging of patients. In the
last decade, significant advances have been made
in our understanding of functional disability in
FTLD-S (Garcin et al., 2009; Mioshi and Hodges,
2009; Mioshi et al., 2007; Rascovsky et al., 2005).
This has led to the development and validation
of specific measures of disease severity and pro-
gression in FTLD-S: the FTLD-CDR (Knopman
et al., 2008) and the Frontotemporal Dementia
Rating Scale (FRS) (Mioshi et al., 2010). In addi-
tion, some specific forms of FTLD-S such as ALS
and PSPS, due to the specific topography of the
syndrome, have their own specific staging tools:
the ALSFRS-R and the PSPRS, respectively (Ce-
darbaum et al., 1999; Golbe and Ohman-Strick-
land, 2007). Although, the development of specif-
ic tools for assessing disease severity in FTLD-S
represents a significant advance, these remain a
proxy measure of FTLD-related neurodegenera-
tion and often rely on subjective measures and
informant-based questionnaires. In this sense,
biomarkers could represent valuable tools for
the objective assessment of disease severity in
FTLD-S. Indeed, biomarkers may avoid reliance
on subjective clinical features such as “emotional
coldness” and may provide an objective quanti-
fication of the FTLD-related neurodegenerative
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burden. Specifically, biomarkers may improve
our ability to predict disease progression at the
individual patient level by identifying patients at
higher risk of rapid progression (Swinnen and
Robberecht, 2014). This may be particularly rele-
vant for the design of clinical trials for syndromes
characterized by a heterogeneous disease course
such as the ALS-FTD spectrum (Westeneng et
al., 2018). Finally, biomarkers are objective mea-
sures that can improve both diagnostic accuracy
and disease prognosis at the single subject level
(Elahi et al., 2017; Gaiani et al., 2017; Steinack-
er et al., 2017). These are key aspects for the de-
sign of clinical trials for FTLD-S (Tsai and Boxer,
2016).

Biomarkers for the study of FTLD

A biomarker can be defined as an indicator of a
physiological or pathological biological process
that can be objectively measured in vivo (Lleo et
al., 2015). Biomarkers can be classified in differ-
ent modalities depending on the technique on
which they are based. For the study of neuro-
degenerative diseases, the main modalities are:
(i) fluid biomarkers (i.e. blood or CSF); (ii) im-
aging biomarkers (i.e. structural imaging with
MRI or FDG PET) and (iii) genetic biomarkers
(i.e. APOEe4). Biomarkers can be used for four
main purposes: (i) to guide clinical diagnosis by
identifying key pathophysiological changes of a
particular disease (so-called diagnostic mark-
ers), (ii) to estimate the risk or speed of progres-
sion of a particular disease (prognostic markers),
(iii) to evaluate disease stage (staging markers),
and (iv) to monitor progression or response to
therapy (theragnostic markers). Thus, biomark-
ers may be important tools for the enrichment
of both clinical studies and clinical trials. For ex-
ample, the identification of patients at higher risk
of progression may allow the equal distribution
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of these “higher risk patients” across the placebo
and treatment group. Ideally, biomarkers should
be accurate, consistent, non-invasive and inex-
pensive (Illan-Gala et al., 2018).

Cerebrospinal fluid biomarkers

CSF represents an invaluable tool for the study
of neurodegenerative diseases due to its close
relationship to the brain parenchyma and the
relatively low concentration of proteins in com-
parison with other biofluids, such as blood
(Zetterberg et al., 2017). The CSF can be safely
obtained in humans through a lumbar puncture
(Alcolea, Martinez-Lage, et al., 2014; Duits et al.,
2015; Engelborghs et al., 2017). After perform-
ing this single procedure, the collection of CSF
allows the study of multiple pathophysiologi-
cal pathways and its storage for future analyses.
The study of CSF has been recommended in the
clinical setting for the exclusion of Alzheimer’s
disease in FTLD-S and it represents a relatively
affordable option compared to other imaging
studies such a positron emission tomography
(PET) (Blennow et al., 2015; Simonsen et al.,
2017). Many biomarkers can be measured nowa-
days in CSF via enzyme-linked immunosorbent
assay (ELISA). The most promising diagnostic
and prognostic biomarkers in FTLD-S are pre-
sented below.

CSF biomarker for the differentiation of FTLD
from Alzheimer’s disease. The core CSF bio-
markers for Alzheimer’s disease are phospho-
tau ., (p-tau), total-tau (t-tau), and amyloid-B, _,,
(AB,_,,)- These peptides are related to two key
pathophysiological features of Alzheimer’s dis-
ease: the accumulation of hyperphosphorylated
tau in neurofibrillary tangles (increased levels of
t-Tau and p-tau) and extraneuronal Ap deposi-
tion in plaques (decreased levels of AB ) (Ols-
son et al., 2016; Tapiola et al., 2009). Additional-
ly, the AB,_,:AB,,, and AP _ :AP, ., ratios have
shown a good agreement with the cerebral depo-
sition of amyloid as assessed by PET (Janelidze

et al., 2016). These biomarkers have been com-
prehensively validated to exclude Alzheimer’s
disease in the diagnostic work-up of FTLD-S in
pathology-confirmed cohorts (Bian et al., 2008;
Lleo et al., 2018; Pijnenburg et al., 2015; Tapiola
et al., 2009; Toledo et al., 2012). For a detailed
description of pathology-proven CSF studies in
FTLD please refer to Supplementary Table 1.
Core CSF biomarkers for Alzheimer’s disease
enable an accurate identification of patients with
underlying Alzheimer’s disease, both as a pri-
mary pathology and as a concurrent pathology,
along the FTLD-S (Lleo et al., 2018; Toledo et al.,
2012). Accordingly, current diagnostic criteria
for the bvFTD, CBS and PSPS consider the use of
CSF biomarkers to identify cases with a positive
Alzheimer’s disease biomarker profile in order to
label those case with a lower degree of certainty
(Armstrong et al., 2013; Hoglinger et al., 2017;
Rascovsky et al., 2011).

Staging and prognostic CSF biomarkers in
FTLD-S. Neurofilaments are the major constit-
uent of the neuro-axonal cytoskeleton and play
an important part in axonal transport and in the
synapse (Yuan et al., 2015). Neurofilament light
chain (NfL) is the most abundant and soluble
neurofilament subunit, and increased levels are
thought to reflect axonal damage. Blood and CSF
levels of NfL are increased in FTLD-S when com-
pared to controls, and the clinical value of this
protein lies in its correlation with disease severity
and progression, survival, and cerebral atrophy
(Landqvist Waldo et al., 2013; Meeter et al., 2016;
2018; Rohrer et al., 2016; Scherling et al., 2014;
Skillback et al., 2014; Wilke et al., 2016). Levels
of NfL are universally elevated in bvFTD, nfvPPA
and svPPA, and are strongly increased in FTD
with MND (Landqvist Waldo et al., 2013; Meeter
et al., 2016; Pijnenburg et al., 2015; Rohrer et al.,
2016; Scherling et al., 2014). The CSF NfL levels
seem to increase over time but further longitu-
dinal data in FTLS-S is needed (Lu ef al., 2015;
Rojas et al., 2016).



Neuroinflammation biomarkers. Neuroinflam-
mation plays an important role in FTLD and ALS
pathophysiology (Heneka et al., 2014; Philips
and Robberecht, 2011). Accordingly, the CSF
levels of chitinase-3-like protein 1 (also known
as YKL-40), an inflammatory protein produced
by astrocytes, were found to be elevated in FTD,
but also in Alzheimer’s disease, normal ageing
and multiple sclerosis (Alcolea et al., 2015; Com-
abella et al., 2010; Craig-Schapiro et al., 2010;
Philips and Robberecht, 2011; Querol-Vilaseca
et al., 2017; Teunissen et al., 2016). High levels
of YKL-40 might be due to the activation of in-
flammatory pathways associated with neurode-
generation (Querol-Vilaseca et al., 2017; Alcolea,
Carmona-Iragui et al., 2014; Alcolea, Vilaplana,
et al, 2015) and neuroinflammation has been
highlighted as a key element of FTLD and ALS
pathophysiology (Heneka et al., 2014; Philips
and Robberecht, 2011). Although YKL-40 lacks
disease specificity, this in vivo marker could pro-
vide some information about the underlying pa-
thology. However, evidence regarding the CSF
levels of YKL-40 in the ALS-FTD continuum and
its impact on disease progression is scarce (Bon-
neh-Barkay et al., 2010). In the ALS-FTD con-
tinuum, microglial activation has been related to
motor neuron death and faster disease progres-
sion (Boillee et al., 2006; Frakes et al., 2014; Ya-
manaka et al., 2008). Thus, the combined study
of a CSF biomarker of neuroinflammation, such
as YKL-40, and clinical measures of disease pro-
gression in patients within the ALS-FTD contin-
uum may allow the stratification of patients ac-
cording to their expected progression rate. This
information is critical for the design of clinical
trials as it may permit the stratification of partic-
ipants according to their expected disease pro-
gression rate at their inclusion in a clinical trial.
Moreover, patients with higher inflammatory ac-
tivity may benefit from specific anti-inflammato-
ry treatment aiming at reducing progression rate
while these same treatments may not be effective
in patients without increased inflammatory ac-
tivity.
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APP-derived peptides. The amyloid precursor
protein (APP) is a type I single-pass transmem-
brane protein with a large extracellular domain
and a short cytoplasmic tail (Figure 4). APP
undergoes very complex proteolytic process-
ing, yielding biologically active fragments that
may each have specific functions (Muller et al.,
2017). The cleavage of APP by B- and y-secretase
leads to the extracellular release of the amyloid
B peptide (AP) and the N-terminal part of APP
(sAPPP) y the so-called ‘amyloidogenic pathway’
APP can also be processed by a-secretase, which
results in the release of soluble APPa (sAPPa)
but not AP peptides in the so-called ‘non-amy-
loidogenic pathway’ (Figure 4). In normal con-
ditions, sAPPa and sAPPp constitute at least 50%
of the total forms of APP in the brain. The re-
maining 50% of APP forms include AP peptides
of variable lengths (Muller et al., 2017). These in-
clude the full length AB,  and other N-terminal
and C-terminal truncated forms of AP, such as
AB, . AP, ., AP,_,,» among others, that can also
be detected in human CSF (Ghidoni et al., 2011;
Nhan et al., 2015; Portelius et al., 2010; 2011).
In Alzheimer’s disease, the CSF levels of AP,
are a reflection of cerebral amyloid deposition
and are considered a core Alzheimer’s disease
biomarker (Zetterberg et al., 2017; Jack et al,
2016). However, numerous studies suggest that
reduced neuronal/synaptic activity may also lead
to less AP production in general (Cirrito et al.,
2005) and AP may also have an important role
in synaptic function (Mucke and Selkoe, 2012).
Interestingly, many FTLD cases have low CSF
levels of A, _,, despite a negative amyloid PET
and the nature of the discordance between CSF
and imaging biomarkers of amyloid pathology
in FTLD-S is unclear (for further details please
refer to Supplementary Table 1) (Janelidze et
al., 2016; Leuzy et al., 2016). Although some au-
thors argue that coincident Alzheimer’s disease
pathology in FTLD cases may drive this obser-
vation, evidence from pathology-proven cohorts
has shown decreased levels of AR, in both FT-
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LD-tau and FTLD-TDP cases in the absence of
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Figure 4. Schematic overview of canonical APP-processing pathways. Processing. Processing by a-secretase along the non-

amyloidogenic pathway (green background) occurs in the amyloid-B (AB) region (shown in red), liberates sAPPa (a-secretase-generated

APP ectodomain fragment) and generates p3. By contrast, processing along the amyloidogenic pathway (red background) generates

AB (through B-secretase and y-secretase cleavage) and liberates sAPPB.An intracellular fragment (APP intracellular domain (AICD)) is

released in both pathways. The positions of cleavage sites are indicated. Adapted from Muller et al., Nat Rev Neurosci 2017.

significant comorbid Alzheimer’s disease (Tole-
do et al., 2012) and recent studies have provided
new evidence linking FTLD and the CSF levels
of APP-derived peptides (Paolicelli ef al., 2017;
Bright et al., 2015). Moreover, A, levels were
found to be decreased in up to 25% of patients
with the C9orf72 repeat expansion (Kimaldinen
et al., 2015; Wallon et al., 2012).

Other APP-derived peptides have been reported
as potential biomarkers in FTLD-S. FTLD-S. In
some studies, AR, .. and AP, _, have been found
to be decreased in CSF in FTLD syndromes when
compared to controls (Bibl et al., 2007; Gabelle
et al., 2011; Pijnenburg et al, 2007; Struyfs et
al., 2015; Verwey et al., 2010). However, some
studies did not replicate this finding (Steinack-
er et al., 2009; Verwey et al., 2010). When com-
pared to Alzheimer’s disease, further discrepant
results were reported (Bibl et al., 2012; Struyfs

et al., 2015; Verwey et al., 2010). Interesting-
ly, one study reported a reduction in CSF levels
of AP, ,,and AP, but not A, were reduced
in CHMP2B mutation carriers compared to

non-carriers (Rostgaard ef al., 2018).

As summarized in Table 4, lower levels of
APP-derived peptides have been also linked
to neurodegenerative and neuroinflammatory
conditions other than Alzheimer’s disease. In
Lewy body disease, lower AB, . have consistent-
ly found to predict faster disease progression of
both cognitive and motor aspects of the disease
(Lemstra et al., 2017; Schrag et al., 2017; Irwin et
al., 2017). However, in Lewy body disease cases
it remains unclear whether lower CSF levels of
A, _,, reflect concurrent Alzheimer’s disease pa-
thology, or alternatively, reflect other pathologi-
cal changes, such as alpha-synuclein deposition
(Coughlin et al., 2018). Moreover, lower CSF



levels of AB, .. and AP, , have been reported in
multiple sclerosis (Augutis ef al., 2013; Pietrobo-
ni et al., 2018) and bacterial meningitis (Krut et
al.,2013). Interestingly, other studies showed that
central nervous system infections showed a uni-
versal decrease of APP-derived peptides (Spitzer
et al., 2018; Mattsson et al., 2010). Additionally,
reduced CSF levels of AP, have been reported
in Creutzfeldt-Jakob Disease (CJD) (Dorey et al.,
2015; Kapaki et al., 2001; Lattanzio et al., 2017;
Otto et al., 2000; Van Everbroeck et al., 2005;
Varges et al., 2011; Wiltfang et al., 2003; Zanus-
so et al., 2011), a disease characterized by accel-
erated synaptic damage. In particular, in a large
study with neuropathological confirmation, CJD
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cases showed decrease levels of Ap1-42 in CSF
that were not related to the APOEe4 genotype or
postmortem cerebral amyloid plaque load (Lat-
tanzio et al., 2017).

Taken together, previous studies have shown var-
iable reductions in APP-derived peptides in other
diseases than Alzheimer’s disease. Thus, because
APP and APP-derived peptides have been relat-
ed to synaptic and neuronal functioning, more
studies are needed to clarify the relationship be-
tween neurodegenerative changes and APP-de-
rived peptides in neurodegenerative disease oth-
er than Alzheimer’s disease, such as FTLD.

Disease ABi_s AB,_s AB1_s0 sAPPa sAPPB
Alzheimer's
disease \ Tore Tore Por© o
FTLD-Sw l Loro Lor© b <> .
Lewy Body
e *
disease or ¥
(Parkinson'’s lower levels
disease and predict faster J T/ dore o o
Lewy body dlseese
dementia) progression
©ord
A lower levels
Multiple
Scleropsis predict faster J J ! "
disease
progression
Bacterial NA . . " .
meningitis
Lyme
neuroborreliosis Y v \ \ J
Creutzfeldt- . " W o .

Jakob disease

Table 4. CSF levels of APP-derived peptides compared to healthy controls. 1T, { and © represents increased, decreased or

unchanged CSF levels compared to healthy controls.The results of pathology-confirmed studies were prioritized when multiple studies

were available in the literature; When conflicting results were reported in studies without pathology-confirmation, all results were

considered; w: for further details, please refer to Supplementary Table 2; *:AB

\_s, levels were decreased in pathology-confirmed Lewy

body dementia cases and very subtle decreases have been reported in lewy body disease at the prodromal phase;
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Neuroimaging is a valuable biomarker for the
in-vivo study of cortical structure of FTLD-S. Al-
though most imaging studies in neurodegenera-
tive disease have traditionally focused on struc-
tural changes by assessing grey matter atrophy or
hypometabolism, recent studies have examined
microstructural properties of gray and white
matter using MRI and diffusion tensor imaging
(DTI). In the following sections I describe both
the structural and microstructural changes iden-
tified with different imaging modalities along
FTLD-S.

MRI principles and analysis. Magnetic Reso-
nance Imaging (MRI) is a non-invasive tech-
nique that allows the study of several biologic
tissue properties in vivo. MRI involves imaging
of the proton, the positively charge particle of
the hydrogen atom, and relies on the specific
properties of the different tissues. MRI is a safe
and well-tolerated neuroimaging technique that
produces three dimensional detailed anatomical
images without the use of damaging radiation
(Roberts and Mikulis, 2007).

Different semi quantitative visual rating scales
have been proposed for the diagnosis of FTLD-S
in recent years (Ambikairajah et al., 2014; Da-
vies et al., 2006; Harper et al., 2016; Kipps et al.,
2007). However, the development of new image
processing techniques has allowed the extraction
of several measures in a semi-automated and ob-
server independent way that have allowed the
precise description of distinct patterns of neu-
rodegeneration for each of the FTLD-S (Gor-
don et al., 2016) and FTLD subtypes (Harper
et al., 2017; Josephs et al., 2008; Lee et al., 2011;
Whitwell, Jack, et al., 2010).

Several measures can be extracted from brain
structural images with different specialized
tools. One of them is voxel-based morphometry
(VBM), which implies a voxel-wise comparison

of local gray matter concentration (Ashburner
and Friston, 2000). While VBM has proven useful
in detecting different patterns of gray and white
matter loss in FTLD-S (Rosen et al., 2002; Zhang
et al., 2013), a voxel-based approach may fail to
capture the subtle tissue-specific changes that
take place at the cortical level. Another relevant
measure that can be extracted from structural
MRI is cortical thickness. This measure is usu-
ally extracted by means of software such as Free-
surfer (Dale et al., 1999; Fischl and Dale, 2000)
and has demonstrated its capability to show sub-
tle cortical changes in FTLD-S (O’Connor ef al.,
2017) and even in preclinical mutation carriers.
Although VBM has been extensively used in the
literature probably facilitated by its easy-of-use,
surface-based results (such as Freesurfer-based
cortical thickness) are more accurate and repro-
ducible at the single subject level (Clarkson et al.,
2011). Indeed, a surface-based approach solves
some of the limitations and methodogical con-
cerns that have been previously reported using a
voxel-based approach (Coalson et al., 2018). Par-
ticularly, volume-based smoothing and registra-
tion substantially degrade cortical area localiza-
tion compared with surface-based approaches.
This is a key issue for mean diffusivity analyses
since volume-based smoothing might cause the
sampling of diffusivity values in a voxel with CSF,
resulting in an error of x50 increases of diffu-
sivity. However, surface-based registration may
avoid these errors since optimal cortical would
only select voxels located at the cortex (Coalson
etal., 2018).

Structural brain imaging in FTLD-S. As men-
tioned previously in this introduction, each FT-
LD-S, FTLD subtype (Table 1) and FTLD mu-
tation (Supplementary Table 1) is characterized
by a typical pattern of neurodegeneration. These
patterns of gray matter loss can be detected by
structural neuroimaging at a group level. Howev-
er, at the single subject level the patterns of gray
matter loss in FTLD-S are very heterogeneous
and may not be evident at visual examination. In-



deed, one study showed that trained radiologists
missed the different patterns of frontotemporal
atrophy in up to 50% of bvFTD cases (Sudrez
et al., 2009). Thus, the precise characterization
of cerebral structural changes by neuroimaging
techniques is needed.

Although some FTLD-S such as svPPA may dis-
play well-defined patterns of atrophy (Collins et
al., 2017), others may display variable patterns
of gray matter neurodegeneration (Gordon et
al., 2016). bvFTD is associated with atrophy in
the frontal and temporal lobes, the insula and
the anterior cingulate cortex (Perry et al., 2017;
Schroeter et al., 2014). However, cluster analy-
ses of the cerebral structure in patients with the
bvFTD have suggested the existence of distinct
subgroups with diverging prognostic profiles
(Ranasinghe et al., 2016; Whitwell et al., 2009).

Importantly, structural imaging can be applied
in minimally symptomatic or preclinical genetic
cases to investigate the earliest cortical structures
that underwent neurodegeneration. In bvFTD,
the study of mildly symptomatic cases allowed
the identification of the frontal paralimbic cor-
tices and insula as earliest cerebral regions that
underwent neurodegeneration in this syndrome
(Seeley et al., 2008). In addition, structural neu-
roimaging may be useful for the characterization
of the earliest cortical changes in preclinical mu-
tation carriers (Cash et al., 2018; Rohrer et al.,
2015; Whitwell et al., 2012).

In summary, structural imaging provides a val-
uable tool for capturing neuroanatomical sig-
natures of FTLD-S. The profiles commonly cor-
respond well with the clinical presentation and
may be useful for differentiating subtypes at the
group, and in some cases individual, subject lev-
el. However, volumetric MRI changes may well
be visible only after significant neuronal loss and
the development of novel techniques that may
be more sensitive to the earliest FTLD-related
changes may be interesting. In the recent year,
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multiple diffusion-based studies have suggested
that microstructural changes of the white matter
may be more sensitive to the earliest FTLD-relat-
ed changes than cortical gray matter loss.

Diffusion imaging principles. Diffusion weight-
ed imaging is a type of MRI sequence designed
to assess the mobility of water particles. In free
space, water molecules would travel randomly
in what we call a Brownian movement, a process
characterized by Einstein in 1905. In the brain,
however, the diffusion of water is restricted by
biological tissues such as cell membranes, fibers
and macromolecules (Le Bihan, 2003). The sum
of contributions of these biological barriers lim-
its the free movement of the water particles and
determines the apparent diffusion coeflicient.

Diffusion tensor imaging is a type of diffusion
weighted imaging sequence that measures the
diffusion in a number of different directions of
the space. Using this multidimensional infor-
mation of diffusion in each direction, each voxel
can be represented with an ellipsoid representing
the preferential direction of the diffusion of the
water molecules. (Figure 4 left). This ellipsoid,
in turn, can be represented mathematically by a
tensor (Figure 4 mid). Typical diffusion tensor
imaging measures are directly derived from the
tensor, like the fractional anisotropy or the mean
diffusivity. The fractional anisotropy represents
the degree of directionality of the voxel. When
the water diffusion is restricted to a certain di-
rection the fractional anisotropy is high, as in the
axons, where the water diffusion depends to the
tract direction. On the contrary, in areas where
there is no preferential diffusion direction (or
isotropy), such as CSE, the fractional anisotropy
is low. Another measure that can be extracted is
mean diffusivity, which measures the total dif-
fusion of the voxel, no matter the directionality.
In free water, as in the CSE diffusion is not re-
stricted, the mean diffusivity is high. In locations
where the water diffusion is determined by bi-
ological barriers, like inside the neurons and in
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Figure 5. Diffusion Tensor Imaging Principles and diffusion properties of the different brain tissues. Left- Diffusion of water

particles in each direction inside a determinate voxel. Mid-Tensor fitting. The diffusion information is used to estimate a mathematical

object called tensor. Right. Diffusion properties of the different brain tissues. Figure courtesy of Eduard Vilaplana.

the interstitial space, the mean diffusivity is low
(Weston et al., 2015).

Thus, in the CSF mean diffusivity is high and
fractional anisotropy is low, in the white matter
mean diffusivity is intermediate and fractional
anisotropy is high and in the gray matter mean
diffusivity and fractional anisotropy are inter-
mediate and low respectively (Figure 4 right).
The main advantage of diffusion weighted im-
aging is that it is able to detect changes at the
microstructural level (Weston et al., 2015). In
neurodegenerative diseases it is thought that
the breakdown of biological barriers like myelin
cell membranes or organelles would produce a
measurable change in the diffusion properties of
the tissue (Weston et al., 2015). Thus, diffusion
weighted imaging has proven to be a powerful
tool to assess brain changes in multiple neuro-
logic diseases (Agosta ef al., 2017). The potential
contribution of diffusion weighted imaging to an
early and more accurate diagnosis has received
special attention in recent years. As previously
explained, different measures can be extracted
from diffusion tensor imaging analyses. Typi-
cally, diffusion studies have focused on the study
of the white matter by means of diffusion tensor
imaging probably due to the technical difficulties
derived from the measurement of cortical mean
diffusivity (i.e. fractional anisotropy and mean

diffusivity measures) (Meeter et al., 2017). Not-
withstanding, cortical mean diffusivity may be a
valuable biomarker for the study of the earliest
cortical changes associated with FTLD.

Diffusion imaging and microstructure in FT-
LD-S. In the last decade, there has been a grow-
ing interest in diffusion weighted imaging as it
has been hypothesized that subtle microstruc-
tural changes could precede macrostructural
alterations (Alexander ef al., 2007). In FTLD-S,
the white matter microstructural abnormali-
ties as measured by DTI have been consistently
found to have a more widespread distribution
than gray matter volume loss (Steketee et al.,
2016). These observations have led some authors
to suggest that white matter disruption may be
more severe than gray matter damage in these
patients (Agosta ef al., 2015). However, previous
studies assessing grey matter microstructural
changes in FTLD-related syndromes are limit-
ed, probably because of the technical difficulties
of assessing microstructure at the cortical lev-
el (Whitwell, Avula, ef al., 2010). In contrast to
the white matter, the most common metric used
in the cortex is mean diffusivity, due to the ab-
sence of preferential diffusion direction (Fortea
et al., 2010; Weston et al., 2015). Our group has
recently reported following a surface-based ap-
proach, that cortical mean diffusivity may be a



sensitive biomarker for the study of the earliest
cortical microstructural changes in Alzheimer’s
disease (Montal et al., 2017). However, previous
reports of gray matter alterations in FTLD-S are
anecdotal (Whitwell, Avula, et al., 2010). Thus,
more research is required to understand the early
cortical microstructural alterations in FTLD-S.

Finally, the combination of different biomarkers
of the same modality (MRI for example) to ass-
es cortical macro- and micro-structure may im-
prove the potential for discrimination between
different neurodegenerative diseases. Particular-
ly, the combined study of cortical thickness and
cortical mean diffusivity may provide novel in-
sight into the topography of neurodegeneration
in FTLD-S. This may be of particular interest in
the case of milder stages of FTLD-S were corti-
cal atrophy is not yet evident but other diffusion
tensor imaging measures (such as cortical mean
diffusivity) may be able to elicit microstructur-
al changes at the cerebral cortex. Moreover, the
eventual correlation of this cortical microstruc-
tural changes with established biomarkers of
neurodegeneration in CSF (i.e. NfL) would fur-
ther support its neurodegenerative origin. This
approach has been proposed in previous stud-
ies. McMillan and collaborators showed that the
combined MRI/diffusion tensor imaging study
may be more accurate for the discrimination of
FTLD and Alzheimer’s disease (McMillan et al.,
2016) as well as different FTLD neuropatholog-
ical subtypes (McMillan et al., 2013). Overall,
the combined macro- and micro-structural ap-
proach may be further enriching our ability to
model FTLD-related neurodegeneration.

A multimodal biomarker approach
for the study of FTLD-related
neurodegeneration.

Because FTLD is a complex disease character-
ized by pathological and prognostic heterogene-
ity, a multimodal biomarker approach represents
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a powerful tool to investigate its pathophysiolog-
ical underpinnings by combining the informa-
tion provided by biomarkers ascribed to differ-
ent aspects of FTLD. As illustrated in Figure 6,
CSF biomarkers allow the evaluation of different
pathophysiological aspects of FTLD, including:
astroglial activity, synaptic activity, neuroaxonal
damage and neurodegeneration. Some of these
pathological mechanisms such as astroglial ac-
tivity or neuroaxonal injury may important pre-
dictors of disease progression.

On the other hand, multimodal biomarker stud-
ies enable us to assess the relationship between
specific pathophysiological aspects of FTLD and
imaging correlates of FTLD-related neurodegen-
eration. For example, some studies have found
lower levels of APP-derived peptides in FTLD-S
but the reason for this reduction remains un-
known. Mounting evidence supports the role of
APP at the synapse under physiological condi-
tions (Muller ef al., 2017). Because AB, ., AB, .
AB, . and sAPPP are generated by proteolytic
processing of APP, the finding of lower levels of
APP-derived peptides in CSF may suggest that
APP-derived peptides could be related to neu-
rodegeneration in FTLD. Overall, the correla-
tion between APP-derived peptides and cortical
thickness in patients with FTLD-S would sup-
port the role of APP-derived peptides as neuro-
degeneration biomarkers in FTLD. Importantly,
biomarkers can also be used to select FTLD-S
without underlying Alzheimer’s disease patho-
physiology (Dubois ef al., 2014). By doing this,
we would ascertain that the observed biomarker
changes are not related to concurrent Alzheim-
er’s disease pathology.

Another clinical scenario where biomarkers are
needed to increase diagnostic certainty of un-
derlying FTLD is FTLD-S lacking neuroimaging
signs of neurodegeneration on visual inspection.
In these cases, advanced diffusion tensor imag-
ing measures such as cortical mean diffusivity
may be able to elicit microstructural changes at



the cerebral cortex. The eventual correlation of ease progression (i.e. FTLD-CDR) would further
cortical microstructural changes with CSF bio- support the role of this advanced imaging bio-
markers related to neuroaxonal injury (i.e. NfL) marker as a neurodegeneration biomarker.

or its correlation with clinical measures of dis-

Synaptic
Astroglial dysfunction / Neuroaxonal
activity <>  Neural activity <> damage
YKL-40 AB1-42; AB1-40; NfL
AB1-38; SAPPB

Comorbid
Alzheimer’s disease
| AB1-42 and 1 BACE1
L AB1-42/AB1-40 ratioc  ««-:-
| AB1-42/AB31-38 ratio
1 p-tau; 1 t-tau
t YKL-40; t NfL

Figure 5. Multimodal biomarker approach for the study of frontotemporal lobar degeneration pathophysiology. Data on
biomarkers is shown in italics. The arrows reflect hypothetical relationships, not direct causal links between pathological mechanisms

and neurodegeneration.
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Hypotheses
General hypotheses

The pathological heterogeneity of FTLD-S war-
rants the identification of biomarkers to improve
diagnosis accuracy, disease progression and
prognosis. FTLD-associated neurodegeneration
may produce measurable changes in the CSF lev-
els of APP-derived peptides (such as SAPP, re-
flecting neuronal/synaptic loss), Neurofilament
light (reflecting neuroaxonal injury) and YKL-40
(reflecting astroglial activity), as well as changes
in cortical macro- and micro-structure. The un-
derstanding of these changes could be relevant
for the improvement of diagnostic accuracy, the
prediction of disease course and our understand-
ing of FTLD pathophysiology.

Specific hypotheses:

1. The CSF levels of sAPP(, YKL-40 and NfL
may be valuable biomarkers for the diagnosis
of FTLD.

2. The CSF levels of sSAPPf, YKL-40 and NfL may
reflect frontotemporal neurodegeneration and
may be useful for staging and prognostic pur-
poses of patients with FTLD-S.

3. Diffusion magnetic resonance imaging cap-
ture changes in the cortical microstructure
through changes in cortical mean diffusivi-
ty. Particularly, cortical mean diffusivity may
capture the earliest neurodegeneration-related
changes in the cortex of patients with bvFTD
even in the absence of cortical atrophy.

4. In the absence of Alzheimer’s disease patho-
physiology, the CSF levels of APP-derived
peptides (sAPPB, AP, ., AR, AP,,) may
reflect neurodegenerative changes in FTLD-S.

Chapter 2: Hypoteses and objectives |

Objectives
The specific objectives of this thesis are:

1. To study the clinical utility of the CSF levels
of sAPPf, YKL-40 and NfL for the diagnosis
of FTLD-S and evaluate their correlation with
cortical brain macrostructure.

2. To study the CSF levels of sAPPB, YKL-40 and
NfL along the ALS-FTD spectrum and eval-
uate their correlation with clinical measures,
disease progression and cortical brain macro-
structure.

3. To assess the cortical brain microstructural
changes in the bvFTD and its relationship with
cortical macrostructure.

4. To study the correlation between the CSF lev-
els of the APP-derived peptides (A, ., AB, .
AB, ., and sAPPP) and the cerebral macro-
structure in FTLD-S without Alzheimer’s dis-
ease pathophysiology, Alzheimer’s disease and
cognitively-healthy controls without Alzheim-
er’s disease pathophysiology.
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Abstract

Objective: We analyzed the clinical utility of
three cerebrospinal fluid (CSF) biomarkers and
their structural imaging correlates in a large
cohort of patients with different dementia and
parkinsonian syndromes within the spectrum of
frontotemporal lobar degeneration (FTLD).

Methods: We analyzed three CSF biomarkers
(YKL-40, sAPPf, NFL) and core Alzheimer’s dis-
ease (AD) biomarkers (AP, T-Tau, P-Tau) in
patients with FTLD-related clinical syndromes
(n=159): behavioral variant of frontotemporal
dementia (n=68), non-fluent (n=23) and seman-
tic (n=19) variants of primary progressive apha-
sia, progressive supranuclear palsy (n=28), and
corticobasal syndrome (n=21). We also includ-
ed patients with Alzheimer’s disease (AD; n=72)
and cognitively normal controls (CN, n=76).
We compared cross-sectional biomarker levels
between groups, studied their correlation with
cortical thickness and evaluated their potential
diagnostic utility.

Results: Patients with FTLD-related syndromes
had lower levels of sAPPPB than CN and AD
patients. The levels of SAPPP showed a strong
correlation with cortical structural changes in
frontal and cingulate areas. NFL and YKL-40
levels were high in both FTLD and AD groups
compared to controls. In the ROC analysis, the
ratios SAPPB/YKL-40 and NFL/sAPPp had areas
under the curve of 0.91 and 0.96, respectively,
distinguishing FTLD patients from CN, and of
0.84 and 0.85 distinguishing patients with FTLD
from patients with AD.

Conclusions: The combination of sAPPP with
YKL-40 and with NFL in CSF could be useful
to increase the certainty of the diagnosis of FT-
LD-related syndromes in clinical practice.

Introduction

Frontotemporal lobar degeneration (FTLD) is
the proposed neuropathological umbrella term
to describe the spectrum of frontotemporal de-
mentia syndromes and tauopathic parkinson-
isms. Its clinical manifestations are predominant-
ly personality changes and language alterations.
Frontotemporal dementia can occasionally asso-
ciate with motor symptoms (Bang et al., 2015).
From the neuropathological perspective, almost
all FTLD cases can be classified in one of three
subtypes according to the protein that aggregates
in the CNS: TDP-43, and accounting for ~50%
of cases (FTLD-TDP); Tau, found in ~40-45%
(FTLD-Tau); and FUS, present in less than 10%
of cases (FTLD-FUS) (Bang et al., 2015; Irwin et
al., 2015).

The diagnosis of FTLD can be challenging. The
correspondence between clinical syndrome and
underlying neuropathology is usually unpre-
dictable (Irwin et al., 2015; Josephs et al., 2011),
and the phenotype often overlaps with that of
Alzheimer’s disease (AD). Furthermore, symp-
toms can be mild and/or slowly progressive, and
complementary examinations can be uninforma-
tive, which hampers the diagnosis and the design
of specific protein-targeted therapeutic strategies
in FTLD.

Several cerebrospinal fluid (CSF) biomark-
ers have been studied to achieve a more accu-
rate diagnosis of FTLD. Tau and TDP-43 can
be detected in CSE but their measurement is
not sufficiently sensitive or specific for clinical
routine use (Feneberg et al., 2014; Irwin et al.,
2015; Oeckl et al., 2015; Steinacker et al., 2009;
Sudrez-Calvet et al., 2014). Core CSF biomarkers
for AD are not sufficiently adequate to diagnose
FTLD either (Irwin ef al., 2015). We analyzed the
clinical utility of the soluble  fragment of amy-
loid precursor protein (sAPP{, a marker of APP
processing), the marker of inflammation YKL-
40 (also known as chitinase-3 like 1 protein),
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and neurofilament light (NFL) in CSF and their
structural imaging correlates in a large cohort of
patients with FTLD-related clinical syndromes.

Materials and methods
Study participants and classification

We analyzed CSF samples from 307 participants
recruited in 5 centers in Spain: Hospital de la
Santa Creu i Sant Pau, Barcelona (HSP, n=173);
Hospital Clinic, Barcelona (HC, n=73); Hospital
Ramoén y Cajal, Madrid (HRC, n=24), Hospital
Santa Maria, Lleida (HSM, n=19), and Hospi-
tal Universitari Son Espases, Palma de Mallor-
ca (HSE, n=18). One hundred and two of these
participants were previously reported elsewhere
(Alcolea et al., 2014). Participants were classified
in one of the following clinical groups according
to internationally accepted diagnostic criteria:
possible or probable behavioral variant of fron-
totemporal dementia (bvFTD) (Rascovsky et al.,
2011); semantic variant of primary progressive
aphasia (svPPA) (Gorno-Tempini et al., 2011);
non-fluent variant of primary progressive apha-
sia (nfvPPA) (Gorno-Tempini et al., 2011); cor-
tico-basal syndrome (CBS) (Armstrong et al.,
2013); progressive supranuclear palsy (PSP) (Lit-
van et al., 1996); AD dementia with evidence of
the pathophysiological process (AD) (McKhann
et al, 2011); and cognitively normal controls
(CN) (Alcolea, Martinez-Lage, et al., 2015).

We also conducted a subgroup analysis in 149
participants who had a high level of certainty in
their diagnosis and in which there was sufficient
evidence to reliably predict the underlying prote-
inopathy (Figure e-1). This subset included pa-
tients with FTLD-related syndromes that either
had an FTLD-associated pathogenic mutation
(n=11), neuropathological confirmation (PSP=1
and CBD=4), or concomitant motor neuron dis-
ease (n=>5). These groups are known to be strong-
ly associated with a specific FTLD neuropathol-

ogy (FTLD-TDP or FTLD-Tau). We included
in this group patients with AD, since all had a
CSF profile indicative of the AD pathophysiolog-
ical process defined as abnormal amyloid-B,
(AB,,,) total Tau (T-Tau) and phosphorylated
Tau (P-Tau) levels (Alcolea, Martinez-Lage, et
al., 2015). We also selected CN that had normal
values of Ap,_,,, T-Tau and P-Tau (CN-CSEF).

Standard Protocol Approvals,
Registrations, and Patient Consents

All participants gave written informed consent
to participate. The local ethics committee at each
center approved the study.

CSF analysis

Eligibility to participate in the study included the
availability of CSF in all participants. Core AD
biomarkers (A, ,,, T-Tau and P-Tau) were ana-
lyzed at each center using commercially available
ELISA kits (Innotest™ B-Amyloid, , , Innotest™
YhTAU Ag, and Innotest™ Phospho-Tau
Fujirebio-Europe, Gent, Belgium) following pre-
viously reported methods (Alcolea et al., 2014;
Alcolea, Martinez-Lage, et al, 2015). sAPPB,
YKL-40 and NFL levels were analyzed at HSP us-
ing commercially available ELISA kits (Human
sAPPB-w highly sensitive, IBL, Gunma, Japan;
MicroVue™, Quidel, San Diego, CA, USA; and
NEF-light®, UmanDiagnostics, Umea, Sweden, re-
spectively) and following manufacturer’s instruc-
tions. The analyses of YKL-40 and NFL were per-
formed in a subset of 289 and 249 participants,
respectively (Figure e-1).

Genetic analysis

Genetic testing was performed in patients with a
familial history of dementia, and mutations were
found in C9orf72 (n=5), GRN (n=4), VCP (n=1)
or MAPT (n=1). APOE was genotyped in 181
participants, using previously described meth-
ods (Guardia-Laguarta et al., 2010).
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Structural imaging acquisition
and pre-processing

Although all participants had undergone routine
brain imaging as part of the clinical evaluation, a
subset of participants (n=115) from HSP (n=87)
and HC (n=28) had an MRI protocol suitable
for quantitative analysis. T1-weighted structural
MRI was acquired on a 3T scanner Philips Achie-
va 3.0T X-series (HSP) and Siemens Trio (HC).
Cortical reconstruction of the structural images
was performed at HSP as previously described
(Alcolea, Vilaplana, et al., 2015).

Statistical analysis

We used R statistical software (v.3.1.3.) for all
analyses. Non-normally distributed variables
were log-transformed to achieve a normal dis-
tribution for further bivariate and multivariate
analyses. To minimize the influence of possible
outliers and heterogeneity of variances, we used
robust linear models followed by weighted least
squares analysis of covariance (ANCOVA), in-
cluding age and centre as covariates when nec-
essary. We assessed the diagnostic utility of CSF
biomarkers using receiver operating character-
istic (ROC) curves as implemented in “pROC”
package for R. Lastly, we built classification tree
models as implemented in “rpart” package for R.
Further details about the statistical analysis are
provided in Supplemental Methods.

Correlation analyses between cortical thickness
and CSF biomarkers were performed using lin-
ear modelling of the thickness maps as imple-
mented in FreeSurfer software package, version
5.1 (http://surfernmr.mgh.harvard.edu) follow-
ing previously described methods (Alcolea, Vi-
laplana, et al., 2015).

Primary research question /
classification of evidence

Our primary research question was to determine
whether the use of CSF levels of sAPPf, YKL-40
and NFL or their ratios can distinguish patients
with FTLD-related syndromes from patients
with AD and from CN. This study provides Class
III evidence that CSF levels of sAPPP, YKL-40
and NFL are useful to identify patients with FT-
LD-related syndromes.

Results

Demographics, clinical data and core
AD biomarker levels

Table 1 shows demographics, clinical data and
biomarker levels in all groups. There were no
differences in sex. Age was significantly different
between groups and showed a significant correla-
tion with AP, ,,, T-Tau, P-Tau, YKL-40 and NFL.
Therefore, we included age as a covariate in the
analyses of these biomarkers. MMSE scores did
not differ between symptomatic groups. Disease
duration at the time of CSF collection was slight-
ly longer in patients with bvFTD than in patients
with nfvPPA and AD. The only difference in core
AD biomarkers among the FTLD-related clini-
cal syndromes were lower levels of AP, ,, in the
group of PSP patients compared to the group of
svAPP (Figure e-2).

Low levels of sAPPB and high levels of
YKL-40 and NFL in CSF in different
FTLD-related clinical syndromes

As shown in Figure 1, levels of sAPPB in CSF
were significantly lower in all FTLD-related clini-
cal syndromes than in CN and AD. There were no
differences in sAPPp levels between subgroups of
the FTLD-related clinical syndromes. In the anal-
ysis of participants with predictable underlying
proteinopathy, sAPPP levels were significantly



Clinical cohort (n=307)

bvFTD nfvPPA SVPPA cBS PSP AD CN p-value
n 68 23 19 21 28 72 76
64.8 67.7 67.4 726 67.9 708 60.2 1
Age (years) ©.7) (7.0 (9.94) (6.9) 6.9) (7.8) 83) <0L
Sex (% female) 39.7% 47.8% 47.4% 57.1% 50.0% 61.1% 59.2% 0.196
21.4 23.7 222 23.3 22.2 216 29.0 ,
bl (7.6) (5.4) (5.5) ©7) (5.2) (4.6) a <0
Disease duration 4.6 2.3 3.4 4.6 4.1 3.3 _ 0,003
(vears) 3.0) (1.2) @1 (2.5) 2.8) 2.2) '
653.0 637.7 764.5 480.1 4522 3463 728.0 .
AB,.,, (pg/ml) (270.7) (168.5) (247.6) (165.3) (198.6) (105.2) 191.6) <0.001
§ 273.8 376.2 315.4 2795 214.9 844.9 243.6 .
T-Tau (pg/ml) (151.5) (222.9) (158.3) (108.0) (131.6) (370.5) (259.5) 0L
e U T S U S R
546.6 639.6 596.9 556.4 543.7 1015.5 998.8 .
SAPPB (ng/ml) (243.3) (296.5) (233.8) (226.9) (246.0) (346.7) (429.0) <0001
roneuwy B mE mLoms  ms omsome o
2174.4 2042.4 2394.4 2264.3 .
NFL (ng/ml)* (2394.9) (617.3) (5881 (2765 14698(6569) 10518(306.4) 4613(2202)  <0.001
SAPPB/YKL-40 2.4 2.3 1.9 2.0 24 3.7 5.2 0001
ratio* 1.2 (1.0) 0.9) 0.8) ©.7) a.3) 2.0) :
. 5.2 2.9 3.7 43 3.4 1.1 0.5 ,
AR e @) (2.5) @7 2.6) (2.6) 0.8) 0.4) <0001
Increased diagnostic certainty (n=149)
FTLD-TDP FTLD-Tau AD-amyloid CN-CSF p-value
n 15 6 72 56
61.4 71.3 70.8 58.7 .
Age (years) (6.5) (8.6) 7.8) 8.0) <0.001
Sex (% female) 53.3% 33.3% 61.1% 60.1% 0.565
24.1 216 29.2 .
MMSE 56) na. e 00 <0.001
Disease duration 3.9 5.0 33 . 0.044
(years) (3.4) (2.7) (2.2) :
594.2 4164 3463 780.4 .
AB,.., (pg/ml) (236.4) 167.8) (105.2) (145.7) <Ol
269.0 276.8 844.9 194.0 .
T-Tau (pg/ml) (100.2) 17.4) (370.5) (64.1) <0.001
i 37.3 38.4 106.0 39.2 .
P-Tau (pg/ml) 8.9) (18.0) (34.5) a0.7) <0.001
2626.2 3973.6 1051.8 4476 .
L il (1609.3) (4251.1) (395.4) (207.4) <0.001
562.1 508.3 1015.5 972.8 .
SAPPB (ng/ml) (196.5) (339.6) (346.7) (383.8) <0.001
266.2 277.3 2803 195.9 .
YKL40 (ng/ml) (63.8) (45.1) (47.6) (43.0) <0.001
SAPPB/YKL-40 2.2 2.1 37 5.1 0001
ratio ©.7) (1.4) a.3) (1.9) :
. 49 10.7 1. 05 .
NFL/sAPP ratio (36) (12.6) ©08) 03) <0.001

TANOVA, F5,05=12.86. TukeyHSD post-hoc (p<0.05): bvFTD compared to CBS and AD. CN compared to bvFTD, nfvPPA, svPPA, CBS, PSP and AD
?ANOVA, F5,49=15.92. TukeyHSD post-hoc (p<0.05): CN compared to bvFTD, nfvPPA, svPPA, CBS, PSP and AD.

*ANOVA, F5,,5=3.71. TukeyHSD post-hoc (p<0.05): bvFTD compared to nfvPPA and AD. CBS compared to nfvPPA.
“Robust linear model followed by weighted least squares ANCOVA. TukeyHSD post-hoc comparisons are detailed in Figures 1, 2 and e2.
SANOVA, F3145=27.98. TukeyHSD post-hoc (p<0.05): FTLD-TDP compared to FTLD-Tau and AD. CN-CSF compared to FTLD-Tau and AD
SANOVA, F;1,6=59.33. TukeyHSD post-hoc (p<0.05): CN-CSF compared to FTLD-TDP and AD (MMSE information was not available for the FTLD-Tau group).
* The analyses of YKL-40 and NFL were performed in a subset of 289 and 249 participants, respectively.

Table |I. Demographics and CSF biomarker results in the diagnostic groups. Unless otherwise specified, results are presented as
means (standard deviation). P values were obtained by ANOVA (age, MMSE, disease duration), Chi-squared (sex) and ANCOVA (the
other variables). For biomarker analysis we applied a robust linear model followed by weighted least squares ANCOVA. Abbreviations:

bvFTD = behavioral-variant frontotemporal dementia; nfvPPA = non-fluent variant primary progressive aphasia; svPPA = semantic-

variant primary progressive aphasia; CBS = corticobasal syndrome; PSP = progressive supranuclear palsy; AD = Alzheimer’s disease; CN

= cognitively normal controls; FTLD-TDP = frontotemporal lobar degeneration-TDP; FTLD-Tau = frontotemporal lobar degeneration-

Tau; CN-CSF = cognitively normal controls with negative CSF biomarkers for AD; MMSE = mini-mental state examination.
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lower in both FTLD-Tau and FTLD-TDP groups
compared to CN-CSF and AD groups.

In contrast, YKL-40 levels were higher in all

symptomatic groups (including AD) than in CN.
The differences in YKL-40 levels between the

Clinical cohort (n=307)
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groups of PSP and CN were not statistically sig-
nificant (p=0.40). As shown in Figure 1, in the
subset of patients with increased diagnostic cer-
tainty, age-adjusted YKL-40 levels were higher in
the groups of FTLD-TDP and AD compared to
CN-CSE

Increased level of certainty (n=149)
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Figure |. Levels of sAPPB, YKL-40 and NFL in CSF across diagnostic groups. Abbreviations: bvFTD = behavioral-variant
frontotemporal dementia; nfvPPA = non-fluent variant primary progressive aphasia; syPPA = semantic-variant primary progressive
aphasia; CBS = corticobasal syndrome; PSP = progressive supranuclear palsy; AD = Alzheimer’s disease; CN = cognitively normal
controls. FTLD-TDP = frontotemporal lobar degeneration-TDP; FTLD-Tau = frontotemporal lobar degeneration-Tau; CN-CSF =
cognitively normal controls with negative CSF biomarkers for AD. Only statistically significant differences are displayed (ANCOVA and

post-hoc TukeyHSD).All results were adjusted for age, and correction for multiple comparisons was applied.
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NFL levels were higher in all symptomatic
groups compared to CN, and in most FTLD-re-
lated syndromes compared to AD. In the subset
with increased certainty, NFL levels were higher
in FTLD-TDP and FTLD-Tau compared to AD,
and in the three symptomatic groups compared
to CN-CSE

As shown in Figure 2, all FTLD-related clini-
cal syndromes had lower sAPPB/YKL-40 ratio
and higher NFL/sAPPp ratio than AD and CN
groups. In the subset with increased diagnos-
tic certainty, both FTLD-Tau and FTLD-TDP
groups had a lower sAPPB/YKL-40 ratio and a
higher NFL/sAPPp ratio than the AD and the
CN-CSF groups.
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Relationship of CSF biomarkers with
clinical and genetic variables in the
FTLD-related clinical syndromes

We analyzed the correlation between each of
the six CSF biomarkers and clinical variables
within the group of the FTLD-related clinical
syndromes. Age showed a mild direct correla-
tion with T-Tau (r=0.19, p=0.02), P-Tau (r=0.23,
p<0.01), sAPPB (r=0.16, p=0.05) and YKL-40
(r=0.27, p<0.01), an inverse correlation with
AP, (r=-0.22, p<0.01), and no significant cor-
relation with NFL (p=0.80). MMSE score only
showed a significant correlation with NFL (r=-
0.26, p=0.01). There was no correlation between
any of the biomarkers studied and disease dura-
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Figure 2. Levels of sAPPB/YKL and NFL/sAPPB ratios across diagnostic groups. Abbreviations: bvFTD = behavioral-variant
frontotemporal dementia; nfvPPA = non-fluent variant primary progressive aphasia; syPPA = semantic-variant primary progressive
aphasia; CBS = corticobasal syndrome; PSP = progressive supranuclear palsy; AD = Alzheimer’s disease; CN = cognitively normal
controls. FTLD-TDP = frontotemporal lobar degeneration-TDP; FTLD-Tau = frontotemporal lobar degeneration-Tau; CN-CSF =
cognitively normal controls with negative CSF biomarkers for AD. Only statistically significant differences are displayed (ANCOVA and

post-hoc TukeyHSD).All results were adjusted for age, and correction for multiple comparisons was applied.
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tion at the time of CSF collection. There were no
differences in the levels of any CSF biomarker
between APOEe4 carriers and non-carriers.

Diagnostic value of CSF sAPPB, YKL-
40 and NFL in FTLD

We compared the diagnostic utility of sAPP,
YKL-40 and NFL in CSF in the evaluation of FT-
LD-related syndromes. As shown in Figure 3A,
in the clinical cohort, sAPPf, YKL-40 and NFL
showed a good accuracy to distinguish FTLD-re-
lated syndromes from controls, with an area un-
der the curve (AUC) of 0.82 (95%CI 0.77-0.88),
0.79 (95%CI 0.73-0.85) and 0.93 (95%CI 0.90-
0.97), respectively. The combination of biomark-
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ers showed a better overall accuracy than single
biomarkers. The sAPPB/YKL-40 ratio had an
AUC of 0.91 (95%CI 0.87-0.95), which was sig-
nificantly higher than that for sSAPPP (p<0.001)
and for YKL-40 (p<0.001). The NFL/sAPPp ra-
tio had an AUC of 0.96 (95%CI 0.94-0.99), high-
er than that for sAPPP (p<0.001) and for NFL
(p<0.05). For core AD biomarkers, Ap,_,, T-Tau
and P-Tau, the individual AUC to distinguish
FTLD patients from CN were below 0.70 (data
not shown). The ratios T-Tau/Ap,,, and P-Tau/
A, yielded AUC values of 0.76 (95%CI 0.69-
0.83) and 0.68 (95%CI 0.61-0.76), respectively.
These values were significantly lower than those
yielded by the sAPPB/YKL-40 ratio and the NFL/
sAPPp ratio (p<0.001). As shown in Figure 3B,
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Figure 3. Analysis of CSF biomarkers’ diagnostic utility through receiver operating characteristic (ROC) curves. Abbreviations:
FTLD = frontotemporal lobar degeneration; CN = cognitively normal controls; CN-CSF = cognitively normal controls with negative
CSF biomarkers for AD; AD = Alzheimer’s disease; AUC = area under the curve.Values are expressed as AUC (Cl 95%).
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Figure 4. Relationship of cortical thickness with levels of sAPPB (A), YKL-40 (B) and NFL (C) in CSF in the group of FTLD-
related syndromes (n=34). All analyses were adjusted by age and centre. Only regions that survived family-wise error correction

(FWE p<0.05) are presented. The scatterplots show the relationship between each CSF biomarker and cortical thickness at the

maximum significant vertex (asterisks). The same analysis was performed in the groups of Alzheimer’s disease and cognitively normal

controls and showed no significant correlations between cortical thickness and CSF levels of SAPPB or YKL-40. NFL levels correlated

with cortical thickness in a small cluster of the left lateral temporal lobe in the Alzheimer’s disease group. There was no correlation

between cortical thickness and NFL levels in cognitively normal controls.
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the results were similar in the subset of partici-
pants with increased diagnostic certainty. Table
e-1 shows the best-fit cut-off values for sAPPJ,
YKL-40, NFL, and their ratios in our sample.

To distinguish FTLD patients from AD patients,
the AUC for the sAPPB/YKL-40 ratio and for the
NFL/sAPPp ratio were 0.84 (95%CI 0.78-0.90)
and 0.85 (95%CI 0.79-0.91), respectively, in the
clinical cohort (Figure 3C), and 0.85 (95%CI
0.76-0.95) and 0.91 (95%CI0.79-1.00) in the sub-
set with increased level of certainty, respectively
(Figure 3D).

In the classification tree analysis (Figure e-3), the
optimal model to classify our participants in one
of the three clinical groups (FTD, AD and CN)
was built upon a combination of NFL and sAPPf
(resubstitution error=22.4%, cross-validation er-
ror=27.3%). In the subset with increased level of
diagnostic certainty, the levels of NFL alone were
sufficient to classify correctly 85.2% of the partic-
ipants (resubstitution error 14.8%, cross-valida-
tion error 17.4%).

Imaging correlates of CSF sAPPB, YKL-
40 and NFL in FTLD

To investigate the correlation of sAPPP, YKL-40
and NFL levels with brain structure, we select-
ed a subset of 34 participants with FTLD-related
syndromes, 33 with AD and 48 CN-CSF who had
structural MRI suitable for quantitative analysis.
Table e-2 shows the demographics and clinical
characteristics of these groups. As seen in Figure
4, in the group of FTLD-related syndromes we
found a strong direct correlation between sAP-
P levels and cortical thickness, mainly in frontal
and cingulate areas. YKL-40 levels correlated in-
versely with cortical thickness in lateral and in-
ferior temporal areas. NFL levels correlated with
cortical thickness in frontal, temporal and pa-
rietal areas. Similar results were obtained when
patients scanned at HSP and patients scanned
at HC were analysed independently. In the AD

group, a lateral temporal cluster showed a sig-
nificant correlation with NFL levels (data not
shown). No other significant correlations were
found between cortical thickness and sAPPf,
YKL-40 or NFL levels in the CN-CSF or in the
AD groups.

Discussion

We found that sAPPP, YKL-40 and NFL in CSF
had a good diagnostic accuracy to discriminate
FTLD patients from controls. Levels of sAPPJ
were consistently reduced across the different
FTLD-related clinical syndromes compared to
AD patients and to CN, and levels of the inflam-
matory marker YKL-40 and of NFL were elevat-
ed in symptomatic groups (including AD) com-
pared to CN. In the structural imaging analysis,
sAPPP levels correlated strongly with cortical
thickness in patients with FTLD-related syn-
dromes, mainly in frontal and cingulate areas;
YKL-40 levels correlated with brain structure in
lateral and inferior temporal areas; and NFL lev-
els had a widespread correlation in frontal, tem-
poral and parietal areas.

Markers of the APP processing in CSF have been
investigated previously in FTLD. Some stud-
ies found a decrease in AB . and AP, , levels
in the CSF of patients with FTLD compared to
AD patients and controls (Bibl et al., 2007; Ga-
belle et al., 2011; Verwey et al., 2010). Moreover,
previous studies described a decrease in levels of
sAPPp in the CSF of FTLD patients (Alcolea et
al., 2014; Alexopoulos et al., 2012; Gabelle et al.,
2011). However, other authors did not find these
differences (Magdalinou ef al., 2015) and results
to date are inconsistent, likely due to the fact that
data were obtained in small single center cohorts
and that different assay platforms have been used
for the analyses. In this study, we gathered a large
collection of CSF samples from FTLD patients
and confirmed that levels of SAPPP were low in
all FTLD-related syndromes. The cause underly-
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ing this decrease remains unclear at this point.
Because the sAPPJ fragment is generated by pro-
teolytic processing from APP and APP is highly
expressed in neurons in frontal and perisylvian
areas, (Ferrari ef al., 2016) we hypothesize that
low levels in CSF could reflect the pronounced
neuronal loss and cortical atrophy in FTLD. This
hypothesis is supported by the strong correlation
between sAPPP and cortical thickness in FT-
LD-vulnerable areas, a finding of key importance
since atrophy in these regions is a characteristic
trait that has been incorporated into diagnostic
criteria (Rascovsky et al., 2011). A possible ex-
planation for the lack of decrease found in AD
patients could be a higher expression of APP
in FTLD-vulnerable areas than in AD-vulnera-
ble areas (middle-temporal, parietal) (Ferrari et
al., 2016). Moreover, a reduction in sAPPJ in
AD could be compensated by B-secretase over-
expression or by a defective clearance system in
the AD brain (Fukumoto et al., 2002; Holsinger
et al., 2002; Mawuenyega et al., 2010; Pera et al.,
2012; Yang et al., 2003). In any case, regardless
of the underlying mechanism, our data confirm
that this APP-derived metabolite is reduced in
CSF in FTLD and indicate that its levels correlate
with the characteristic imaging traits of the dis-
ease.

Neuroinflammation is a well-known pathophys-
iological component in AD and other neuro-
degenerative diseases (Wyss-Coray and Mucke,
2002). In FTLD, a variety of inflammatory mark-
ers have been reported to be elevated in the CSE,
although the clinical implications of these find-
ings are unclear (Hu et al., 2010; Oeckl ef al.,
2015). Previous studies have found that YKL-40
levels are increased in symptomatic FTLD (Al-
colea et al., 2014; Craig-Schapiro et al., 2010;
Teunissen et al., 2016) and in symptomatic and
asymptomatic stages of AD compared to CN
(Alcolea et al., 2014; Alcolea, Martinez-Lage, et
al., 2015; Janelidze et al., 2016). In the present
study, we expand this finding and report that this
increase is commonly found in various clinical,

pathological and genetic subtypes of FTLD. The
levels of YKL-40 in CSF in these patients might
therefore reflect glial activation, a common fea-
ture of neurodegenerative diseases in general
and of different FTLD-syndromes in particular.
These findings are in agreement with a recent
study by Teunissen et al. (Teunissen et al., 2016)
and support the notion that neuroinflammation
is a common phenomenon in FTLD, and that it
can be detected through CSF biomarkers. It will
be of interest to confirm whether this reaction
also occurs in the preclinical stages of the dis-
ease, as occurs in AD (Alcolea, Martinez-Lage,
et al., 2015).

NFL is an axonal cytoskeletal constituent essen-
tial for axonal growth (Meeter et al., 2016). An
increase in CSF levels of NFL has been described
in different neurological conditions and also in
healthy aging as a reflection of neuronal/axonal
damage (Landqvist Waldo et al., 2013; Meeter
et al., 2016; Scherling et al., 2014). In FTLD, the
levels of NFL in CSF correlate with the severi-
ty and progression of the disease (Meeter ef al.,
2016; Scherling et al., 2014). In line with these
findings, we found increased levels in all symp-
tomatic groups compared to CN and also in
FTLD-related clinical syndromes compared to
AD. Additionally, NFL was the only marker that
showed a significant correlation with clinical
measures (MMSE).

Taking advantage of the large sample size in our
study, we assessed the clinical utility of SAPP,
YKL-40 and NFL in CSE As reported previously,
we found that core AD biomarkers are not use-
tul to distinguish patients with FTLD from CN
(Grossman, 2010; Irwin et al., 2013). In contrast,
the sAPPB/YKL-40 ratio, NFL alone, and the
NFL/sAPPp ratio correctly classified 91%, 93%
and 96% of these participants, respectively. The
AUCs were higher in the subset of participants
with an increased diagnostic certainty. We be-
lieve that the combination of sAPPP with YKL-40
or with NFL could be of interest in certain clin-
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ical settings to distinguish patients with FTLD
from those with disorders with similar clinical
phenotypes, such as behavioral disturbances
found in psychiatric disorders and other FTLD
phenocopies. These biomarkers might also be
useful to interrogate the neuropathological sub-
strate in some clinical scenarios. For instance, in
patients with CBS, a CSF signature of AD (low
AB, ,, and high T-Tau and P-Tau) in the presence
of normal sAPPB/YKL-40 or NFL/sAPP ratios
might point towards an underlying AD, whereas
the opposite situation might indicate FTLD-Tau.
In contrast, a profile consisting of abnormal core
AD biomarkers and abnormal sAPPB/YKL-40 or
NFL/sAPPp ratios could indicate AD and FTLD
co-pathology.

It is worth stressing that none of the biomark-
ers studied or their combinations were specific of
FTLD-Tau or FTLD-TDP pathologies and can-
not therefore be used to discriminate between
the main pathologies underlying FTLD. Other
reliable and proteinopathy-specific biomarkers
are thus still needed to accurately distinguish be-
tween FTLD-Tau, FTLD-TDP and FTLD-FUS.

The main strength of this study is the large sam-
ple size, which allowed us to compare several
clinical, pathological and genetic variants of the
FTLD spectrum. Another strength is that the
analysis of levels of sAPPB, YKL-40 and NFL
in CSF was centralized in one laboratory. The
main limitation of the study is that in most cas-
es, diagnosis was made using clinical criteria
and misdiagnosis could therefore have occurred.
To overcome this limitation, however, we used
clinical and genetic information and established
biomarkers to increase the certainty of the diag-
noses and reliably predict the underlying prote-
inopathy when neuropathological confirmation
was not available.

Our findings could be useful to increase the cer-
tainty of the diagnosis in clinical practice and,
eventually, to select potential candidates for clin-

ical trials with treatments directed to both FT-
LD-Tau and FTLD-TDP subtypes. These are key
aspects to accelerate the development of effective
treatments for patients with FTLD.
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Supplementary material
Supplementary methods

We assessed normality of the variables using
the Kolmogorov-Smirnov test and homogenei-
ty of variances using Levene’s test. We used the
Chi-square test to assess differences in sex and
analysis of variance (ANOVA) for age, MMSE
score and disease duration. We used robust lin-
ear models followed by weighted least squares
analysis of covariance (ANCOVA) to analyze dif-
ferences in biomarker levels, including age and
centre as covariates when necessary. All p-values
in this analysis were corrected for multiple com-

parisons using Tukey’s “Honest Significant Dif-
ferences” post-hoc test.

Given a statistical power of 0.80, a general linear
model analysis with 6 or less degrees of freedom
in the numerator and 250 or more degrees of
freedom in the denominator allows the detection
of an effect size (f?) of 0.05 (alpha=0.05).

For receiver operating characteristic (ROC)
analyses, areas under the curve (AUC) were
computed with the trapezoidal rule, and confi-
dence intervals were estimated with DeLong’s
method. Two-sided tests (DeLong) were used
to compare ROC curves. Best-fit cut-off values
were obtained in the subset of participants with
an increased level of certainty in their diagnosis
setting the sensitivity level at 85%.

For the classification tree models, cross-validated
estimates of risk were computed, and trees were
subsequently pruned according to the best-fit
complexity parameter and the lowest estimate of
risk.

In the cortical thickness analysis, we applied a
Gaussian kernel of 15mm full-width at half max-
imum. Age, sex and centre were included as co-
variates. An initial vertex-wise threshold was set
at p=0.05 to find clusters. We tested Monte Carlo
simulation with 10000 repeats in Qdec (fami-
ly-wise error [FWE], p<0.05).
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Supplementary tables

FTLD ve. N el e
23:}::: Sensitivity Specificity Sensitivity Specificity

sAPPB 718ng/ml 86% 82% 6% 2%
YKL-40 212ng/ml 89% 66% 80% 62%
NFL 1336pg/ml 87% 100% 54% 100%
sAPPB/YKL-40 ratio 2.98 85% 89% 80% 87%
NFL/sAPPB ratio 1.83 87% 100% 70% 99%
AILDTE A2 e FiLbve 7280 158 FTLpve. 724D

sAPPB 718ng/ml 86% 82% 7% 82%
YKL-40 329ng/ml 89% 19% 85% 19%
NFL 1361pg/ml 87% 84% 53% 84%
sAPPB/YKL-40 ratio 3.01 89% 76% 82% 76%
NFL/sAPPB ratio 1.91 87% 93% 70% 93%

Table e-1. Cut-off values for sAPPB, YKL-40 and NFL to discriminate between FTLD and cognitively normal controls and
between FTLD and Alzheimer’s disease. Best-fit cut-off values were obtained for sAPPB,YKL-40, the sAPPB/YKL-40 ratio and NFL/
sAPPB ratio in the subset of participants with an increased level of certainty in their diagnosis (21 FTLD, 72 AD and 56 CN). Specificity
was optimized for a sensitivity level of at least 85%.The two columns on the right display the sensitivity and specificity of these cut-off
values when they were applied to the clinical cohort. Abbreviations: FTLD = frontotemporal lobar degeneration; CN = cognitively
normal control; CN-CSF = cognitively normal controls with negative CSF biomarkers for Alzheimer’s disease;AD = Alzheimer’s disease.
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Participants with structural MRI

FTLD (n=34) AD (n=33) CN-CSF (n=48) p

Age (years) 65.5(9.8) 70.8 (7.3) 57.8(7.5) <0.00123
Sex (% female) 46.7% 65.2% 64.6% 0.238

MMSE score 23.3(6.2) 23.1 (3.3) 29.2 (1.0 <0.001%8
I()):::::)e el 28(15) 33(1.7) - 0.923

AB,.., (pg/ml) 685.91 (236.06) 384.65 (94.34) 774.94 (137.6) <0.001'3
T-Tau(pg/ml) 334.42 (217.05) 839.15 (410.03) 189.29 (62.46) <0.001723
P-Tau (pg/ml) 51.23 (24.11) 102.15 (31.42) 38.98 (10.82) <0.001'3
sAPPB(ng/ml) 521.85 (227.09) 1058.8 (342.98) 965.36 (345.78) <0.001'2
YKL-40 (ng/ml) 274.38 (62.93) 282.27 (52.27) 194.25 (42.05) <0.00128
NFL (pg/ml) 2244.14 (1389.78) 882.46 (298.28) 4422 (220.61) <0.00128

TukeyHSD post-hoc (p<0.05): FTLD compared to AD

?TukeyHSD post-hoc (p<0.05): FTLD compared to CN-CSF

3TukeyHSD post-hoc (p<0.05): AD compared to CN-CSF

Table e-2. Demographics and CSF biomarker results in the subset of participants with structural MRI available for quantitative
analysis. We included 34 participants with one of the following diagnoses: behavioural-variant frontotemporal dementia (n=8), non-
fluent variant primary progressive aphasia (n=I1), semantic-variant primary progressive aphasia (n=10), corticobasal syndrome (n=3)
or progressive supranuclear palsy (n=2).We also included patients with AD dementia and evidence of the pathophysiological process
(n=33) and a group of cognitively normal participants with negative CSF biomarkers for AD (n=48). Unless otherwise specified, results
are presented as means (standard deviation). P values were obtained by ANOVA (age, MMSE, disease duration), Chi-Squared (sex) and
ANCOVA (rest of the variables). For biomarker analysis we applied a robust linear model followed by weighted least squares ANCOVA.
Abbreviations: FTLD = Frontotemporal lobar degeneration; AD = Alzheimer’s disease; CN-CSF = cognitively normal controls with

negative CSF biomarkers for AD. MMSE = mini-mental state examination.
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Supplementary figures

Clinical cohort (n=307)
Participants with clinical evaluation and CSF available for analysis

CSF analysis
Ap42 T-Tau P-Tau sAPPB YKL-40 NFL
306 307 307 307 289 249
v v

Increased diagnostic certainty (n=149)

FTLD-TDP

*Mutation in GRN (n=4)

+Mutation in VCP (n=1)

+C90rf72 expansion (n=5)

*Concomitant motor neuron disease (n=5)

FTLD-Tau
*Mutation in MAPT (n=1)
*Neuropathological diagnosis of CBD or PSP (n=5)

AD

*AD dementia with evidence of the pathophysiological
process (n=72)

CN-CSF

«Cognitively normal controls with negative CSF AD
biomarkers (n=56)

Figure e-1. Flow of participants. Abbreviations: FTLD-Tau = frontotemporal lobar degeneration-Tau; FTLD-TDP = frontotemporal

Subset with structural MRI suitable for
quantitative analyses (n=115)

FTLD
+Patients with FTLD-related clinical syndromes (n=34)

AD

+AD dementia with evidence of the pathophysiological
process (n=33)

CN-CSF

+Cognitively normal controls with negative CSF AD
biomarkers (n=48)

lobar degeneration-TDP; AD = Alzheimer’s disease; CN-CSF = cognitively normal controls with
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Figure e-2. Core AD CSF biomarkers across diagnostic groups. Abbreviations: bvFTD = behavioural-variant frontotemporal
dementia; nfvPPA = non-fluent variant primary progressive aphasia; svPPA = semantic-variant primary progressive aphasia; CBS =
corticobasal syndrome; PSP = progressive supranuclear palsy; AD = Alzheimer’s disease; CN = cognitively normal controls. FTLD-TDP
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Abstract

Objective: To investigate the clinical utility of 3
cerebrospinal fluid (CSF) biomarkers along the
clinical spectrum of amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD).

Methods: We analyzed 3 CSF biomarkers: the
soluble f3-fragment of amyloid precursor pro-
tein or sAPPf3, YKL-40 and Neurofilament light
(NfL) in FTD (n=86), ALS (n=38) and a group
of age-matched cognitively normal controls
(n=49). FTD participants with a CSF profile of
Alzheimer’s disease were excluded. We com-
pared cross-sectional biomarker levels between
groups, studied their correlation with cognitive
and functional scales (global cognitive z-score,
FTLD-CDR, revised ALS Functional Rating
Scale and ALS progression rate), survival and
cortical thickness.

Results: We found increased levels of YKL-40
and decreased levels of sAPP{} in both FTD and
ALS groups, compared to controls. The low-
est SAPPR3 levels and sAPPf3/YKL-40 ratio were
found in the FTD group. In FTD, sAPP{} and
the sAPP{3/YKL-40 ratio correlated with the dis-
ease severity. In the whole ALS-FTD spectrum,
NfL levels and the NfL:sAPP{} ratio correlat-
ed with global cognitive performance (r=-0.41,
p<0.001 and r=-0.44, p<0.001, respectively). In
the ALS group, YKL-40 correlated with disease
progression rate (r=0.51, p=0.001) and was inde-
pendently associated with a shorter survival. In
both FTD and ALS groups, the SAPP3/YKL-40
ratio showed a positive correlation with cortical
thickness in frontotemporal regions.

Conclusions: sAPP{3, YKL-40 and NfL could
represent valuable tools for the staging and prog-
nosis of patients within the ALS-FTD clinical
spectrum.

Introduction

Amyotrophic lateral sclerosis (ALS) is a progres-
sive paralytic disorder, defined by motor neuron
degeneration (Brown and Al-Chalabi, 2017).
However, patients with ALS may also display a
continuum of cognitive and behavioral changes
and up to 20% of ALS patients can be also diag-
nosed of some of the frontotemporal dementia
(FTD)-related syndromes (Ng et al., 2015; Wool-
ley and Strong, 2015).

ALS and FTD share a common pathological
hallmark that consists of the presence of TAR
DNA binding protein (TDP-43) inclusions in the
brain (Al-Chalabi et al., 2012; Mackenzie and
Neumann, 2016; Neumann et al., 2006). Nearly
95% of ALS and 50% of FTD cases show par-
tially overlapping patterns of TDP-43 inclusions
across frontotemporal structures (Al-Chalabi et
al., 2012; Mackenzie and Neumann, 2016; Neu-
mann et al., 2006). In addition, neuropathologic
and genetic studies have suggested that neuroin-
flammation may play a central role in the patho-
physiology of ALS and FTD (Brettschneider et
al., 2013; 2014; Dols-Icardo et al., 2018; Radford
et al., 2015).

Cerebrospinal (CSF) biomarkers may provide
important insights into this clinical and patho-
logical continuum by tracking different aspects
of the pathophysiology. The axonal marker neu-
rofilament light chain (NfL) is increased in CSF
in ALS and FTD, reflects disease severity and
correlates with brain atrophy (Menke ef al., 2015;
Scherling et al., 2014). We previously showed
that levels of the soluble B fragment of amyloid
precursor protein (sSAPPP) are decreased in CSF
in FTD and correlate with frontotemporal neu-
rodegeneration (Alcolea et al., 2017). In addi-
tion, YKL-40 (also known as Chitinase-3-like 1
protein or CHI3L1), a marker of astrocytic ac-
tivity, is increased in CSF in FTD (Alcolea et al.,
2014) but reports in the ALS-FTD continuum
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are limited (Bonneh-Barkay ef al., 2010; Thomp-
son et al., 2018).

We aimed to investigate the CSF levels of sAPPS,
YKL-40 and NfL in the entire ALS-FTD spectrum,
and evaluate their correlation with clinical meas-
ures, disease progression and cortical thickness.

Methods
Study participants and classification

We analyzed CSF samples of 181 participants of
the Sant Pau Initiative on Neurodegeneration
(SPIN cohort: https://santpaumemoryunit.com/
our-research/spin-cohort/). Patients with FTD
were evaluated at the Memory Unit and were
classified in one of the following clinical groups
according to current diagnostic criteria: behavio-
ral variant of frontotemporal dementia (bvFTD)
(Rascovsky ef al., 2011), semantic variant of pri-
mary progressive aphasia (svPPA)(Gorno-Temp-
ini et al., 2011), non-fluent agrammatic primary
progressive aphasia (nfaPPA), progressive supra-
nuclear palsy (PSP) and corticobasal syndrome
(CBS) (Armstrong et al., 2013; Hoglinger et al.,
2017). Patients with FTD and pathophysiolog-
ical evidence of Alzheimer’s disease ([AD], as
defined by a t-tau/Af}, , ratio > 0.52)(Alcolea et
al., 2014) were excluded according to the current
diagnostic criteria (Armstrong ef al., 2013). Dur-
ing follow-up, patients with FTD were actively
screened for signs or symptoms suggestive of
motor neuron involvement and were referred to
the Motor Neuron Disease (MND) clinic for fur-
ther clinical and electrophysiological evaluation.
Patients with FTD with confirmed motor neuron
involvement were included in the ALS group.

Patients with ALS were prospectively recruit-
ed from the MND clinic at the Hospital de Sant
Pau. Patients included in the study fulfilled El
Escorial revised criteria for probable, probable
laboratory-supported or definite ALS (Brooks

et al., 2000). All patients underwent a cognitive
and behavioral screening that included a sepa-
rate interview with a reliable informant and the
administration of the Edinburgh Cognitive and
behavioral ALS Screen (ECAS) (Niven et al.,
2015). ALS patients were classified according to
previously reported criteria in one of the follow-
ing groups: ALS without cognitive or behavioral
impairment (ALSni), ALS with cognitive or be-
havioral impairment (ALSci-bi) and ALS-FTD
(Strong et al., 2017). For the main group com-
parisons, ALS-FTD participants were included
in the ALS group.

Finally, a group of age-matched cognitively nor-
mal controls was randomly-selected from the
SPIN cohort (Alcolea et al., 2017; Sala et al., 2017).
Eighty-one (47%) participants have been previ-
ously reported elsewhere.(Alcolea et al., 2017)

Sample composition

We included 86 patients with FTD, 38 with ALS
and 49 cognitively normal controls. Among FTD
patients, we included 46 cases of bvFTD, 8 pa-
tients with svPPA, 12 with nfaPPA and 20 within
the PSP-CBS spectrum (Armstrong ef al., 2013;
Hoglinger et al., 2017). The ALS group included
10 ALSni, 14 ALSci, 3 ALSci-bi and 11 ALS-FTD
cases.

CSF analysis

Availability of CSF was required for the inclusion
in the study. All biomarkers were analyzed at the
Sant Pau Memory Unit Laboratory with com-
mercially available ELISA kits of sAPPf3, YKL-40
and NfL (human sAPP{3-w, highly sensitive, IBL,
Gunma, Japan; MicroVue, Quidel, San Diego,
CA; NF-light, UmanDiagnostics, Umea, Swe-
den, respectively) following previously reported
methods and manufacturer’s instructions (Al-
colea et al., 2014; 2015; 2017).
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Disease-staging and cognitive measures

In patients with FTD, we obtained the modi-
fied frontotemporal lobar degeneration clinical
dementia rating (FTLD-CDR) as previously de-
scribed (Knopman ef al., 2008). In patients with
ALS, we obtained the revised ALS functional
rating scale (ALSFRS-R) at the time of CSF sam-
pling, and then calculated the ALS progression
rate by dividing its value by the time from disease
onset to CSF sampling, as previously described
(Labra et al., 2016). We defined disease onset as
the time when the first symptom was observed
(cognitive/behavioral or motor) according to
the information provided by the patient or the
informants. A total of 150 (83%) participants
underwent a complete neuropsychological eval-
uation within 6 months of CSF sampling, us-
ing a previously described protocol (Sala et al.,
2017). In the FTD group, we z-transformed the
raw values of neuropsychological measures using
means and standard deviations of the group of
age- and sex-matched controls selected for this
study (all with a CDR sum of boxes of 0). A glob-
al cognitive score was calculated by averaging
the following scores: CERAD list recall, CERAD
list recognition, Boston Naming Test, Semantic
fluency, Phonologic fluency, reverse digit span,
Trail Making Test part A and B and the number
location subtest of the Visual Object and Space
Perception battery. In the ALS group we z-trans-
formed the raw values of the ECAS total score
using means and standard deviations of the con-
trol group selected for this study.

Genetic analysis and neuropathological
study

All patients were screened for the C9orf72 ex-
pansion. Additionally, patients with familial
history of neurodegenerative diseases or psy-
chiatric illness were screened for other known
causal genes of FTLD (MAPT, GRN) and ALS
(TBK1, VCP, TARDBP). Mutations were found in
C9orf72 (n =5), GRN (n=1), VCP (n=1), TARD-

BP (n=1). Four participants in the ALS group
(10.5%) and two in the FTD group (2.3%) had
autopsy confirmation of motor neuron disease
and FTLD, respectively.

Image acquisition, processing
and analysis

A structural MRI was available for quantification
in a subsample of 82 patients. Sixty-five partic-
ipants were scanned on a 3T Philips Achieve
using a T1-weighted MPRAGE protocol with a
repetition time of 8.1 milliseconds, echo time
of 3.7 milliseconds, 160 slices and voxel size of
0.94x0.94x1mm. Seventeen participants were
scanned on a different 3T Philips Achieva using
a T1-weighted MPRAGE protocol with a repe-
tition time of 6.74 milliseconds, echo time of
3.14 milliseconds, 140 slices and a voxel size of
0.9x0.9x1.2 mm. Briefly, surface-based cortical
reconstruction was performed using FreeSurfer
v5.1 software package (http://surfernmr.mgh.
harvard.edu) as previously reported (Dale et
al., 1999; Montal et al., 2017). After a slice-by-
slice visual inspection of the pial and white mat-
ter surface segmentation, 12 participants were
excluded due to processing errors, leading to a
final sample of 70 participants (21 ALS and 49
FTD). In this sample, a vertex-wise general lin-
eal model (as implemented in FreeSurfer v5.1)
was used to assess the correlation between CSF
biomarkers and cortical thickness for each group
independently (ALS and FTD). Specifically, for
each surface vertex, a general lineal model was
computed using cortical thickness as dependent
variable and CSF values as independent vari-
able. All these analyses were covariated by age,
sex and magnetic resonance equipment. To con-
trol for false positives, a Monte-Carlo simulation
with 10000 repeats as implemented in FreeSurfer
(FWE < 0.05) was tested.


http://surfer.nmr.mgh.harvard.edu)
http://surfer.nmr.mgh.harvard.edu)
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Statistical analysis

Differences between groups were assessed using
ANOVA or t-test for continuous variables and
the Chi-square for dichotomous or categorical
data. Biomarker raw values not following a nor-
mal distribution were log-transformed to achieve
a normal distribution. We calculated correlations
between CSF biomarkers levels using Pearson’s
coefficient. For these analyses, we considered
normally-distributed log-transformed values
of CSF biomarkers when these did not follow a
normal distribution. In the ALS group, we per-
formed Cox regression analysis incorporating age
at diagnosis, ALSFRS-R score, sex and onset site
(spinal vs bulbar) as prognostic covariates. We
also performed a univariate survival analysis by
means of the Breslow test due to the high short
term mortality in the ALS group. For the NfL sur-
vival analysis, participants were dichotomized in
two groups according to the median NfL levels.
For the YKL-40 survival analysis, participants
were dichotomized according to the optimal
YKL-40 cut-off (best Youden ] index) for the dif-
ferentiation between ALS patients and controls
(AUC= 0.709 [95% CI: 0.595-0.824], p=0.001;
cut-off=262). Statistical significance for all tests
was set at 5% (a= 0.05) and all statistical tests
were two-sided. All analyses were performed us-
ing SPSS 24 (Armonk, NY: IBM Corp.).

Standard protocol approvals,
registrations, and patient consent

The study was approved by the local ethics com-
mittee and was conducted in accordance with
the Declaration of Helsinki. All participants gave
their written informed consent to participate in
the study.

Data availability
The datasets analyzed during the current study

are available from the corresponding author on
reasonable request.

Primary research question/
classification of the evidence

Our primary research question was to determine
whether the CSF levels of sAPPP, YKL-40, and
NfL, or their ratios relate to clinical measures of
cognitive impairment, disease progression rate
and frontotemporal cortical thickness within the
ALS-FTD continuum. This study provides Class
III evidence that CSF levels of sAPP{3, YKL- 40,
and NfL are useful to assess frontotemporal neu-
rodegeneration and the progression rate in the
ALS-FTD continuum.

Results
Demographics and clinical data

Table 1 shows the demographics, clinical data
and biomarker levels in the FTD, ALS and con-
trol groups. There were no differences in age, sex
or disease duration at CSF sampling between
groups. Age at CSF sampling showed a mild cor-
relation with YKL-40 levels (r=0.32, p<0.001) in
the entire cohort. Disease duration at the time
of CSF sampling correlated inversely with sAP-
P} and NfL levels (r=-0.22, p=0.02 and r=-0.24,
p=0.01, respectively). As expected, the FTD
group had worse cognitive performance than
the ALS group and both FTD and ALS groups
were more cognitively impaired than the control
group (H(2)=57.2, p<0.001).

Different sAPPB levels in the FTD and
ALS group

CSF levels of sAPP3 differed between groups
(figure 1). The FTD and ALS groups showed
lower sAPP{3 levels than controls. The FTD group
had lower sAPPf3 levels than the ALS group, and
this difference remained significant after ex-
cluding patients with ALS-FTD from the ALS
group. However, the differences in the sAPPJ
levels between the ALS and control group were
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FTD ALS Controls
n (% of total sample) 86 (49.7) 38(22) 49(28.3)
Age at disease onset, years 64.2 (15.2) 66.6 (11.1) =
Age at CSF sampling, years 67.8(14.6) 69.2 (12.1) 66.3 (10.3)
Women, n (%) 32(37.2) 20 (43.5) 23 (46.9)
Cognitive z-score -2.4(20) -1.6(1.9) -
Single CSF biomarkers
SAPPR, ng/mL 480 (294) 581.1 (373.4) 795.7(687.2)
YKL-40, ng/mL 266.7 +78.2¢ 287.2+90.3¢ 224.4 + 57.9%
NfL, pg/mL 1250 (1609)P 3082 (2280) 520 (249)%
Biomarker ratios
SAPPR:YKL-40 1.9 (1) 2.24 (1.4 4.1 (3.6)
NfL:sAPPR 2.61 (4.3) 5.32 (6)%° 0.56 (0.7)
NfL:YKL-40 5.02 (4.9)> 11.78 (8.5)% 2.27 (1.2)

Table |. Clinical and CSF data of the participants. Quantitative variables are shown as mean * standard deviation, for continuous

variables following a normal distribution and as median (interquartile range) for quantitative variables that were not normally distributed.

Categorical variable are described with the number of participants and the relative frequency (%); a: different from FTD (p<0.05); b:

different from ALS (p<0.05); c: different from controls (p<0.05); ns: no significant differences between groups (p>0.05). Abbreviations:

FTD = Frontotemporal Dementia; ALS = Amyotrophic Lateral Sclerosis; CSF = Cerebrospinal Fluid.

no longer significant when ALS-FTD patients
were excluded from the ALS group (post-hoc:
DMS, p=0.066, 95% CI of the mean difference of
log(sAPPf3): -0.44 to 0.01).

Higher levels of YKL-40 and NfL in
patients with ALS

As shown in table 1 and figure 1, YKL-40 lev-
els were higher and the sAPP3:YKL-40 ratio was
lower in the FTD and ALS groups compared to
controls, but no differences were noted between
the FTD and ALS groups. As previously report-
ed, CSF NfL levels were different in the three
groups: the highest NfL levels were observed in
the ALS group, followed by the FTD group and
the control group. Similar differences were ob-

served between groups for the NfL:sAPP{} and
NfL:YKL-40 ratios (table 1).

Imaging correlates of sAPPB, YKL-40
and the sAPPB:YKL-40 ratio

We next studied a subset of 70 participants with
structural MRI suitable for quantitative analyses.
As shown in figure 3, there was a direct corre-
lation of the sAPP{:YKL-40 ratio with the cor-
tical thickness in the ALS and FTD groups. In
ALS, this correlation was found in the superior
temporal areas bilaterally, and in the lateral fron-
tal regions in the left hemisphere. In FTD, this
correlation was found as a bilateral widespread
significant map in both temporal and frontal re-
gions and the precuneus.
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Figure 3. Relationship of cortical thickness with the sAPPB:YKL-40 ratio in the ALS (n=21) and FTD groups (n=49). A)
Relationship of cortical thickness with the sAPPB:YKL-40 ratio levels in the ALS group (n=21, including 6 ALS-FTD patients); B)
Relationship of cortical thickness with the sAPPB:YKL-40 ratio levels in the FTD group (n=49, without ALS-FTD patients). Red colored
regions represent a direct correlation. For illustrative purposes, a scatterplot shows the individual log(sAPPB:YKL-40) and the value of
cortical thickness in the corresponding cortical region (marked with a white asterisk).



Chapter 4: CSF sAPPB,YKL-40, and NFL along the ALS-FTD spectrum

CSF biomarkers across the ALS
subgroups

No differences in age, sex or disease duration at
CSF sampling were noted between the ALS sub-
groups based on cognitive or behavioral symp-
toms (data available from Dryad [table 3] https://
doi.orgl0.5061/dryad.59sm77d). As expected, the
ALSci-bi group showed a lower performance in
the ECAS total score than the ALSni group, reflect-
ing lower cognitive performance. No differences
in CSF biomarkers were found neither between
the different clinical subgroups of ALS patients
nor between ALS patients with and without FTD
as shown in the data available from Dryad (tables
3-4) https://doi.org10.5061/dryad.59sm77d.

Relationships between CSF biomarkers
and cognitive measures

In the whole sample, the global cognitive per-
formance as measured by the cognitive z-score
showed the highest correlation with NfL levels
and the NfL:sAPP{} ratio (r=-0.41, p<0.001 and

r=-0.44, p<0.001, respectively), with lower corre-
lations for levels of sSAPPf3 and YKL-40 (r=0.27,
p=0.001 and r=-0.25, p=0.002, respectively).
However, when we restricted the analysis to the
ALS group no correlations were found between
CSF biomarkers and the cognitive z-score.

Relationships between CSF
biomarkers, disease severity and
progression rate in FTD and ALS

In patients with FTD, the FTLD-CDR score
showed the highest correlation with the sAP-
P{3:YKL-40 ratio (r=-0.42, p=0.001, figure 2A).
The FTLD-CDR score also correlated with sAP-
P8 and NfL levels (r=-0.38, p=0.002, r=0.39,
p=0.002, respectively) but not with YKL-40
(r=0.12, p=0.35). In the ALS group, none of the
biomarkers correlated with disease severity, as
measured by the ALSFRS-R. However, levels of
YKL-40 and to a lesser extent levels of NfL cor-
related with the ALS progression rate (r=0.51,
p=0.001, and r=0.39, p=0.02, respectively figure
2B).
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Figure 2. Relationships between cerebrospinal fluid biomarkers and measures of disease severity and progression in ALS and
FTD. A) Correlation between sAPPB:YKL-40 ratio (log-transformed) and FTLD-CDR score in the FTD group (including the ALS-FTD
patients with available FTLD-CDR scores, n=6); B) correlation between the raw YKL-40 levels and the ALS progression rate in the ALS

group (including the ALS-FTD subgroup).
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NfL and YKL-40 CSF levels are
associated with a shorter survival
in ALS

We finally investigated the relationship between
NfL and YKL-40 and survival in the ALS group
(mean follow-up of 11,6 months from the base-
line assessment [SD=20.4], number of deaths:
18 [47,4%]). As shown in table 2, higher base-
line levels of both NfL and YKL-40 were asso-

ciated with a shorter survival in patients with
ALS (for NfL, HR=1.0004, p=0.003; for YKL-
40 HR=1.012, p=0.005). When we introduced
both NfL and YKL-40 levels in the model, only
YKL-40 levels remained significant (HR=1.009,
p=0.048). As shown in figure 4, Kaplan-Meier
survival curves showed different survival curves
of ALS patients when stratified by NfL and YKL-
40 levels (Breslow test, NfL. p=0.036, YKL-40,
p=0.045).

95% Confidence

Hazard ratio Interval p value

Model 1 (-2LL*=76.2, p=0.006)

Age at disease onset 0.970 0.908-1.035 0.356
Gender (male) 0.857 0.229-3.204 0.819
ALFRS-R at CSF sampling 0.991 0.931-1.054 0.767
Bulbar onset 0.457 0.114-1.822 0.267
YKL-40 1.012 1.004-1.020 0.005
Model 2 (-2LL+*=78.2, p=0.004)

Age at disease onset 1.009 0.939-1.083 0.807
Gender (male) 1.178 0.288-4.829 0.820
ALFRS-R at CSF sampling 1.005 0.946-1.067 0.875
Bulbar onset 0.338 0.079-1.439 0.142
NfL 1.00036 1.000122-1.000598 0.003
Model 3 (-2LL+=73.7, p=0.001)

Age at disease onset 0.981 0.911-1.056 0613
Gender (male) 1.207 0.283-5.150 0.799
ALFRS-R at CSF sampling 1.007 0.944-1.074 0.835
Bulbar onset 0.364 0.086-1.541 0.170
YKL-40 1.009 1.000-1.018 0.048
NfL 1.000219 0.999950-1.000488 0.111

Table 2. Cox proportional hazards survival models in patients with ALS. Cox proportional hazards survival models were performed
in the ALS group (n=38).We set three different models.We first introduced in the three models age at disease onset, ALSFRS-R at CSF
sampling and site of onset (bulbar vs spinal) as independent variables and survival time as the dependent variable (mean follow-up of | 1.6
months, with 18 deaths [47.4%] at the end of follow-up time). In model | we added the CSF levels of YKL-40 as independent variable. In
model 2 we added the CSF levels of NfL as independent variable. Finally,in model 3 we added both the CSF levels of YKL-40 and NfL as
independent variables. Key:-2LL: Log-Likelihood ratio (lower values indicate a better model fit).
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Figure 4. Survival analysis in ALS patients, stratified by YKL-40 and NfL CSF levels. Survival analysis in ALS patients (n=38),

stratified by YKL-40 (A) and NfL CSF levels (B). For the YKL-40 survival analysis, participants were dichotomized according to the
optimal YKL-40 cut-off (best Youden ] index) for the differentiation between ALS patients and controls (AUC= 0.709 [95% CI: 0.595-
0.824], p=0.001; cut-off=262). For the NfL survival analysis, participants were dichotomized in two groups according to the median NfL

levels. p-values of Breslow (Generalized Wilcoxon) test are listed.

Discussion

We report decreased levels of sAPPf3 and in-
creased levels of YKL-40 in the ALS-FTD clin-
ical spectrum. Importantly, the ratio of sAP-
P{3:YKL-40 correlated with cortical atrophy in
frontotemporal regions in ALS and FTD. Finally,
we also describe that CSF levels of YKL-40 cor-
relate with progression rate and survival in ALS.

Neuroinflammation is a relevant pathophysio-
logical component in ALS and other neurode-
generative diseases (Heneka ef al., 2015; Philips
and Robberecht, 2011; Querol-Vilaseca et al.,
2017). In ALS, microglial activation has shown to
directly contribute to neuronal death (Frakes et
al.,2014). Biomarkers that track neuroinflamma-
tory activity, such as YKL-40, may be a valuable
tool for monitoring the inflammatory response
during the disease course. YKL-40 (also known
in the literature as chitinase-3-like 1 protein) has

been found to be expressed by astrocytes in hu-
man brain tissue in healthy controls and in differ-
ent neurodegenerative diseases (Querol-Vilaseca
et al., 2017). Interestingly, CSF levels of YKL-40
correlate with disease progression in multiple
sclerosis (Comabella et al., 2010). We show that
YKL-40 levels in CSF are increased in ALS. Two
previous reports have investigated CSF YKL-40
levels in patients with ALS (Bonneh-Barkay ef
al., 2010; Thompson ef al., 2018). In one of these
studies, YKL-40 and two other chitinases were
found differentially abundant between ALS pa-
tients and controls (Thompson et al., 2018).
Notably all chitinases levels correlated with dis-
ease progression rate. Our results confirm the
increase of YKL-40 in ALS and its correlation
with progression rate. Conversely, the authors of
this recent work found and association between
CHIT1 but not YKL-40 level and survival, while
we found that YKL-40 was indeed associated
with a shorter survival (Thompson et al., 2018).
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It is possible that methodological differences in
the sample composition (i.e. inclusion of patients
with progressive lateral sclerosis and progressive
muscular atrophy) and the assay used may ex-
plain the observed differences. Taken together,
these results reinforce previous evidence under-
lying the close relation between neuroinflamma-
tion and progression rate in ALS (Boillee ef al,
2006; Yamanaka et al., 2008).

We also report lower CSF levels of sSAPPR in ALS
when compared to age-matched controls. We
previously reported a reduction of CSF sAPPf{3
levels across multiple FTLD-related syndromes
levels in a large multicentre study (Alcolea et al,
2017). These results have been recently replicated
in an autopsy-confirmed FTLD cohort (Alcolea
et al., 2018). In those previous studies, the cor-
relation of sSAPPR3 levels with cortical thickness
in frontotemporal areas led us to speculate that
sAPP83 levels may reflect neuronal loss in fron-
totemporal areas where the amyloid precursor
protein is predominantly expressed (Ferrari
et al., 2017). We hypothesize that the observed
intermediate levels of sAPP3 in ALS patients
could be related to lesser pathological burden in
frontotemporal areas of ALS patients when com-
pared to FTD patients. This may explain why the
observed differences between the CSF levels of
sAPPp in the ALS group compared to the con-
trol group were no longer significant when ALS-
FTD patients were excluded from the ALS group.
Our imaging findings support this hypothesis as
well, as we found a direct correlation of the sAP-
P3:YKL-40 ratio with cortical thickness in fron-
totemporal regions in the ALS and FTD groups.

We also measured the CSF levels of NfL, an es-
tablished biomarker of neurodegeneration in
the ALS-FTD continuum. NfL is an axonal cy-
toskeletal constituent essential for axonal growth
(Scherling et al., 2014). NfL levels have been
found elevated in the CSF and serum of ALS pa-
tients as well as in other brain disorders such as
AD and traumatic brain injury (Mattsson ef al.,

2016; Neselius et al., 2014). Consistent with the
previous evidence supporting the NfL in CSF as
a diagnostic biomarker in ALS, we found clear
differences in the CSF levels of NfL of patients
and controls. NfL levels separated patients from
controls in a much cleaner manner than sAPP3
and YKL-40. In addition to its role in diagnosis,
NfL levels have also been related to ALS progres-
sion (Gaiani ef al., 2017). We found that NfL and
YKL-40 levels at diagnosis predicted a shorter
survival in ALS patients after adjusting for other
established prognostic factors. Moreover, when
we introduced both biomarkers in the Cox pro-
portional hazards survival model, only YKL-40
levels remained significant. However, caution is
needed in drawing firm conclusions around an
independent role of YKL-40 levels and further
studies are needed to ascertain the specific con-
tribution of NfL and YKL-40 CSF levels to sur-
vival in ALS. Our results confirm previous re-
sults with NfL and further suggest that YKL-40
may be a useful addition in the prognostic eval-
uation of ALS (Oeckl et al., 2016; Steinacker et
al., 2016).

The main strengths of this study are the prospec-
tive design and the detailed cognitive and behav-
ioral evaluation of all patients. We applied a pro-
spective deep phenotyping protocol that allowed
us to investigate in detail correlations between
CSF biomarkers and cognitive performance, dis-
ease severity and progression rate in the patients
within the ALS-FTD continuum. This study has
also some limitations. Although we found sig-
nificant differences in the CSF levels of sAPP{3
and YKL-40 between patients and controls, we
observed a considerable overlap between groups.
Although this overlap may limit its value as diag-
nostic markers when used in isolation, its combi-
nation with other established biomarkers such as
NfL may add significant prognostic information.
Finally, the study lacks pathological confirma-
tion of the diagnosis in most cases and misdiag-
nosis could have occurred. However, misdiagno-
sis in ALS is rare and FTD patients with evidence
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of AD pathophysiology in their CSF biomarker
profile were excluded to avoid the inclusion of
patients with atypical variants of AD that may
have been misdiagnosed as FTD.

This study supports the role of neuroinflamma-
tion in the ALS pathophysiology and progres-
sion. Further longitudinal studies should inves-
tigate the effect of SAPP8 and YKL-40 (alone or
combined with NfL) on the progression rate and
prognosis. These are key aspects to accelerate
the development of effective disease-modifying
treatments for patients with ALS.
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Supplementary material

ALSni ALSci-bi ALS-FTD
n (%) 10 (26) 17 (45) 11 (29)
Age at onset, years 60.6 (17.1) 67.2(9.2) 69.2 (13.4)
Women, n (%) 3(27.3) 11 (64.7) 3(27.3)
Time from symptom onset to CSF sampling, years 1.2(1.9) 2.3(3.5) 2(7)
Bulbar onset, n (%) 2 (20) 4(23.5) 1(9.1)
Cognitive and functional evaluation
ECAS total score’ 110 (19.5)° 86 (15.5) 93.5(31)
ALSFRS-R 37(12) 38 (14.5) 34(14)
ALS progression rate 0.67 (0.77) 0.45 (0.84) 0.24 (0.7)
Single CSF biomarkers
CSF sAPPR, ng/mL 585.8 (465.5) 584.5 (438.1) 577.8 (241.6)
CSF YKL-40, ng/mL 296.6 £ 73.2 284.8 +108.7 275.7+74.2
CSF NfL, pg/mL 3691 (1561) 3070 (2357) 2229 (27471)

Table e-1. Comparison of patient characteristics and CSF biomarkers between ALS subgroups. Quantitative variable are shown
as mean * standard deviation for continuous variables following a normal distribution and as median (interquartile range) for quantitative
variables that were not normally distributed. Categorical variable are described with the number of subjects and the relative frequency
(%); a: different from FTD (p<0.05); b: different from ALS (p<0.05); c: different from controls (p<0.05); ns: no significant differences
between groups; t:Available in 27/38 (71%) cases. Abbreviations:ALSni = Amyotrophic Lateral Sclerosis without cognitive or behavioral
impairment; ALSci-bi = Amyotrophic Lateral Sclerosis with Behavioral and/or cognitive impairment; ALS-FTD = Amyotrophic Lateral
Sclerosis with Frontotemporal Dementia; ALSFRS = Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised; ECAS = Edinburgh
Cognitive and behavioral ALS Screen; CSF = Cerebrospinal Fluid.



Chapter 4: CSF sAPPB,YKL-40, and NFL along the ALS-FTD spectrum

ALS ALS-FTD
N (total = 46) 27 (71) 11 (29)
Age at onset, years 63.5 (8.6)™ 69.2 (13.4)
Women, n (%) 15 (55.6)" 3(27.3)™
Time from symptom onset to CSF sampling, years 1.62 (2.1) 2 (7)s
Bulbar onset, n (%) 6 (22.2) 1(9.7)
Cognitive and functional evaluation
ECAS total score 89 (23)" 93.5(31)™
Cognitive z-score -1.83 £1.5m -2.05 £ 2.4n¢
ALSFRS-R 38 (13) 34 (14)
ALS progression rate 0.54 (0.77) 0.24 (0.70)

Single CSF biomarkers
CSF sAPPR, ng/mL
CSF YKL-40, ng/mL

CSF NfL, pg/mL

584.5 (427.1)
289.2 + 95.7

3648 (2043)

577.8 (241.6)™
275.7 + 74.2%

2229 (2741)

Table e-2 Comparison of patient characteristics and CSF biomarkers between ALS subgroups. Quantitative variable are
shown as mean * standard deviation for continuous variables following a normal distribution and as median (interquartile range) for
quantitative variables that were not normally distributed. Categorical variable are described with the number of subjects and the relative
frequency (%); a: different from FTD; b: different from ALS; c: different from controls; ns: no significant differences between groups.
Abbreviations = ALSni, Amyotrophic Lateral Sclerosis without cognitive or behavioral impairment; ALSci-bi = Amyotrophic Lateral
Sclerosis with Behavioral and/or cognitive impairment; ALS-FTD = Amyotrophic Lateral Sclerosis with Frontotemporal Dementia;
ALSFRS-R = Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised; ECAS = Edinburgh Cognitive and behavioral ALS Screen;

CSF = Cerebrospinal Fluid.






Chapter 5

Cortical microstructure in
the behavioral variant of
frontotemporal dementia:
looking beyond atrophy






Chapter 5: Cortical microstructure in the behavioral variant of frontotemporal dementia: looking beyond atrophy |

Paper accepted for publication in

(december 21 2018)

Title:
CSF sAPPf, YKL-40, and NfL along the ALS-FTD spectrum

Authors:

Ignacio Illan-Gala, MD"*; Victor Montal, MSc'?; Sergi Borrego-Ecija, MD* Eduard
Vilaplana, MSc, PhD"? Jordi Pegueroles, MSc"?* Daniel Alcolea, MD, PhD"* M=
Belén Sanchez-Saudinds, MSc!; Jordi Clarimon, PhD'?; Janina Turdén-Sans’, MD;
Nuria Bargallo, MD*, PhD; Sofia Gonzalez-Ortiz, MD, PhD? Howard ]. Rosen,
MD, PhD¢ Maria Luisa Gorno-Tempini, MD, PhDS Bruce L. Miller, MD, PhD?;
Albert Llad6, MD, PhD?; Ricard Rojas-Garcia, MD, PhD’; Rafael Blesa, MD, PhD"%
Raquel Sanchez-Valle, MD, PhD?*", Alberto Lle6, MD, PhD"*"; Juan Fortea, MD,
PhD"**”; on behalf of the Catalan Frontotemporal Dementia Initiative (CATFI) and
the Frontotemporal Lobar Degeneration Neuroimaging Initiative (FTLDNI).

! Memory Unit, Department of Neurology, Hospital de la Santa Creu i Sant Pau, Biomedical
Research Institute Sant Pau, Universitat Autonoma de Barcelona, Barcelona, Spain.

? Centro de Investigacion Biomédica en Red de Enfermedades Neurodegenerativas.
CIBERNED, Spain.

* Alzheimer’s Disease and Other Cognitive Disorders Unit, Department of Neurology, Hospital
Clinic, Institut d'Investigacié Biomeédica August Pi i Sunyer, University of Barcelona, Barcelo-
na, Spain.

* Radiology Department, Hospital Clinic de Barcelona and Magnetic Resonance Image Core
Facility, Institut d’Investigacions Biomediques August Pi I Sunyer (IDIBAPS), Barcelona.

> Department of Radiology, Hospital del Mar, Barcelona, Spain.

¢ Memory and Aging Center, Department of Neurology. University of California San Francisco,
San Francisco, United States.

7 Neuromuscular Diseases Unit, Department of Neurology, Hospital de la Santa Creu i Sant Pau,
Universitat Autonoma de Barcelona, Barcelona, Spain.

8 Barcelona Down Medical Center. Fundaci6 Catalana de Sindrome de Down. Barcelona, Spain.

* The authors Ignacio Illan-Gala and Victor Montal contributed equally to this work

** These authors share senior authorship

Corresponding author:

Juan Fortea, Memory Unit, Neurology Service. Hospital de la Santa Creu i Sant Pau.
Sant Antoni M? Claret, 167. 08025 Barcelona (Spain).

Tel: +34-935565986 Fax: +34-935565602

E-mail address: jfortea@santpau.cat






Chapter 5: Cortical microstructure in the behavioral variant of frontotemporal dementia: looking beyond atrophy |

Abstract

Cortical mean diffusivity has been proposed as
a novel biomarker for the study of the cortical
microstructure in Alzheimer’s disease. In this
multicenter study, we aimed to assess the cor-
tical microstructural changes in the behavioral
variant of frontotemporal dementia (bvFTD);
and to correlate cortical mean diffusivity with
clinical measures of disease severity and CSF
biomarkers (neurofilament light and the soluble
fraction beta of the amyloid precursor protein).
We included 148 participants with a three-Tes-
la MRI and appropriate structural and diffusion
weighted imaging sequences: 70 bvFTD pa-
tients and 78 age-matched cognitively healthy
controls. The modified frontotemporal lobar
degeneration clinical dementia rating was ob-
tained as a measure of disease severity. A subset
of patients also underwent a lumbar puncture
for CSF biomarker analysis. Two independent
raters blind to the clinical data determined the
presence of significant frontotemporal atro-
phy to dichotomize the participants into possi-
ble or probable bvFTD. Cortical thickness and
cortical mean diffusivity were computed using
a surface-based approach. We compared corti-
cal thickness and cortical mean diffusivity be-
tween bvFTD (both using the whole sample and
probable and possible bvFTD subgroups) and
controls. Then we computed the Cohen’s d ef-
fect size for both cortical thickness and cortical
mean diffusivity. We also performed correlation
analyses with the modified frontotemporal lobar
degeneration clinical dementia rating score and
CSF neuronal biomarkers. The cortical mean
diffusivity maps, in the whole cohort and in the
probable bvFTD subgroup, showed widespread
areas with increased cortical mean diffusivity
that partially overlapped with cortical thick-
ness, but further expanded to other bvFTD-re-
lated regions. In the possible bvFTD subgroup,

we found increased cortical mean diffusivity in
frontotemporal regions, but only minimal loss
of cortical thickness. The effect sizes of cortical
mean diffusivity were notably higher than the
effect sizes of cortical thickness in the areas that
are typically involved in bvFTD. In the whole
bvFTD group, both cortical mean diffusivity
and cortical thickness correlated with measures
of disease severity and CSF biomarkers. How-
ever, the areas of correlation with cortical mean
diffusivity were more extensive. In the possible
bvFTD subgroup, only cortical mean diffusivity
correlated with the modified frontotemporal lo-
bar degeneration clinical dementia rating. Our
data suggest that cortical mean diffusivity could
be a sensitive biomarker for the study of the neu-
rodegeneration-related microstructural changes
in bvFTD. Further longitudinal studies should
determine the diagnostic and prognostic utility
of this novel neuroimaging biomarker.

Abbreviations

bvFTD = behavioral variant of frontotempo-
ral dementia; CATFI = catalan frontotemporal
dementia initiative; CSF = cerebrospinal fluid;
FTD-ALS = frontotemporal dementia-amyo-
trophic lateral sclerosis; FTLD = frontotemporal
lobar degeneration; FTLD-CDR = frontotempo-
ral lobar degeneration clinical dementia rating;
FTLDNI = frontotemporal lobar degeneration
neuroimaging initiative; FTLD-Tau = tau sub-
type of frontotemporal lobar degeneration; FT-
LD-TDP = transactive response DNA-binding
protein 43 kDa subtype of frontotemporal lobar
degeneration; HSP = hospital de sant Pau; HCB
= hospital clinic de Barcelona; MRI = magnetic
resonance imaging; NfL = neurofilament light;
PSP-CBD: progressive supranuclear palsy-cor-
ticobasal degeneration; sAPPP = soluble frag-
ment-beta of the Amyloid Precursor Protein;
UCSEF = university of California san Francisco.
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Introduction

Frontotemporal lobar degeneration (FTLD) is
a neuropathological construct encompassing
multiple neurodegenerative diseases sharing
partially overlapping patterns of frontal and/or
temporal grey matter neurodegeneration (Bang
et al., 2015). The behavioral variant of fronto-
temporal dementia (bvFTD) is a common clin-
ical presentation of FTLD (Seo et al, 2018).
Clinically, bvFTD is characterized by progressive
personality changes followed by social, cognitive
and functional deterioration (Ranasinghe et al.,
2016). With the exception of genetically deter-
mined cases, the diagnosis of bvFTD relies on
the clinical and neuroimaging features (Rascov-
sky et al., 2011; Wood et al., 2013). The refine-
ment of the diagnostic criteria proposed by the
frontotemporal dementia consortium has been
an important step forward to improve the diag-
nosis of the bvFTD. Furthermore, these criteria
have shown a good diagnostic value in patholo-
gy-confirmed cases (Balasa ef al., 2015; Chare et
al.,2014; Perry et al., 2017; Rascovsky et al., 2011;
Seo et al., 2018). In the frontotemporal dementia
consortium criteria, the presence of frontal and/
or temporal atrophy increases the diagnostic
certainty once the clinical criteria for possible
bvFTD are met. However, a number of patients
are still misdiagnosed with other neurodegener-
ative and non-neurodegenerative diseases (Bang
et al., 2015). Several factors, such as the absence
of prominent cortical atrophy in up to a third of
the patients (Ranasinghe ef al., 2016; Rascovsky
et al., 2011), may contribute to misdiagnosis.
Conversely, possible bvFTD may include both
neurodegenerative cases in early phases of the
disease and non-neurodegenerative phenocop-
ies (Gossink et al., 2016; Khan et al., 2012). Thus,
the development of novel biomarkers able to
increase the diagnostic certainty of FTLD is es-
sential (Binney et al., 2017; Downey et al., 2015;
Lam et al., 2013; Meeter et al., 2017). These are
key aspects for the detection of patients with FT-
LD-related syndromes, especially at the earliest

phase in clinical practice and for the selection of
candidates to trials with protein-specific target-
ed therapies that may be more effective in earlier
stages (Elahi and Miller, 2017).

Most neuroimaging studies in bvFTD have been
focused on the cortical macrostructure with
different metrics (grey matter density in vox-
el-based morphometry studies or cortical thick-
ness in surface-based analyses) (Elahi ef al., 2017;
Mahoney, Simpson, et al., 2014; Meeter et al.,
2017) or white matter microstructural properties
(namely diffusion tensor imaging metrics such
as, fractional anisotropy). However, diffusion
tensor imaging can also be used to measure the
magnitude of diffusivity (mean diffusivity), in
the cerebral cortex (Weston et al., 2015; Montal
et al., 2017). Higher cortical mean diffusivity val-
ues reflect microstructural disorganization and
disruption of cellular membranes, and have been
proposed as a sensitive biomarker which might
antedate macroscopic cortical changes (Weston
et al., 2015). However, only a single small study
has assessed mean diffusivity changes in fronto-
temporal dementia (Whitwell ef al., 2010). In that
previous study no clear differences were found
between gray matter density and gray matter
mean diffusivity, as assessed on a voxel-based ap-
proach. However, the voxel-based approach may
fail to capture the subtle tissue-specific changes
that take place at the cortical level (Weston et al.,
2015).

In bvFTD, there are no validated pathophysiolog-
ic biomarkers to reflect the underlying pathology,
with the exception of pathogenic mutations that
predict specific FTLD subtypes. However, CSF
biomarkers may also contribute to our under-
standing of FTLD pathophysiology (Lleo et al.,
2018; Meeter et al., 2017). Particularly, the CSF
levels of neurofilament light (NfL) (an axonal cy-
toskeletal constituent essential for axonal growth)
have shown to be a useful neurodegeneration bi-
omarker in FTLD-related syndromes (Menke ef
al., 2015; Scherling et al., 2014). In addition to
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NfL, we have recently shown that the levels of the
soluble fragment-beta of the Amyloid Precursor
Protein (sAPPP) (Alcolea et al., 2017) may be
useful to track neurodegeneration in frontotem-
poral structures in frontotemporal dementia (Al-
colea et al., 2017; Illan-Gala I et al., 2018).

In this multicentre study, we aimed to assess the
cortical mean diffusivity changes in a large multi-
center cohort of bvFTD patients, and to correlate
these changes with clinical measures of disease
severity (FTLD-CDR) and CSF biomarkers (NfL
and sAPPf). We hypothesized that cortical mean
diffusivity may be more sensitive than cortical
thickness to detect the cortical changes associat-
ed with bvFTD.

Material and Methods
Study participants

Participants were recruited in three different
centers from two collaborative studies: The Cat-
alan Frontotemporal Dementia Initiative (CAT-
FI) and the Frontotemporal Lobar Degeneration
Neuroimaging Initiative (FTLDNI).

The CATFI is a multicenter study focused on the
development of novel biomarkers and therapeu-
tic interventions for patients suffering from fron-
totemporal dementia. The CATFI study includes
patients from three centers (Hospital de Sant Pau
[HSP], Hospital Clinic de Barcelona [HCB] and
Hospital Arnau de Vilanova). The principal in-
vestigator of the CATFI study is Dr. Alberto Lleo.
The primary goals of FTLDNI are to identify
neuroimaging modalities and methods of anal-
ysis for tracking FTLD and to assess the value of
imaging versus other biomarkers in diagnostic
roles. The Principal Investigator of FTLDNI is
Dr. Howard Rosen at the University of Califor-
nia, San Francisco (UCSF). For up-to-date infor-
mation on participation and protocol, please vis-
it: http://memory.ucsf.edu/research/studies/nifd.

The inclusion criteria in this study were: (i) diag-
nosis of possible or probable bvFTD according to
the frontotemporal dementia consortium criteria
(Rascovsky et al., 2011); and (ii) 3T MRI study
available for structural and cortical mean dif-
fusivity analysis (see below for details). In both
cohorts the diagnosis was made by neurologists
with expertise in the evaluation the FTLD-re-
lated syndromes after an extensive neurological
and neuropsychological evaluation. Moreover,
patients were followed longitudinally at each
center to ascertain if they presented a progres-
sive clinical deterioration or developed a second
FTLD-related syndrome (i.e. amyotrophic later-
al sclerosis or a progressive supranuclear palsy
phenotype). Because the diagnosis of bvFTD has
been related to non-neurodegenerative condi-
tions in some cases that do not show the typi-
cal clinical progression, we identified bvFTD
patients with increased certainty of underlying
FTLD when any of the following criteria were
met: (i) clinical evidence of disease progression
(clinical deterioration evidenced during fol-
low-up or progression to a second phenotype
related to FTLD); (ii) genetic confirmation of
FTLD (identification of a pathogenic mutation);
(iii) confirmation of FTLD in those patients with
neuropathological evaluation.

Figurel shows the flowchart of the sample com-
position. A total of 192 participants with appro-
priate 3T structural and diffusion-weighted MRI
were considered for analysis. Of these, 44 (23%)
participants were excluded due to quality control
issues or processing errors. All the excluded cas-
es were bvFTD patients.
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CATFI FTLDNI
Center: HSP Center: HCB Center: UCSF
61 bvFTD 17 bvFTD 36 bvFTD
37 controls 20 controls 21 controls
| J
|

192 participants with a 3T MRI and appropriate diffusion weighted
imaging sequence

N
Final sample available for cortical

37 incorrect segmentation
7 Diffusion tensor imaging
processing errors

—>

y
mean diffusivity analyses (n=148)

70 bvFTD
30 Possible bvFTD (43%)

HSP: 41 bvFTD / 37 controls
HCB: 14 bvFTD / 20 controls

40 Probable bvFTD (57%)

UCSF: 15 bvFTD / 21 controls

Figure |. Flowchart of the sample composition. Abbreviations:

bvFTD = behavioral variant of frontotemporal dementia; CATFI =

catalan frontotemporal dementia initiative; FTLDNI = frontotemporal lobar degeneration neuroimaging initiative; HSP = hospital de sant

Pau; HCB = hospital clinic de Barcelona; UCSF = university of Califo

Clinical measures of disease severity

The modified frontotemporal lobar degenera-
tion clinical dementia rating (FTLD-CDR) was
obtained as previously described, as a measure
of disease severity the bvFTD (Knopman et al.,
2008). Higher scores in the FTLD-CDR reflect a
higher disease severity.

Genetic studies

Patients were screened for genetic mutations
known to cause autosomal dominant inheritance
of frontotemporal dementia as previously report-
ed (Illan-Gala I et al.,, 2018; Perry et al., 2017).

rnia san Francisco.

Pathological assessment

Neuropathological assessments were performed
at the Barcelona brain bank (n=1) or at UCSF
(n=5) following previously described procedures
(Tartaglia et al., 2010; Balasa et al., 2015). Pathol-
ogy-proven FTLD cases were classified in one of
the major molecular subtypes (tau, TDP-43, FUS
or unclassifiable).

MRI acquisition

MRIs (3 T) were acquired at three different sites.
The acquisition parameters by center can be
found in the Supplementary Material. All centers
had a structural MPRAGE T1-weighted acqui-
sition of approximately 1 X 1 X 1 mm isotropic
resolution and an EPI diffusion-weighted acqui-
sition of at least 2.7 X 2.7 X 2.7 mm isotropic res-
olution.
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Possible/Probable classification
according to MRI atrophy on visual
inspection

In order to determine the presence of significant
frontotemporal atrophy consistent with the diag-
nosis of probable bvFTD according to the fron-
totemporal dementia consortium criteria (Ras-
covsky et al., 2011), all the MRIs from bvFTD
participants analyzed in this study (n=114) were
visually inspected by two independent raters
blinded to the clinical data in order to determine
the presence of significant frontotemporal atro-
phy to dichotomize the participants into possi-
ble bvFTD (bvFTD patients with a negative or
conflicting atrophy rating) or probable bvFTD
(bvFTD patients rated as positive atrophy by the
two raters)(Rascovsky et al., 2011).

CSF sampling and analysis

A subset of 32 CATFI patients had also cere-
brospinal fluid (CSF) available. We measured
the CSF levels of NfL and sAPPJ as previously
described (Alcolea et al., 2014; 2015; 2017). All
biomarkers were analyzed at the Sant Pau Mem-
ory Unit Laboratory with commercially available
ELISA kits (NF-light, Uman Diagnostics, Umea,
Sweden; human sAPPR3-w, highly sensitive, IBL,
Gunma, Japan).

Cortical thickness processing

Cortical thickness reconstruction was performed
with the Freesurfer package v5.1 (http://surfer.
nmr.mhg.hardvard.edu) using a procedure that
has been described in detail elsewhere (Fischl
and Dale, 2000). All individual cortical recon-
structions were visually inspected in a slice-by-
slice basis to check for accuracy of the grey/white
matter boundary segmentation. From the initial
114 bvFTD subjects with 3T MRI available from
the three centers, 37 (32.5%) were excluded due
to segmentation issues. Cognitively healthy con-
trols scans did not require manual editing. Fi-

nally, each individual reconstructed brain was
registered, and cortical thickness maps were
morphed, to the fsaverage standard surface pro-
vided by Freesurfer, using a spherical registra-
tion, enabling an accurate inter-subject match-
ing of cortical locations for the computation of
further statistics. Prior to statistical analyses, we
smoothed the cortical thickness maps using a
Gaussian kernel with FWHM of 10mm as imple-
mented in Freesurfer (Hagler ef al., 2006).

Cortical mean diffusivity processing

We used a previously described home-made
surface-based approach to process cortical dif-
fusion MRI (Montal ef al., 2017). Recent stud-
ies have shown the potential of surface-based
methods to measure microstructural changes in
neurodegenerative diseases (Montal ef al., 2017;
Parker et al., 2018) and the cortical architecture
(Ganepola et al., 2017). An important advantage
of these methods is the mitigation of partial vol-
ume effects or kernel-sensitive CSF signal inclu-
sion during the smoothing step (Coalson et al.,
2018). Briefly, diffusion weighted imaging data
were first corrected for motion effects applying
a rigid body transformation between the b=0
image and the diffusion-weighted acquisitions.
Then, after removing non-brain tissue using the
Brain Extraction Tool, diffusion tensors were fit-
ted and mean diffusivity was computed using the
ESLs dtifit command. We then computed the aft-
ine transformation between the skull-stripped b0
and the segmented T1-weighted volume using a
boundary-based algorithm as implemented in
Freesurfer’s bbregister. This approach takes ad-
vantage of the accurate segmentation of the white
matter surface and pial surface obtained during
the Freesurfer’s segmentation (cortical thickness
processing section), to accurately register the
b0 and the T1-weighted image, maximizing the
intensity gradient across grey matter and white
matter between both volumes. At this point, all
the diffusion to T1 registrations were visually in-
spected to exclude those subjects with an erro-
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neous co-registration. Then, the mean diffusivity
volume for each individual was sampled at the
midpoint of the cortical ribbon (half the distance
along the normal vector between the white mat-
ter surface and the gray matter surface) and pro-
jected to each individual surface reconstruction
obtained during the Freesurfer processing, to
create a surface map of cortical mean diffusivity
(using Freesurfer’s mri_vol2surf command). Fi-
nally, individual cortical mean diffusivity maps
were normalized to an average standard surface
using a spherical registration, enabling an accu-
rate inter-subject matching of cortical locations
for the statistical analyses. Prior to statistical
analyses, we applied a Gaussian kernel of 15 mm
as implemented in Freesurfer, in order to obtain
equivalent data effective smoothing between cor-
tical thickness and cortical mean diffusivity (Be-
janin et al., 2018; La Joie et al., 2012).

Cortical mean diffusivity
harmonization between centers

Diffusion tensor imaging metrics are very sensi-
tive to acquisition parameters (Zhu et al., 2011).
Thus, harmonization approaches are required
to mitigate center-specific differences in multi-
center studies. We applied a multi-center harmo-
nization algorithm based on ComBat, in order
to reduce center-specific differences in cortical
mean diffusivity quantifications prior to any
statistical analysis (Fortin et al., 2017). Briefly,
ComBat uses an empirical Bayes framework to
estimate the additive (mean) and multiplicative
(variance) contribution of each site, at each ver-
tex, for a specific diffusion tensor imaging met-
ric, and corrects these effects. Importantly, this
approach allows the inclusion of biological infor-
mation (such as clinical group, age or biomark-
ers), and it has been reported to preserve with-
in-site biological variability, thereby increasing
the statistical power.

Statistical methods

Group differences in the clinical and biomark-
er data were assessed using t-test or ANOVA
for continuous variables, and Chi-squared tests
were used for dichotomous or categorical data.
Biomarker values not following a normal distri-
bution were log-transformed. Statistical analyses
were performed with the IBM SPSS Statistics 25
(IBM corp.) software. Statistical significance for
all tests was set at 5% (a=0.05), and all statistical
tests were two-sided.

We first performed group comparisons for corti-
cal mean diffusivity and cortical thickness with a
two-class general linear model, as implemented
in Freesurfer, comparing bvFTD and the cog-
nitively healthy controls groups. These analyses
were repeated for each center independently.
Moreover, as it has been reported that some pos-
sible bvFTD cases may represent either non-neu-
rodegenerative cases or cases with a slowly pro-
gressive clinical course, we also compared the
patterns of cortical thickness and cortical mean
diffusivity in both the probable and possible sub-
groups. We then performed a vertexwise partial
correlation analysis in the bvFTD group be-
tween the cortical mean diffusivity and cortical
thickness and the log-transformed CSF sAPPJ
and NfL values, in addition to the FTLD-CDR.
Specifically, a general linear model was created
in which cortical mean diffusivity or cortical
thickness was included as the dependent varia-
ble, and CSF values and FTLD-CDR scores were
independent variables. We included age, sex,
and center as nuisance variables in the cortical
thickness analysis. In mean diftusivity analysis,
only age and sex were included since diffusion
tensor imaging data were already harmonized
between centers in a previous step. The correla-
tion between both metrics and FTLD-CDR was
also assessed segregating the bvFTD group into
possible and probable. Only results that survived
multiple comparisons (family wise error < 0.05)
based on Monte Carlo simulation with 10,000 re-
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peats as implemented in Freesurfer are present-
ed. We used a very stringent threshold of a=0.001
for the group analyses and a threshold of a=0.05
for the correlation analyses. A full description of
the multiple comparisons methodology can be
found in the Supplementary material.

We computed the Cohen’s d effect size metric for
both cortical thickness and cortical mean diftu-
sivity, in a vertex-wise basis, in order to obtain a
topographical representation of the effect size for
the group comparison between bvFTD patients
and cognitively healthy controls. Effect size com-
putation was restricted to cortical regions show-
ing statistically significant differences between
bvFTD and cognitively healthy controls for ei-
ther cortical thickness or cortical mean diffusivi-
ty. We then computed the difference between the
cortical thickness and cortical mean diffusivity
effect size maps to obtain a topographical rep-
resentation of the net effect size for each metric.
For the figure projection and design, we used a
freely available python library to overlay the re-
sults into the standard fsaverage surface (Pysurf:
https://pysurfer.github.io).

Data availability

The datasets analyzed during the current study
are available from the corresponding author on
reasonable request.

Results
Demographics and sample composition

Table 1 shows the demographics, clinical and
neuroimaging features of the participants in the
study. Age at MRI and years of education was
similar between the bvFTD and HC groups.
There were more women in the cognitively
healthy controls group than in the bvFTD group
(x*(1)=23.090; p<0.001). Age-at-symptom-onset,
age at MRI, time from symptom onset to MRI,

sex distribution, education, FTLD-CDR, and fol-
low-up time were similar between the possible
and probable bvFTD groups. However, the pro-
portion of patients with an increased certainty
of FTLD at the end of follow-up was higher in
the probable bvFTD group than in the possible
bvFTD group (x*(1)=8.089; p=0.004). As shown
in Figure 1, 44 out of 114 (38.6%) bvFTD par-
ticipants were excluded because of segmenta-
tion or diffusion weighted imaging processing
errors. The excluded patients had higher FT-
LD-CDR than the included bvFTD participants
(t(92)=2.041; p=0.044; Supplementary Table 3).

Group comparison of cortical thickness
and cortical mean diffusivity

We first compared cortical thickness and corti-
cal mean diftusivity between bvFTD and cogni-
tively healthy controls. As shown in Figure 2, the
bvFTD group showed cortical thinning in the
prefrontal cortex, the insula, the cingulate gyrus
(anterior, dorsal and posterior), the orbitofrontal
cortex, the anterior temporal pole, the lateral and
medial temporal lobe, the angular gyrus and the
precuneus. The cortical mean diffusivity map in-
volved more regions, encompassing the whole of
the frontal and temporal cortices, and extending
to posterior regions such as the inferior parietal
and occipital lobe. Thus, while cortical thickness
and cortical mean diffusivity maps showed a
partial overlap, cortical mean diffusivity changes
extended beyond the areas of cortical thinning.
Of note, we observed similar patterns of cortical
thickness and cortical mean diffusivity changes
when each cohort was analyzed separately (data
not shown).

We found moderate to high effect sizes for corti-
cal thickness in the prefrontal cortex, the insula,
the anterior and posterior cingulate gyrus, the
lateral and medial temporal lobe and the precu-
neus bilaterally (Figure 2-bottom). For cortical
mean diffusivity, we obtained widespread maps
of moderate to high effect sizes. The highest ef-
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. . Cognitivel
Characteristics Possible bvFTD Probable bvFTD All bvFTD 9 y
healthy controls

n (% of bvFTD) 30 (43) 40 (57) 70 (100) 78
Age at symptom onset, years 60.2£11.4" 579+8.8™ 58810 -
Age at MRI, years 65.8 £ 10.97 62.4£9.2m 63.8 £ 10™ 62.3+6.1m
Time fi MRI

me from onset to MAl 55+ 4.2m 454370 49436 ~
years
Sex Male/Female, n 24/6¢ 27/13¢ 51/19¢ 26/52¢
Education, years 125 & B,&™ 13+ 5.4ns 12,7 & B&™ 134+ 4.3
FTLD-CDR! 6.4+3.7m 8.3 4 75+4 —
Follow-up time, years 1.7+1.40s 1.9+ 2ns 1.8+1.7 =

24 bvFTD 27 bvFTD 51 bvFTD
1 bvFTD with 4 bvFTD with 5 bvFTD with
Last reported phenotype progressive aphasia progressive aphasia progressive aphasia
2 FTD-ALS 7 FTD-ALS 9 FTD-ALS
3 PSP-CBD 2 PSP-CBD 5 PSP-CBD
Increased certainty
of underlying FTLD 21 (70)° 38 (95) 59 (84.3) =
(% of cases)
19 (27.1
7(23.3) 12 (30) @71)

4 C9orfr2,0 GRN,

7 C9orf72,2 GRN,

11 C9orf72, 2 GRN,
1 MAPT, 1 TARDBP

Definitive bvFTD 1 MAPT,0 TARDBP 0 MAPT, 1 TARDBP 3 ETLDTDP B
(% of cases) 2 FTLD-TDP 1 FTLD-TDP i e
(1 C9orf72), (1 TARDBP),
and 1 TARDBP),
1 FTLD-Tau 2 FTLD-Tau
3FTLD-Tau

Table |I. Demographics, clinical and neuroimaging features of the participants.

Demographics, clinical and neuroimaging features of the participants.Values reported are mean * standard deviation.
a: Different from the possible bvFTD group (p<0.05)
b: Different from the probable bvFTD group (p<0.05)
c: Different from the all bvFTD group (p<0.05)

d: Different from the HC group (p<0.05)

ns: non-significant differences

1: available in 59 of the 70 (84.3%) bvFTD patients

Abbreviations: bvFTD = behavioral variant of frontotemporal dementia; FTD-ALS = frontotemporal dementia-amyotrophic lateral
sclerosis; FTLD = frontotemporal lobar degeneration; FTLD-CDR = frontotemporal lobar degeneration clinical dementia rating; FTLD-
Tau = tau subtype of frontotemporal lobar degeneration; FTLD-TDP = transactive response DNA-binding protein 43 kDa subtype of
frontotemporal lobar degeneration; n = number; PSP-CBD: progressive supranuclear palsy-corticobasal degeneration.
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fect sizes for cortical mean diffusivity were ob-
served at the frontal and temporal cortex bilater-
ally. Importantly, the effect sizes of cortical mean
diffusivity were higher than the effect sizes of
cortical thickness in bvFTD-related areas such as
the anterior and dorsal cingulate, the prefrontal
dorsal cortex and the insula in both hemispheres.
In these areas we observed moderate to high net
effect sizes favoring cortical mean diffusivity.

Statistical analyses

Mean Diffusivity

e

p-value p-value
C —

3 8 3
10 10

Effect size analyses

Cortical Thickness

Cohen's d

0.5 3 0.5

>

Mean Diffusivity

Cortical thickness and cortical mean
diffusivity in possible and probable
bvFTD

We then assessed cortical thickness and cortical
mean diffusivity separately in the possible and
probable bvFTD subgroups (Figure 3). In the
probable bvFTD group we observed extensive
clusters of cortical thinning that included essen-
tially the same regions typically involved in the
bvFTD that were observed in the Figure 2. Simi-
lar to what we observed in the primary analyses,

Overlap

e o AR 7.0 AN
2D & | L /8

10

Cortical
Thickness

Figure 2. Group comparison of cortical thickness and cortical mean diffusivity between bvFTD and cognitively healthy controls.

Top: Statistically significant results between all bvFTD and cognitively healthy controls for cortical thickness and cortical mean diffusivity.

Regions in blue represent thinner cortex in the bvFTD group, whereas regions in green, represents higher cortical mean diffusivity

in the bvFTD group. For illustration purposes, we included the overlapping map between both metrics (top-right). Cortical thickness

analyses were adjusted for age, sex and center. Mean diffusivity analyses were adjusted for age and sex after a harmonization step. Only

the clusters that survived familywise error correction P<0.05 are shown. Bottom: Medium to large effect sizes between the bvFTD and

cognitively healthy controls for both cortical thickness and cortical mean diffusivity. The orange-gold colour represents higher effect size.

In addition, the difference between both maps of effect size is displayed (bottom-right). The red-white colour represents gray matter

areas where the cortical mean diffusivity has higher effect size than cortical thickness.
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the cortical mean diffusivity changes were more
widespread than the cortical thickness changes
as shown in the overlap map of Figure 3 (Figure
3-top). We also observed moderate to high net
effect sizes favoring cortical mean diffusivity in
the rostral middle frontal, superior frontal, an-
terior cingulate, the insula and in more posteri-
or regions (posterior temporal, precuneus and
occipital lobe) (Figure 3-top). In the possible
bvFTD subgroup, we observed small clusters of
cortical thinning in the insula, and the medial
temporal lobe in both hemispheres. Interestingly,
we observed extensive cortical mean diffusivity
increases in the dorsal and medial prefrontal cor-
tex, as well as in the supplementary motor cortex
and the frontal pole in both hemispheres (Figure
3-bottom). In the possible bvFTD group, we also
observed moderate to high net effect sizes favor-
ing cortical mean diffusivity in the rostral middle

Cognitively Healthy Controls vs probable bvFTD

frontal and superior frontal cortex in both hemi-
spheres (Figure 3-bottom).

Relationship between cortical thickness
and cortical mean diffusivity with the
FTLD-CDR

We next evaluated the capacity of cortical thick-
ness and cortical mean diffusivity to reflect the
disease severity in the bvFTD as measured by
the FTLD-CDR scale. When pooling together
all the bvFTD subjects, we observed an inverse
correlation between FTLD-CDR scores and cor-
tical thickness in small clusters in the inferior
frontal gyrus, the anterior insula, the anterior
temporal pole and the medial temporal lobe in
both hemispheres and a correlation in the medial
orbitofrontal cortex and in the precuneus in the
left hemisphere. We observed larger clusters of

Figure 3. Group comparison of cortical thickness and cortical mean diffusivity between patients with possible and probable

bvFTD and cognitively healthy controls. Cortical thickness and cortical mean diffusivity group comparisons between probable (top)

and possible (bottom) bvFTD against cognitively healthy controls.We included the overlapping map (top and bottom) between both

metrics. Cortical thickness analyses are adjusted by age, sex and center. Mean diffusivity analyses were adjusted by age and sex after a

harmonization step. Only clusters that survived familywise error correction (P<0.05) are shown. For visualization purposes, different

color codes were used for cortical thickness and cortical mean diffusivity. In addition, the net difference in effect size is displayed for

probable bvFTD (top-right) and possible bvFTD (bottom-right). Red-white colour represents gray matter areas where the cortical

mean diffusivity has higher effect size than cortical thickness.
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significant positive correlations between cortical did not find any correlation between cortical
mean diffusivity and FTLD-CDR scores in both thickness and FTLD-CDR scores. However, cor-
hemispheres (Figure 4-top). Similar results were tical mean diffusivity was positively associated
found when restricting the analyses to the prob- with FTLD-CDR scores in the anterior cingulate,
able bvFTD group (Figure 4-middle). When re- frontal insula and lateral temporal in both hemi-
stricting the analysis to the possible bvFTD, we spheres (Figure 4-bottom).

FTLD-CDR in all bvFTD

Cortical Thickness

FTLD-CDR in probable bvFTD

Cortical Thickness

FTLD-CDR in possible bvFTD

Cortical Thickness

RN

Mean Diffusivity Overlap

OVERLAP
CORTICAL THICKNESS
MEAN DIFFUSIVITY

Mean Diffusivity Overlap

OVERLAP
CORTICAL THICKNESS
MEAN DIFFUSIVITY

OVERLAP
CORTICAL THICKNESS
MEAN DIFFUSIVITY

Figure 4. Relationship between cortical thickness and cortical mean diffusivity with the frontotemporal lobar degeneration

clinical dementia rating score. Correlation of cortical mean diffusivity with the frontotemporal lobar degeneration clinical dementia

rating score in the whole sample (top), probable bvFTD subgroup (middle) and possible bvFTD subgroup (bottom). Small regions

of cortical thinning associated to higher FTLD-CDR scores (blue) were found in the probable subgroup, whereas extensive areas of

increases of cortical mean diffusivity related to increases in FTLD-CDR scores (green) were found in both subgroups. Cortical thickness

analyses were adjusted for age, sex and center. Mean diffusivity analyses were adjusted for age and sex after a harmonization step.The

overlap between both maps is displayed on the right (top and bottom).
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Correlation of cortical thickness and
mean diffusivity changes with CSF
biomarkers

We finally assessed the correlation of cortical
thickness and cortical mean diffusivity with CSF
NfL and sAPPp levels. CSF NfL levels were nega-
tively correlated with cortical thickness in dorso-
lateral and medial prefrontal areas of the frontal
lobe. The correlation between CSF NfL levels and

CSF levels of NfL in bvFTD

Cortical Thickness

p-value

10°1-3

CSF levels of sAPPR in bvFTD

Cortical Thickness

cortical mean diffusivity included those areas,
but also areas in the temporal and parietal lobes
(Figure 5-top). CSF sAPPp levels were positively
correlated with cortical thickness in regions of
the prefrontal cortex, the insula, the temporo-pa-
rietal union and the lateral temporal cortex. The
negative correlation between CSF sAPPJ levels
and cortical mean diffusivity extended to more
widespread frontal and temporal regions, as well
as to posterior regions (Figure 5-bottom).

Mean Diffusivity

Figure 5. Correlation of cortical thickness and cortical mean diffusivity with CSF biomarkers. Relationship of cortical thickness
and cortical mean diffusivity with the CSF levels of Neurofilament light (NfL) (top) and the CSF levels of the soluble fraction beta of
the amyloid precursor protein (sAPPB) (bottom) in the subgroup of bvFTD participants with CSF sample available for analysis (n=32).

As NfL and sAPPB values were not normally distributed, we used log-transformed values for these biomarkers NfL levels negatively

correlated with cortical thickness (blue) and positively correlated with cortical mean diffusivity (green). sAPPB positively correlated

with cortical thickness (red) and negative correlated with cortical mean diffusivity (purple). Cortical thickness analyses were adjusted

for age, sex and center. Mean diffusivity analyses were adjusted for age and sex after a harmonization step. Only clusters that survived

familywise error correction at P<0.05 are shown.
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Discussion

In this study we investigated the value of cor-
tical mean diffusivity as a biomarker in bvFTD
in a large multicenter sample. We showed that
altered cortical mean diffusivity not only coin-
cided with areas that showed cortical thinning,
but also involved other areas that typically be-
come affected with disease progression (Binney
et al., 2017). Furthermore, we found cortical
mean diffusivity was increased in patients clas-
sified as possible bvFTD that had only minimal
cortical thinning. Clinical measures of disease
severity (FTLD-CDR) and CSF neuronal bio-
markers (CSF NfL and sAPPp levels) showed a
more widespread correlation with cortical mean
diffusivity than with cortical thickness. Taken to-
gether, these findings suggest that cortical mean
diffusivity might be more sensitive than cortical
thickness to detect the earliest disease-related
cortical changes in bvFTD.

Cortical mean diffusivity has been recently pro-
posed as a sensitive biomarker for the detection
of the earliest cortical changes in sporadic AD
(Montal et al., 2017; Weston et al., 2015). We
show, for the first time in bvFTD using a sur-
face-based approach, that cortical mean diffusiv-
ity increases spread beyond the areas of cortical
thinning in bvFTD, even in patients with possi-
ble bvFTD. Most previous studies using diffusion
tensor imaging in bvFTD patients have focused
on the white matter, probably because of the
technical difficulties in the study of cortical mi-
crostructure (Papma et al., 2017). We identified
a single previous small study (with 16 bvFTD
patients) assessing cortical diffusion tensor im-
aging in the bvFTD using a volume-based ap-
proach (Whitwell ef al., 2010). This study found
overlapping patterns between atrophy and in-
creases on cortical mean diffusivity. Our study
builds on these results using a larger sample, a
surface-based approach, and the inclusion of
bvFTD patients at milder disease stages. Conse-
quently we were able to show the added value of

cortical mean diffusivity as a more sensitive bio-
marker in bvFTD over cortical thickness.

We found minimal cortical thinning when com-
paring possible bvFTD patients and controls.
However, we observed extensive cortical mean
diffusivity increases in regions known to be af-
fected in bvFTD (Schroeter ef al., 2014; Brettsch-
neider et al., 2014; Irwin et al., 2016). Moreover,
we calculated effect size maps to quantify the im-
pact of cortical thickness and cortical mean dif-
tusivity for the differentiation of bvFTD patients
from controls. Importantly, we obtained moder-
ate to high net effect size favoring cortical mean
diffusivity in critical bvFTD-related cortical re-
gions such as the anterior cingulate, the prefron-
tal dorsal cortex and the insula. The suggestion
that cortical mean diffusivity may be more sensi-
tive than cortical thickness to detect the bvFTD
cortical changes is further supported by our cor-
relation analyses with the FTLD-CDR and CSF
NfL and sAPP levels. Both the clinical meas-
ures of disease severity and the CSF biomarkers,
they all showed a better correlation with cortical
mean diffusivity than with cortical thickness.
The FTLD-CDR has been validated as a tool for
disease monitoring in clinical trials (Knopman
et al., 2008). Although the FTLD-CDR scores
also correlated with cortical thickness in some
small frontotemporal clusters, we found a sub-
stantially widespread correlation with cortical
mean diffusivity. Moreover, when restricting the
analyses in the possible bvFTD subgroup, only
associations between cortical mean diffusivity
and FTLD-CDR scores were found. This finding
supports a possible role for cortical mean diffu-
sivity as a candidate neuroimaging biomarker for
disease staging.

To further evaluate the role of cortical mean dif-
fusivity as a neurodegeneration biomarker, we
investigated its correlation with CSF biomarkers
in a subgroup of patients. NfL is one of the major
constituents of the axonal cytoskeleton and plays
an important role in axonal transport. The meas-
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urement of NfL levels both in the CSF and in
serum correlates with disease severity, progres-
sion and survival in multiple neurodegenerative
diseases (Landqvist Waldo et al., 2013; Meeter et
al., 2016; Pijnenburg et al., 2015; Rohrer et al.,
2016; Scherling et al., 2014; Wilke et al., 2016).
We also measured CSF sAPP levels, as we have
previously shown that this biomarker correlates
with frontotemporal neurodegeneration in FT-
LD-related syndromes (Alcolea D et al., 2017; 11-
lan-Gala I et al., 2018). The association between
cortical mean diffusivity and CSF values further
reinforce the notion that cortical mean diffusivi-
ty changes reflect the underlying neurodegener-
ation.

Although we acknowledge that it is possible
that some patients classified as possible bvFTD
may not have underlying FTLD (Devenney et
al., 2016; Gossink et al., 2015), recent studies in
deep-phenotyped cohorts have shown that a sig-
nificant proportion of bvFTD cases do not have
frontotemporal atrophy and may be character-
ized by a slower disease course (Ranasinghe ef
al., 2016; Rascovsky et al., 2011). In the present
study, 70% patients classified as possible bvEFTD
were found to have an increased certainty of un-
derlying FTLD as suggested by follow-up, genet-
ic and neuropathological information available.
Indeed, longitudinal decline was observed in
most possible bvFTD patients and psychiatric
diagnoses were excluded by expert clinicians. Of
note, four cases classified as possible bvFTD were
found to have a C9orf72 expansion, a finding that
has been previously reported in different cohorts
(Khan et al., 2012; Gomez-Tortosa et al., 2014;
Llamas-Velasco et al, 2018; Devenney et al.,
2018). Thus, we propose that the patients classi-
fied as possible bvFTD are at high risk of having
underlying FTLD and that our cortical mean dif-
fusivity results support that at least a proportion
of possible bvFTD patients have a neurodegen-
erative disease. Cortical mean diffusivity may be
a relevant tool for increasing the diagnostic cer-
tainty in these “slowly progressive” bvFTD with-

out overt frontotemporal atrophy (Davies ef al.,
2006; Khan et al., 2012).

Taken together, our findings support the role
of cortical mean diffusivity as a novel potential
neurodegeneration biomarker in bvFTD. We hy-
pothesize that cortical mean diffusivity may be
a sensitive tool for the refinement and monitor-
ing of the very earliest cortical changes geneti-
cally-determined FTLD (Rohrer et al., 2015).
Importantly, further longitudinal studies should
explore the ability of cortical mean diftusivity to
predict disease progression at the single-subject
level. Additionally, our study is the first to report
the potential added value of cortical diffusion
tensor imaging changes over cortical thickness
in bvFTD. Further studies could explore the
added value of the combined study of white and
grey matter diffusion tensor imaging changes to
improve pathological predictions (Downey et
al., 2015; McMillan et al., 2014). All the afore-
mentioned points are key aspects for candidate
selection in clinical trials once protein-specific
targeted therapies become available (Elahi and
Miller, 2017).

The main strengths of this study are the relative-
ly large number of bvFTD participants at a mild
to moderate disease stage, and the surface-based
analyses using a previously validated technique.
This surface-based approach solves some of the
limitations and methodological concerns that
have been previously reported when using a vox-
el-based approach (Coalson et al., 2018). More-
over, we enriched our description of the cortical
mean diffusivity in the bvFTD with established
clinical measures of disease severity and CSF bi-
omarkers. This study has also some limitations.
First, we acknowledge that a substantial propor-
tion of bvFTD cases (38.6%) were excluded due
to segmentation or diffusion tensor imaging pro-
cessing errors. Even though this is an inherent
limitation of our surface-based approach, future
improvements in T1 MRI acquisitions or the
use of higher field MRIs, together with software
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improvements will likely reduce the number of
subjects excluded due to segmentation errors. Of
note, we observed that the excluded patients be-
longed to the probable bvFTD group (77.3% of
the excluded cases) and were at a more advanced
disease stage, as measured by the FTLD-CDR.
Notwithstanding, cortical mean diffusivity may
still provide valuable topographical information
regarding the earliest cortical microstructural
changes in patients at very mild disease stag-
es (for example, sporadic bvFTD cases without
overt cortical atrophy or even genetic cases)
were less segmentation errors are expected to
occur. Second, it may be argued that there may
be confounding results related to the different
acquisition protocols across centers. However,
the results presented in the current study were
obtained after using a validated state-of-the-art
algorithm to harmonize diffusion data between
centers (Fortin et al., 2017; Montal et al., 2017).
Moreover, results were similar when analyzing
each center independently regardless of the use
of different diffusion weighted imaging sequenc-
es. Third, although we provide cross-sectional
evidence that cortical mean diffusivity changes
may be a novel sensitive metric to reflect neuro-
degeneration, further longitudinal studies and
using presymptomatic mutation carriers should
confirm that cortical mean diftusivity changes
antedate cortical atrophy in patients with bvFTD.
Fourth, because most of the included bvFTD
cases did not have neuropathological evaluation,
misdiagnosis could have occurred, especially in
the possible bvFTD group. However, a high pro-
portion of cases were found to have an increased
certainty of underlying frontotemporal lobar de-
generation when considering the available clini-
cal, genetic and neuropathological information.
Finally, as neuropathological evaluation was not
available in most cases we were not able to ex-
plore the precise pathological correlates of the
observed cortical mean diffusivity changes.

In summary, this study supports the use of corti-
cal mean diffusivity as a valuable novel biomark-

er for the cortical mapping of neurodegenera-
tion-related microstructural changes in bvFTD.
Further longitudinal studies in different popu-
lations including preclinical mutation carriers
are needed to fully determine the diagnostic and
prognostic utility of this biomarker, particularly
at the earliest stages of the disease.
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Abstract

Objective: To explore the relationship between
APP-derived peptides related to the amyloi-
dogenic pathway and cortical thickness in fronto-
temporal lobar degeneration-related syndromes
(FTLD-S) compared to Alzheimer’s disease (AD)
and healthy controls (HC).

Methods: We included 177 participants from the
Sant Pau Initiative on Neurodegeneration (SPIN
cohort) with CSF available: 46 patients with AD,
77 with FTLD-S and 54 HC. We measured the
CSF levels of AP, 4, AP, ,» APiss and sAPPP
using ELISA. We correlated the CSF levels with
measures of cognitive impairment, disease sever-
ity and cortical thickness in a subset of patients
with brain MRI available.

Results: CSF levels of all APP-derived peptides
were reduced in the FTLD-S group when com-
pared to the HC group. The CSF levels of Af,
1 APi.3s and sSAPPP were lower in the FTLD-S
group than in the AD and HC groups. In the
FTLD-S group, phonological fluency correlated
with AP, AP.ss and sAPPp levels (r=0.365,
p=0.003; r=0.304, p=0.016; r=0.264, p=0.038;
respectively). The CSF levels of AP, AP, .,
AP, .5 and sAPPP showed a positive correlation
with cortical thickness in the FTLD-S group in
frontotemporal regions but not in the HC or AD
groups.

Interpretation: APP-derived peptides in CSF
can reflect frontotemporal neurodegeneration in
FTLD-S.

Introduction

Frontotemporal Lobar Degeneration (FTLD) is a
neuropathological umbrella term encompassing
multiple proteinopathies with common patterns
of neurodegeneration in frontotemporal regions.
In contrast to Alzheimer’s disease (AD), there are

no specific pathophysiological biomarkers for
FTLD and current diagnostic criteria rely on the
identification of particular syndromes and pat-
terns neurodegeneration on neuroimaging (Ela-
hi and Miller, 2017). Cerebrospinal fluid (CSF)
biomarkers have been studied in neurodegenera-
tive disease as a way to track different pathophys-
iological processes in the central nervous system
(Molinuevo et al., 2018). Levels of core AD bio-
markers, amyloid $1-42 (A,.,,), total tau (t-tau),
and phosphorylated tau (p-tau), can be useful in
FTLD-related syndromes (FTLD-S) to exclude
AD (Olsson et al., 2016; Toledo et al., 2012). Spe-
cifically, low AP, levels in CSF has been con-
sidered a biomarker of cerebral amyloidosis (Jack
et al., 2016; 2018) and therefore its presence in
patients with FTLD-S is usually interpreted as a
sign of either atypical AD mimicking FTLD or
comorbid AD pathology in FTLD cases (Lleo et
al., 2018).

However, several studies in patients with FTLD
have shown substantial disagreement between
CSF levels of AP, ,, and amyloid positron emis-
sion tomography (Janelidze et al., 2016; Leuzy et
al., 2016). In addition, previous studies have also
reported lower CSF levels of AB,,, in patholo-
gy-proven FTLD cases without comorbid AD
(Toledo et al., 2012) as well as in genetically-con-
firmed FTLD (Kamaldinen et al., 2015; Wallon et
al., 2012) suggesting that in FTLD, AP, ,, levels
could be affected by mechanisms independent of
AD pathology.

AP peptides are generated by proteolytic cleavage
from the Amyloid Precursor Protein (APP) by
sequential action of - and y-secretases (Ghido-
ni et al., 2011; Muller et al., 2017). In addition to
AP,_p, the proteolytic process of APP also gener-
ates other shorter AP species, such as AB 40 and
38, which can be used as markers of APP metab-
olism (Struyfs ef al., 2015). We and others have
reported that different AP peptides are reduced
in FTLD-related syndromes (Bibl et al., 2007;
Gabelle et al., 2011; Lleo and Saura, 2011; Lleo
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et al., 2015; Pijnenburg et al., 2007; Verwey et al.,
2010). Another APP-derived peptide generated
from APP by BACEL is the soluble B fraction
of APP (sAPPp) (Ghidoni et al., 2011; Miiller et
al., 2017). sAPP levels are also reduced in CSF
in FTLD-related syndromes and correlate with
cortical thickness in frontotemporal regions (Al-
colea et al., 2014; Alexopoulos et al., 2012; Bibl et
al., 2007; Illan-Gala, Alcolea, et al., 2018; Pernec-
zky et al., 2011).

However, it remains unknown if Ap,,, and oth-
er AP peptides generated in the amyloidogenic
APP pathway are related to neurodegeneration
in FTLD-S or AD (Ossenkoppele et al., 2015).
We hypothesized that, similarly to what we have
observed for sSAPP, the decrease in the CSF lev-
els of AP, ., AP,.» APiss may reflect non-AD
neurodegeneration in FTLD. The identification
of variable patterns of APP-derived peptides and
their relationship with neurodegeneration across
neurodegenerative diseases is important since it
may contribute to the in-vivo identification of
FTLD and its differentiation from atypical AD
and other non-neurodegenerative diseases. In
this study we explore the relationship between
APP-derived peptides related to the amyloi-
dogenic pathway (i.e. AP, 4, AP, ,» APis and
sAPPp) and cortical cortical thickness in FTLD-S
compared to AD and healthy controls (HC).

Material and Methods
Study participants and classification

We included 177 participants from the Sant Pau
Initiative on Neurodegeneration (SPIN cohort:
https://santpaumemoryunit.com/our-research/
spin-cohort/): 46 patients with AD (24 at the mild
cognitive impairment stage and 22 at the mild
dementia stage), 77 with FTLD-S (51 bvFTID,
13 non-fluent or semantic variant of PPA and 13
within the PSP-CBD spectrum) and 54 healthy
controls (HC). Patients with AD and FTLD-S

were diagnosed at the Memory Unit according
to current diagnostic criteria. The diagnosis of
AD and FTLD-S was made by neurologists of
the Memory Unit after an extensive neurological
and neuropsychological evaluation using cur-
rent diagnostic criteria (Armstrong ef al., 2013;
Dubois et al., 2014; Gorno-Tempini et al., 2011;
Hoglinger et al., 2017; Rascovsky et al., 2011).
Further details on the clinical cohort and proto-
col can be found elsewhere (Alcolea, SPIN paper
in preparation). All AD patients had low levels
of AP,.y, and elevated levels of t-tau or p-tau in
CSF according to our published cut-ofts (Alcolea
et al., 2015). To avoid the inclusion of non-AD
participants with comorbid AD we excluded FT-
LD-S and HC cases with a CSF biomarker profile
suggestive of AD (low A, 4, levels and increased
t-tau or p-tau levels according to the local vali-
dated thresholds) (Alcolea et al., 2015).

Clinical measures of general cognitive
impairment and disease severity

We obtained the Mini-mental State Examination
(MMSE)(34) the phonological fluency (words
beginning with letter P) (Pefia-Casanova et al.,
2009) and the delayed total score of the Free
and Cued Selective Reminding Test (FCSRT).
(Pena-Casanova et al., 2009) We selected these
specific cognitive tests from our neuropsycholog-
ical battery (Sala ef al., 2017) to include a global
measure of cognitive impairment (MMSE), one
measure related to frontal cerebral structures
(phonological fluency) and middle temporal
structures (FCSRT delayed total score). We also
included the clinical dementia rating the sum
of boxes (CDR-SOB) score of in all participants
and the modified frontotemporal lobar degener-
ation clinical dementia rating (FTLD-CDR) as a
measure of global disease severity in the FTLD-S
group (Knopman et al., 2008).
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CSF sampling and analyses

All biomarkers were analyzed at the Sant Pau
Memory Unit Laboratory with commercially
available ELISA Kkits of AP, .4, AP, ,» APiss and
sAPPf3 (Lumipulse; EUROIMMUN; EUROIM-
MUN; IBL, respectively) following previously re-
ported methods and manufacturer’s instructions
(Alcolea et al., 2014; 2015; 2017).

Image acquisition, processing and
analysis

A subset of 86 participants had 3T MRI available
for quantitative neuroimaging analyses. Of these,
79 participants were scanned on a 3T Philips
Achieve using a T1-weighted MPRAGE proto-
col with a repetition time of 8.1 milliseconds,
echo time of 3.7 milliseconds, 160 slices and
voxel size of 0.94x0.94x1mm and 7 participants
were scanned on a different 3T Philips Achieva
using a T1-weighted MPRAGE protocol with a
repetition time of 6.74 milliseconds, echo time
of 3.14 milliseconds, 140 slices and a voxel size of
0.9x0.9x1.2 mm. Briefly, surface-based cortical
reconstruction was performed using FreeSurfer
v5.1 software package (http://surfer.nmr.mgh.
harvard.edu) as previously reported (Montal et
al., 2017). In this sample, a vertex-wise general
linear model (as implemented in FreeSurfer v5.1)
was used to assess the correlation between CSF
biomarkers and cortical thickness for each group
independently. Specifically, for each surface ver-
tex, a general linear model was computed using
cortical thickness as dependent variable and CSF
values as independent variable. All these analyses
were covariated by age, sex and magnetic reso-
nance equipment. To control for false positives,
a Monte-Carlo simulation with 10000 repeats as
implemented in FreeSurfer (FWE < 0.05) was
tested.

Genetic studies

APOE was genotyped according to previously
described methods (Calero et al., 2009).

Statistical methods

We assessed normality of the variables by means
of the Kolmogorov-Smirnov test. Variables not
following a normal distribution were log-trans-
formed for further bivariate and multivariate
analyses (AP,.y, SAPPPB, AP,,./AB, ,, and AP, .,/
Ap, , ratios). Group differences in baseline char-
acteristics were assessed using t-test, ANOVA or
Kruskal-Wallis test for continuous variables, and
X’ for categorical data. We calculated Spearman’s
correlation coeflicient with bootstrapping-based
95% confidence intervals (bias corrected and
accelerated for 1000 samples). For the analy-
ses of group differences in CSF biomarkers be-
tween groups we applied analyses of covariance
(ANCOVA) including age at CSF and APOEX4
as covariates for the study of differences in CSF
biomarkers between groups. All p values were
corrected for multiple comparisons, all statistical
tests were two-sided and statistical significance
was set at 5% (a=0.05). Statistical analyses were
performed with the IBM SPSS Statistics 25 (IBM
corp.) software.

Standard protocol approvals,
registrations, and patient consent

The study was approved by the local ethics com-
mittee and was conducted in accordance with
the Declaration of Helsinki. All participants gave
their written informed consent to participate in
the study.
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Results

Demographics and APOE of
participants

As shown in table 1, there were no differences
in age at symptom onset, age at CSF sampling,
sex and MMSE score between the AD and FT-
LD-S groups. The control group was young-
er at CSF sampling than the AD and FTLD-S
groups (F(2,174)=7.905, p=0.001). As expect-
ed, APOEe4 carriers were overrrepresented in
the AD group than in the FTLD-S and control
groups (x*(2)=11.417, p=0.003) but the frequen-
cy was similar in the FTLD-S and control groups
(23% and 20%, respectively p>0.05).

Levels of APP-derived peptides are
reduced in FTLD-S

All the CSF levels of all APP-derived peptides
measured in this study were reduced in the FT-
LD-S group when compared to the HC group
(Fig 1, A-D). The CSF levels of AP, were sig-
nificantly different between groups even after
accounting for age at CSF sampling and the pres-
ence of APOEe4 (F(2,170)=55.844, p<0.001). As
expected, the lowest levels of AB,_,, were observed
in the AD group (Table 1). However, AP, 4, levels
were also decreased in FTLD-S when compared
to HC (t(123.05)=3.8, p<0.001, r=0.340)(Fig 1),
although still within the normal range according
our amyloid-PET validated cut-offs (Alcolea D,
BioRX 2018).

The CSF levels of AP, ., AP35 and sAPPJ also
differed between groups after accounting for age
at CSF sampling and the presence of APOEe4
(F(2,170)=16.519, p<0.001; F(2,170)=55.844,
p<0.001; F(2,170)=55.844, p<0.001; respective-
ly). The CSF levels of AP, ,, AP, and sAPPp
were lower in the FTLD-S group than in the AD
and HC groups (Fig 1, B-D). As shown in Table
S2, we found that CSF levels of AP, ;s had the big-
gest effect size for the differentiation of FTLD-S

from controls (partial n?=0.185) after accounting
for age at CSF sampling and APOEe4.

As expected, the AP,.,,/AB, ,, and AR, /AP
ratios differed between groups (Fig 1, E-F). The
AP, /AP, ,, and the AP, /AP, ratios were
lower in the AD group than in the FTLD-S and
HC groups (t(102.036)=19.941, p<0.001 and
t(67.664)=15.324, p<0.001, respectively). More-
over, the AP, /AP, ratio was higher in the
FTLD-S group when compared to HC group
(t(99.916)=3.066, p=0.003) but the effect size was
small (r=0.288).

Effect sizes of the observed differences

We studied the effect sizes for the observed dif-
terences in the CSF levels of APP-derived taking
into account covariates such as age at CSF sam-
pling and APOEe4. As shown in Table S2, we
found that CSF levels of AP, had the biggest
effect size for the differentiation of FTLD-S from
controls (partial n?=0.185) after accounting for
age at CSF sampling and APOEe4. As expected,
the effect size for the differentiation of FTLD-S
from AD was bigger for AP, ,, than for Af, ,, or
AP, .35 (partial n*=0.261 vs 1*=0.113 and n*=0.096,
respectively). In addition, the CSF levels of sAP-
PP showed a moderate effect sizes for the differ-
entiation of FTLD-S from HC and AD even after
accounting for age at CSF sampling and APOEe4
(partial n=0.113 and 1=0.118, respectively).

The relationship between the different
APP-derived peptides varies between
groups

We explored the relationships between the differ-
ent APP-derived peptides in each clinical group.
As shown in Table S1, the CSF levels of sAPPJ
showed moderate correlations with AB,_,, AP, ,,
and AP, s (r=0.535 to r=0.661) in FTLD-S and
control groups but not in the AD group, were
only mild correlations were observed (r=0.308
and r=350, respectively). Moreover, sAPPf lev-
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Demographic, clinical and Cognitivel
grap e AD Probable bvFTD All bvFTD gnitively
genetic characteristics healthy controls
F(2,174)=7.905
® c ab
Age at CSF 71.8x7 71.0+9 66.3+ 6 =0.001
ini _ t(120)=1.317
Age at clinical onset 68.5+8 66.3+9 p=0.190
9 X%(2)=4.949
Male, n (%) 17 (37) 44 (57) 29 (54) $=0.084
MMSE score 28,8 =k ° 24.2 + 5° 28.8+1ab A=
p<0.001
FCSRT delayed total, /16 6.3 + 4b° 8.7 + 53¢ 153 a0 =z
p<0.001
. H(2)=56.627
@) @ ab
Phonological fluency 92+5 71+5 154+5 p<0.001
CDR-SOB BICEIEE 4.6t 4¢ 0 +02p H(2)=102.672
p<0.001
FTLD-CDR (only in FTLD-S) NA 6.3+6 NA
B bo R s X2(2)=11.417
APOEE4, n (%) 22 (48) 17 (23) 11 (20) 520,003
CSF biomarkers ANCOVAS
F(2,170)=55.844
AB,_,» PG/ML 847 £ 194bc 1542 + 6372¢ 1958 + 627 2° p<0.001

partial n?=0.396

AB1-40, pg/mL

7903 + 2401°

5643 + 25762

7557 + 19430

F(2,170)=16.519
p<0.001
partial n?=0.163

AB, ;e P/ML

2425 + 7400

1747 £ 7672

2548 + 756°

F(2,170)=21.724
p<0.001
partial n?=0.204

sAPPB, ng/mL

771 £351°

515 + 2822

776+ 387°

F(2,170)=16.48
p<0.001
partial n?=0.162

AB, ,,/AB,_, ratio

0.11£0.02 ¢

0.29+0.07?

0.27+0.07?

F(2,170)=106.362
p<0.001
partial n?=0.556

AB,_,,/AB, _, ratio

0.36 £ 0.09°¢

0.90£0.18%°

0.80+0.212b

F(2,170)=126.230
p<0.001
partial n?=0.598

Table |. Demographics, clinical and CSF biomarker data. Demographics, clinical and CSF biomarker data.Values reported are mean
* standard deviation. p values were obtained by comparing the groups AD, FTLD-S and HC. Post-hoc comparisons are detailed in Fig
I. §: ANCOVA adjusted for age at CSF sampling and APOE€4; a: Different than the AD group (p<0.05); b: Different than the FTLD-S
group (p<0.05); c: Different than the control group (p<0.05). Abbreviations: AD = Alzheimer’s disease; AB = Amyloid B; CDR = Clinical
dementia rating; FTLD-S = Frontotemporal lobar degeneration-related syndromes; HC = healthy controls; SAPPB = soluble B fragment

of amyloid precursor protein.
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els were not correlated with AP, 5 levels in the
AD group (r=0.272, p=0.067). Finally, as shown
in Table S1 AP peptides (AP,.5, AP, ,, and AP, s5)
showed moderate to high correlations with each
other in all clinical groups (r=0.505 to r=0.900).

Correlation between APP-derived
peptides and measures of cognitive and
disease severity

When analyzing the whole sample, CDR-SOB
correlated with A, ., AP, .» APz and sAP-
PB (r=-0.298 [-0.416; -0.180], r=-0.205 [-0.340;
-0.061], r=-0.335 [-0.433; -0.224], r=-0.246
[-0.352; -0.113], respectively, all p<0.05). More-
over, MMSE and FCSRT delayed total scores
correlated with AP, (r=0.263 [0.108; 0.394,
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Figure |. Levels of APP-derived peptides in CSF in the different groups. CSF levels of (A) ABI-42, (B) ABI-40, (C) ABI-38, (D)
sAPPB, (E) ABI-42/AB1-40 ratio and (F) ABI-42/AB1-38 ratio across groups. Only statistically significant differences are displayed
(Bonferroni’s post-hoc test; *: p<0.001).We applied correction for multiple comparisons. Abbreviations: AD = Alzheimer’s disease; AB

= Amyloid B; FTLD-S = Frontotemporal lobar degeneration-related syndromes; HC = healthy controls; SAPPB = soluble B fragment of

amyloid precursor protein.
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p=0.001]; r=0.384 [0.250; 0.499, p<0.001], re-
spectively). When we restricted the analysis to
the FTLD-S group, only phonological fluency
showed a mild correlation with AP, 5, AP,.;s and
sAPPP levels (r=0.365 [0.143; 0.573], p=0.003;
r=0.304 [0.083; 0.540], p=0.016, r=0.264 [0.015;
0.485], p=0.038, respectively). Conversely, in the
AD and controls groups we did not find signif-
icant correlations between CSF biomarkers and
measures of cognitive or disease severity.

Alzheimer's
Disease

Correlation between APP-derived

peptides and cortical macrostructure
in FTLD-S

Finally, we investigated the relationship between
APP-derived peptides in CSF and the markers
of neurodegeneration measured with structural
MRI. As shown in Fig 2, in the FTLD-S group
the CSF levels of AP, ,, showed a positive cor-
relation with cortical thickness (namely, lower
CSF values of A, ,, reflected thinner cortex) in

Healthy
Controls
p value

p value

p value

p value

CRN

Figure 2. Structural CSF-MRI correlations. Relationship between cortical thickness and APP-derived peptides in AD (n=26, left

column), FTLD-S (n=37, middle column) and HC (n=23, right column). Colored region represent significant correlations between

cortical thickness and the CSF levels of the appropriate APP-derived peptide. Only clusters that survived familywise error correction

are shown (p<0.05). All analyses were adjusted for age, sex and magnetic resonance equipment. Positive correlations are red-orange

colored.
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the prefrontal cortex, anterior cingulate, middle
frontal, frontal pole and the insula. Conversely,
the CSF levels of AP, ., were not related to cor-
tical thickness in the AD or the HC group. Sim-
ilarly, the CSF levels of AP, ,, and A, 5 showed
a positive correlation with cortical thickness in
frontal and to a lower extent in superior tempo-
ral areas in the FTLD-S group but not in the AD
group (Fig 2). In the FTLD-S group, the CSF lev-
els of SAPP{ showed a positive correlation with
cortical thickness in prefrontal cortex, anterior
cingulate, middle frontal, frontal pole, the insula
but also more posterior regions such as the pre-
cuneus and lateral temporal (right hemisphere)
(Fig 2). Of note, neither AP, ,,/AB, ,, nor AP, ../
AP, .5 ratios correlated with cortical thickness in
the FTLD-S or the AD groups (data not shown).

Discussion

In this study we confirm a global decrease in the
CSF levels of AP, 4, AP, ,» AP13s and sSAPPP in
FTLD-S. Importantly, we describe for the first
time in FTLD-S a direct correlation between
cortical thickness and four APP-derived peptides
related to the amyloidogenic processing pathway
of APP. These findings suggest that the CSF levels
of these APP-derived peptides may be a reflect of
neurodegeneration in FTLD-related syndromes.
In previous works, we hypothesized that low
CSF levels of sAPPP in FTLD-S were likely due
to frontotemporal degeneration because APP is
predominantly expressed in neurons in frontal
regions (Alcolea et al., 2017; Ferrari et al., 2017;
Grothe et al., 2018). Importantly, low levels of
sAPPB were previously confirmed in patholo-
gy-confirmed series of FTLD, indicating that this
profile is linked to FTLD and not to AD (Alcolea
et al., 2018). Other studies investigating the CSF
levels of APP-derived peptides in FTLD-S have
revealed inconsistent results, likely due to differ-
ences in inclusion criteria, sample size and the
lack of AD biomarkers in some to exclude atyp-
ical AD (Gloeckner et al., 2008; Janelidze et al.,

2016; Steinacker et al., 2009; Verwey et al., 2010).
In this study we found that, in addition to sAPP,
four AP peptides are reduced in CSF in FTLD-S.

Our findings suggest an amyloid-independent
relationship between FTLD-related neurodegen-
eration and APP-derived peptides. These find-
ings have important implications in the field of
CSF biomarkers as AP, peptide is considered
an indirect biomarker of cerebral amyloidosis in
current research frameworks (Illan-Gala, Peg-
ueroles, et al., 2018; Jack et al., 2018). Our data
suggest that AP, ,, in CSF may have a dual role
as a biomarker: on one hand, AP, ,, may be an
AD state biomarker but on the other, Ap, ,, can
track neurodegeneration in FTLD and possibly
in other non-AD dementias. This study also ex-
plains the improved agreement between amyloid
PET and CSF measures observed with the AP, .,/
AB, ,, ratio in non AD-dementias (Janelidze et
al., 2016; Leuzy et al., 2016). Because both AP, ,,
and A, are also related to neurodegenerative
changes in FTLD-S, the ratios can correct appro-
priately CSF levels of AP, _,, for the differentiation
of AD from FTLD (Janelidze et al., 2016; Leuzy
et al., 2016). Our data also support the findings
of a recent study in FTLD-S showing that the
CSF levels of AP, correlated with gray matter
density and were comparable to neurofilament
light as a predictor of longitudinal MRI changes
(Ljubenkov et al., 2018).

Our results also help to improve our understand-
ing of some unexpected findings in non-AD
conditions. Previous studies have suggested that
APP-derived peptides in the CSF may be altered
in neurological conditions, such as Multiple Scle-
rosis, independently of AD pathology (Augutis et
al., 2013). Moreover, a substantial disagreement
between the burden of amyloid pathology in
post-mortem studies and CSF levels of AP, ,, has
been also described in other diseases character-
ized by prominent gray matter neurodegenera-
tion such as Creutzfeldt Jakob disease (Lattanzio
et al., 2017). Taken together, these previous find-
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ings support that central nervous system non-
AD neurodegeneration may influence the CSF
levels of AP peptides. The notion that CSF levels
of APP-derived peptides may be also altered in
diseases other than AD argues against a specific
role of AP, .4, levels in CSF as a measure of cer-
ebral amyloidosis and opens the possibility that
it reflects synaptic or neuronal loss in a variety
of neurological conditions. In addition, the data
clearly supports the use of the ratio AP, 44 as a
specific biomarker of brain amyloidosis in AD
(Illan-Gala et al., 2018).

We found a direct correlation between the CSF
levels of AP peptides and frontotemporal neuro-
degeneration in FTLD-S but not in AD. We have
previously reported the correlation of sSAPPP with
cortical thickness in FTLD-S and in the amyo-
trophic lateral sclerosis-frontotemporal contin-
uum (Alcolea et al., 2017; Illan-Gala, Alcolea, et
al., 2018). In this study we expand previous find-
ings by showing that AP, ,,, AP, ,,» AP1.3s also cor-
relate with cortical thickness in FTLD-S. Several
factors may help to explain this observation. We
speculate that the topography of neurodegenera-
tion may influence APP-derived peptides as APP
itself is highly expressed in neurons in fronto-
temporal regions under physiological conditions
(Ferrari et al., 2017). Thus, prominent neuronal
loss in FTLD-S may cause a global decrease in
APP processing leading to the observed decrease
in APP-derived peptides. This could help to un-
derstand the observation of low levels of APP-de-
rived peptides in other conditions that also affect
frontotemporal regions, such as adult chronic
hydrocephalus (Miyajima ef al., 2012). Moreover,
recent data-driven studies have observed that the
subgroup of AD characterized by diffuse atrophy
(including frontal regions) has the lowest levels
of AP,.,, (Kate et al., 2018). Whether the CSF lev-
els of AP, 4, may also reflect neurodegeneration
in frontotemporal regions in addition to cerebral
amyloid deposition in some AD cases with dif-
fuse neurodegeneration remains to be elucidated.
However, it is likely that the heterogeneity of AD

patients in most studies, including ours, and the
fact that levels of Ap,_,, are mainly driven by brain
amyloid pathology difficult the possibility to test
if there is a correlation between APP-derived
products and cortical thickness in AD.

In this work, we did not find significant cor-
relations between APP-derived peptides and
cortical thickness in the AD group. In AD,
APP-derived peptides may be influenced by
disease-specific pathophysiological events. We
and others have shown that p-site amyloid pre-
cursor protein-cleaving enzyme (BACE) activity
is increased in sporadic AD (Fukumoto et al.,
2002; Pera et al., 2012) and this may lead to the
increase in APP-derived peptides. This in turn
may lead to the pseudonormalization of reduced
APP-derived peptides reflecting AD-related
neurodegeneration. The sole exception may be
Ap,_s, that has been hypothesized to remain low
because of its sequestration in amyloid plaques
in the brain (DeMattos et al., 2002). This mul-
tifactorial modification of APP-derived peptides
in AD may explain why we failed to find a signif-
icant correlation of AP, ,, AP, ,, and AP, 5 pep-
tides in the AD group in our study.

However, previous studies in Alzheimer’s disease
have found that CSF levels of AP,,, correlate
with gray matter density in cross-sectional stud-
ies and longitudinal MRI structural changes in
longitudinal studies (Ljubenkov ef al., 2018; Os-
senkoppele et al., 2015).

The main strengths of this study are the inclu-
sion of well-characterized participants that al-
lowed us to identify the structural correlates and
patterns of APP-derived peptides in FTLD-S
and AD. This study has also some limitations.
First, this study lacks neuropathological confir-
mation and misdiagnosed could have occurred.
However, in all participants the diagnosis of un-
derlying FTLD and AD was supported by CSF
biomarkers and imaging studies. Second, we re-
lied on cross-sectional data and further studies
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should evaluate the implications of APP-derived
peptides changes for longitudinal biomarker tra-
jectories and clinical outcomes of FTLD-related
neurodegeneration. Finally, although we used
CSF to exclude patients with FTLD-S and a CSF
biomarker profile of AD we cannot exclude en-
tirely that some of the FTLD-S may have some
concurrent AD pathological changes at autopsy
and therefore we could not account for comor-
bid AD pathology.

In summary, we showed that FTLD-S show a
CSF biomarker profile consisting of a global re-
duction of APP-derived peptides from the amy-
loidogenic pathway and that this reduction cor-
related with a neurodegeneration marker. This
pattern of APP-derived peptides should be taken
into account in patients with FTLD-S. Further
studies should delve into the mechanisms un-
derlying the observed decrease in APP-derived
peptides in FTLD-S.
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Supplementary material

A) AD AB(1-42) AB(1-40) AB(1-38)

SAPPB 0.308 (0.115-0.487) 0.350 (0.113-0.563)* 0.272 (-0.006-0.553)
AB(1-42) - 0.704 (0.499-0.822)* 0.583 (0.377-0.741)*
AB(1-40) - - 0.796 (0.677-0.877)*
B) FTLD-S AB(1-42) AB(1-40) AB(1-38)

SAPPB 0.640 (0.429-0.802)+ 0.596 (0.420-0.742)* 0.661 (0.477-0.795)*
AB(1-42) - 0.824 (0.732-0.911)* 0.847 (0.773-0.910)+
AB(1-40) - - 0.852 (0.784-0.925)*
C) HC AB(1-42) AB(1-40) AB(1-38)

SAPPB 585.8 (465.5) 0.535 (0.317-0.699)* 0.638 (0.419-0.784)*
AB(1-42) = 0.505 (0.289-0.713)* 0.522 (0.242-0.767)*
AB(1-40) - - 0.900 (0.840-0.947)+

Table SI. Correlation between APP-derived peptides along clinical groups. Correlation between AB(1-42), AB(1-40) and AB(1-38)
and sAPPB in A) AD group, B) FTLD-S group and C) HC group. Results are shown as pearson correlation coefficient (95% confidence
interval). 95% confidence intervals were calculated by means of bias-corrected accelerated bootstrapping (1000 samples). Statistically
significant correlations (p<0.05) are marked in an asterisk (*). Moderate-to-high correlations (r>0.5) are marked in bold.

Statistical analysis AB(1-42) AB(1-40) AB(1-38) AB(1-38)
Effect size for the

differences between r=0.340 r=0.368 r=0.412 r=0.412
FTLD-S and HC r?=0.116 r’=0.135 r?=0.170 r?=0.170
(ANOVA)

Effect size for the

differences between r=0.631 r=0.332 r=0.342 r=0.458
FTLD-S and AD r’=0.399 r=0.110 r’=0.117 r?=0.209
(ANOVA)

Effect size for the

differences between r=0.295 r=0.344 r=0.430 r=0.337

FTLD-S and HC
(ANCOVA)§

partial n?=0.088 partial n?=0.118 partial n?=0.185 partial n?=0.113

Effect size for the
differences between
FTLD-S and AD
(ANCOVA)§

r=0.309
partial n?=0.096

r=0.343
partial n?=0.118

r=0.511
partial n?=0.261

r=0.337
partial n?=0.113

Table S2: Effect size for the differences between APP-derived peptides between. Correlation between AB(1-42), AB(1-40) and
AB(1-38) and sAPPB in A) AD group, B) FTLD-S group and C) HC group. Results are shown as pearson correlation coefficient (95%
confidence interval). 95% confidence intervals were calculated by means of bias-corrected accelerated bootstrapping (1000 samples).
Statistically significant correlations (p<0.05) are marked in an asterisk (*). Moderate-to-high correlations (r>0.5) are marked in bold.
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In this doctoral thesis we investigated the patho-
physiological underpinnings of FTLD-relat-
ed neurodegeneration and its macro- and mi-
cro-structural neuroimaging correlates through a
multimodal biomarker approach combining clin-
ical measures, CSF and neuroimaging biomark-
ers (Figure 1). We provide novel insights into the
pathophysiology of FTLD by showing that: (i)
APP-derived peptides related to the amyloido-
genic pathway (sAPPf, AP, ,,, AP, .» APi3s) are
globally reduced in FTLD-S and correlate with
cortical thickness; (ii) YKL-40, a biomarker relat-
ed to astroglial activity, is increased in FTLD-S
and may be useful for the prediction of disease
progression in the ALS-FTD continuum; and (iii)
cortical mean diffusivity is more sensitive than
cortical thickness for the study of the earliest
FTLD-related neurodegeneration. These find-
ings add to our current understanding of FTLD
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pathophysiology and open new doors towards
precision medicine approaches for FTLD-S.

The potential role of APP in FTLD
pathophysiology

The major focus of research related to APP and
APP-derived peptides has been the characteri-
zation of Alzheimer’s disease pathophysiology
(Scheltens et al., 2016). Indeed, autosomal domi-
nant forms of Alzheimer’s disease caused by APP,
PSENI or PSEN2 mutations are characterized
by altered APP processing leading to a relative
or absolute increase in AP, ,, production and/or
enhanced aggregation (Pera ef al., 2013). Howev-
er, in sporadic cases other factors such as altered
balance between production and clearance of
AP may be involved in disease pathophysiology
(Tarasoft-Conway et al., 2015).

Synaptic
dysfunction /
Astroglial Neural activity oo
activity <> | AB1-42: AB1-40 > : ol
1 YKL-40 | AB1-38; | sSAPPB t bau
— AB1-42/AB1-40 ratio
«— AB1-42/AB1-38 ratio
Comorbid
Alzheimer’s disease
| AB1-42 and ? BACET1
| AB1-42/AB1-40 ratio
| AB1-42/AB1-38 ratio
t p-tau; 1 t-tau
1 YKL-40: 1 NfL
Other FTLD
I I subtypes
FTLD-TDP / ALS-TDP FTLD-tau (3R/4R)

| p-tau/t-tau ratio (Grossman et al., 2014)
TDP « AR (Paolicelli et al., 2017)

1 p-tau (Irwin et al., 2017)
tau < AB (Bright et al., 2015)

Figure |: Pathophysiological mechanisms and associated biomarkers implicated in FTLD-related neurodegeneration. Data on
biomarkers are shown in italics. Arrows reflect hypothetical relationships, not direct causal links between pathological mechanisms and
FTLD-related neurodegeneration.
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However, several recent papers have linked
APP-derived peptides with FTLD pathophysiol-
ogy. First, in a recent study, TDP depletion was
related to increased uptake of extraneuronal AP
and synaptic damage by microglia (Paolicelli et
al., 2017). Interestingly, the authors of this work
also reported a lower frequency of Alzheimer’s
disease pathology in human brain samples of
patients with ALS-TDP when compared to age-
matched controls (Paolicelli et al., 2017). These
observations suggest that the loss of TDP function
may be related to the observed microglia-driven
reduction of APP-derived peptides. Second, in
a study investigating the genetic architecture of
FTLD, the APP gene was related to C9orf72 (an
FTLD-TDP causing gene) by means of a novel
approach called “weighted protein-protein in-
teraction network analyses”. This co-expression
genetic analysis suggested a pathophysiological
link between APP and C9orf72 genes (Ferrari
et al., 2017). Third, several studies have related
extraneuronal levels of AP with increased FT-
LD-tau pathology (Bright et al., 2015; Gotz et al.,
2001). Particularly, the injection of transgenic
FTLD-tau mice with aggregated AP was related
to increase FTLD-tau burden suggesting an up-
stream role for AP oligomerization in initiating
FTLD-tau pathology (Gotz et al, 2001). Con-
sistent with these findings, another recent study
found that in FTLD-tau cases, higher CSF levels
of AP, ,, were linked to faster disease progression
(Ljubenkov et al., 2018) while lower CSF levels of
AP, ,, were related to faster disease progression
in the FTLD-TDP subgroup. Taken together,
these studies indicate that APP-derived peptides
are implicated in the pathophysiology of FTLD.

The relationship between APP,
synapses and neuronal function

The finding of reduced levels of APP-derived
peptides in FTLD-S may be counterintuitive for
some authors as the accumulation of AP peptide
in extracellular plaques is a core neuropatholog-
ical hallmark of Alzheimer’s disease. However, in

addition to the well-established role in Alzheim-
ers disease pathogenesis, APP may also play an
important role in the aging brain. Recent studies
have shown that APP is located at the presynaptic
active zone where it interacts with a number of
synaptic proteins (Figure 2) (Lassek ef al., 2013;
2015). Indeed, APP and APP-derived peptides
may also have important physiological functions
at the synapse in healthy individuals (Muller et
al., 2017). Many of these functions remain largely
unexplored, and include: (i) trans-synaptic adhe-
sion (Wang et al., 2009); (ii) signaling functions
involving brichos domain-containing 1 and 2
(BRIC1 and BRIC2) that may reduce beta- alpha-
and gamma-secretase cleavage of APP (Matsu-
da et al., 2005); and (iii) synaptic transmission
(Muller et al., 2017). Importantly, the expression
and synaptic localization of APP has been related
to learning deficits of mouse mutants, support-
ing the role of these proteins in synaptic plastici-
ty, learning and memory (Muller et al., 2017).

Further links between neuronal activity and
synaptic function of APP-derived peptides
come from studies showing that AP levels in
CSF have been shown to fluctuate over time in
the same individuals under physiological con-
ditions (Bateman et al., Neurology 2007). These
fluctuations have been related to (i) the activi-
ty-dependent release of dynamic production of
AP in-vivo following full-length APP endocyto-
sis from the presynaptic terminal (Cirrito et al.,
Neuron 2008); (ii) metabolism of AP peptides
by microglia, which has been related in turn to
synapse loss; (iii) clearance of A peptides from
the interstitial fluid through the paravascular
clearance pathways (Kress et al., 2014); (iv) re-
duction of AP production during sleep related to
decreased cerebral activity (Lucey et al., 2018).
Additionally, neuronal activity has been related
to local AP deposition, supporting the link be-
tween neuronal activity and local Ap production
and deposition (Bero et al., 2011).
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Figure 2: Interactions of APP with synaptic proteins. A) General scheme of the relationship between APP and other relevant
presynaptic and postsynaptic proteins at the synaptic junction; adapted from Lassek et al.,2015. B) Detailed diagram of APP and related

proteins along the synaptic vesicle cycle.

Taken together, previous evidence suggests that
APP-derived peptides could be related to the
prominent neuronal loss observed in FTLD and
that APP may play an important role at the syn-
apse. This leads to the possibility that APP lev-
els in CSF could also be a biomarker of synaptic
impairment. Previous studies assessing the role
of APP-derived peptides in FTLD-S CSF were
scarce, and usually tested a restricted number
of APP-derived peptides in small samples of pa-
tients with FTLD-S (Steinacker et al.,, 2009). In
this thesis we investigated the correlation be-
tween CSF levels of sSAPPP and other APP-de-
rived peptides related to the amyloidogenic path-
way of APP processing with cortical thickness as
a measure of neuronal loss.

APP-derived peptides and NfL
levels reflect FTLD-related
neurodegeneration

Previous studies have highlighted the role of NfL
levels in CSF as a potential biomarker of neuro-
degeneration (Khalil et al., 2018). Conversely,
interpretation of the significance of CSF sAPPJ
levels has been controversial due to the conflict-
ing results reported. Of note, in a previous study
by Steinacker and collaborators, the CSF levels
of sAPP correlated with disease progression in
ALS (Steinacker ef al, 2011). In this work, the
authors speculated that sSAPPp may protect neu-
rons from proteasomal stress (Copanaki et al.,
2010) and that its decrease in CSF could reflect
progressive neuronal loss or dysfunction in neu-
rodegenerative diseases (Sennvik et al., 2000). In
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chapter 3, chapter 5 and chapter 6, we showed
that lower sAPPp levels were related to cortical
thinning in FTLD-S. Importantly, we also ob-
served significant correlations between sAPPB
levels, NfL levels, and cortical thickness. Because
NfL levels have been shown to reflect neuroax-
onal injury in several neurodegenerative and
non-neurodegenerative conditions, our findings
suggest that sSAPP{ levels may reflect FTLD-re-
lated neurodegeneration (Khalil ef al., 2018).

In chapter 4 we found that the sAPPPB/YKL-40
ratio showed a direct correlation with cortical
thickness (lower values predicted lower cortical
thickness) in prefrontal and lateral temporal re-
gions. It is worth mentioning that sAPPf and NfL
also correlated with cortical thickness when con-
sidered in isolation. However, these results did
not survive correction for multiple comparisons,
potentially due to the relatively small size of the
neuroimaging subgroup in this study. Overall,
our results support the role of sAPPJ as a neuro-
degeneration biomarker in FTLD-S and also add
to the mounting evidence suggesting that ALS
and FTD reflect the two extremes of a same neu-
rodegenerative continuum. These results demon-
strate the importance of APP-derived biomarkers
and inflammation, but also show the potential
of such biomarkers for diagnostic and prognos-
tic purposes. Further studies should determine
whether CSF biomarkers can improve patient
classification within the ALS-FTD continuum
and identify patients at higher risk of cognitive or
behavioral impairment during the disease course.
This is an important issue since recent studies
have shown that disease progression is associated
with increasing cognitive and behavioral impair-
ment (Crockford, Newton, Lonergan, Chiwera,
et al., 2018) and that cognitive and behavioral
impairment impact caregiver distress and deci-
sion-taking during disease course (Lillo, Mioshi,
et al., 2012; Olney et al., 2005).

In chapter 6 we showed a global decrease in
APP-derived peptides in FTLD-S in contrast

with the selective decrease of AP, ,, levels in AD.
Our data suggest that the CSF levels of Af, ,, may
have a dual role as a biomarker: on the one hand,
AP, ,, may be an AD state biomarker, but on the
other, AP, ,, may also track neurodegeneration
in FTLD. Interestingly, when reviewing the lit-
erature, we found previous reports of decreased
AP, ,, levels in pathology proven FTLD without
comorbid AD when compared to healthy age-
matched controls. However, the authors of these
previous reports did not delve into these results,
probably because the observation of low Af, ,,
is a finding suggestive of underlying AD patho-
physiology for many influential authors (Jack et
al., 2016). Moreover, our results may help to ex-
plain previous reports of high disagreement rates
between CSF levels of AP, ,, and amyloid posi-
tron emission tomography in FTLD-S (Janelidze
et al, 2016; Leuzy et al, 2016). Because both
AP, ,, and AP, 5 levels are also affected by FT-
LD-related neurodegeneration, AB, ,,/ AP, ,, and
B1-42/A, .35 ratios could be used to differentiat
AD from FTLD (Janelidze et al., 2016; Leuzy et
al., 2016, Lewczuk et al., 2017). Interestingly, a
recent study in FTLD-S showed that the CSF lev-
els of AP, ,, correlated with gray matter density
and were comparable to NfL CSF levels as a pre-
dictor of longitudinal MRI changes (Ljubenkov
et al., 2018). Overall, these findings support the
link between the CSF levels of AB, ,,, AP, ., AP.
;s and sAPPB and FTLD-related neurodegener-
ation.

Although recent studies have revealed a patho-
physiological link between APP-derived peptides
and FTLD (Paolicelli et al., 2017), it remains un-
clear whether APP-derived peptides reflect gen-
eral neurodegeneration or FTLD-specific patho-
physiological events. Similar to sSAPPp, in chapter
6, we found a direct correlation between A, ,,,
AP, ,» AP1.3s and cortical thickness. However, we
failed to find a significant a direct correlation be-
tween APP-derived peptides related to the amy-
loidogenic pathway and cortical thickness in the
Alzheimer’s disease group. We hypothesized that



in Alzheimer’s disease, APP-derived peptides
may also be affected by multiple disease-specific
pathophysiological mechanisms. Supporting this
hypothesis, our group has shown that B-site amy-
loid precursor protein-cleaving enzyme (BACE)
activity is increased in sporadic Alzheimer’s dis-
ease (Pera et al, 2012; Fukumoto et al, 2002).
However, the CSF levels of ApB, ,, have been hy-
pothesized to remain low in Alzheimer’s disease
because of its sequestration in amyloid plaques
in the brain (Zetterberg et al., 2017; DeMattos
et al., 2002). We hypothesize that these previous
observations together with other factors such as
the impairment of the clearance systems could
explain the selective decrease in AP, ,, levels in
Alzheimer’s disease (Tarasoft-Conway et al,
2015). Thus, APP-derived peptides in Alzheim-
er’s disease may be related to multiple pathophys-
iological dynamic processes. This combination of
factors may explain why most previous studies
have failed to find a significant correlation be-
tween the CSF levels of AP, ,,, AP, ,, and AP, s
and neuroimaging measures of neurodegener-
ation in Alzheimer’s disease. However, two no-
table exceptions to this last statement should be
mentioned. First, Ossenkoppele et al studied the
relationship between CSF core Alzheimer’s dis-
ease biomarkers and neurodegenerative chang-
es in different clinical subtypes of Alzheimer’s
disease (namely, early and late onset, logopenic
variant of primary progressive aphasia and pos-
terior cortical atrophy). They hypothesized that
tau (t-tau and p-tau) markers would correlate
with neurodegenerative changes. However, con-
trary to their hypothesis they found that the CSF
levels of AP, ,, correlated with gray matter densi-
ty for each Alzheimer’s disease subtype (Ossen-
koppele, Mattsson, et al., 2015). Importantly, the
correlation was observed in cerebral areas were
neurodegeneration is typically observed in each
of the studied subtypes of Alzheimer’s disease.
Second, Kate Ten and collaborators followed
a data-driven approach to define the different
patterns of Alzheimer’s disease-related neurode-
generation in in a large multicenter study (Kate
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Ten et al., 2018). Interestingly, they found that
the Alzheimer’s disease subgroup was charac-
terized by a diffuse pattern of atrophy and was
also the group distinguished by the lowest Ap,
. levels. Interestingly, similar results have been
observed in other neurodegenerative diseases.
In a recent study aiming to define the subtypes
of Parkinson’s disease, the “diffuse malignant”
subtype was characterized by greater atrophy in
MRI, lower CSF levels of AP, ,, and faster disease
progression (Fereshtehnejad et al., 2017). Simi-
larly, patients with Lewy body dementia and low-
er CSF AP, ,, levels (but not higher levels of t-tau
of p-tau) have consistently showed a faster dis-
ease progression (Walker ef al., 2015). Although
these finding may reflect concurrent Alzheimer’s
pathology in some cases (Toledo et al., 2012) it
may also indicate more synaptic damage. Taken
together, these studies suggest that the observed
heterogeneity of neurodegeneration in Alzheim-
er’s disease and other neurodegenerative disease
may be hiding a hypothetical relationship be-
tween AP,,, and neurodegeneration. Overall,
future studies should evaluate whether APP-de-
rived peptides reflect general neurodegeneration
or, on the contrary, may reflect specific aspects of
FTLD pathophysiology.

The relationship between astroglial
activity and disease progression in the
ALS-FTD continuum

In chapter 4, we showed that the CSF levels of
YKL-40 were able to predict disease progression
in ALS. This is a relevant issue since prognostic
heterogeneity is one of the major challenges for
the development of clinical trials in ALS (Brown
and Al-Chalabi, 2017). Consistent with previous
findings, we found that higher CSF NfL levels
were also associated with faster disease pro-
gression (Steinacker ef al., 2016; Feneberg et al,
2018). However, previous studies addressing the
role of YKL-40 in ALS were scarce and failed to
find significant differences between controls and
ALS patients (Bonneh-Barkay et al., 2010). The



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

results presented in chapter 4 extended these
previous results by showing that the CSF levels
of YKL-40 predicted disease progression inde-
pendently of NfL levels. Importantly, CSF levels
of YKL-40 appeared to outperform NfL when
predicting survival in the ALS-FTD continuum.
Although our results were based on a relatively
small sample, several papers have corroborated
our findings since the publication of our paper.
Of note, Thompson et al. reported that YKL-40
and two other macrophage-derived chitinases
(chitotriosidase and chitinase-3-like protein 2)
were increased in ALS when compared to both
ALS mimics and healthy controls (Thompson et
al., 2018). They also performed a survival anal-
ysis, but contrary to our findings, they reported
that only chitotriosidase was independently-as-
sociated with survival. Methodological differ-
ences in the sample composition (i.e. inclusion
of patients with progressive lateral sclerosis and
patients with ALS-FTD) might explain the ob-
served differences. Another relevant work pub-
lished after our paper was accepted also showed
that CSF YKL-40 levels were increased in ALS
when compared to healthy controls and that CSF
YKL-40 levels correlated with progression (An-
drés-Benito et al., 2018). Interestingly they also?
found increased YKL-40 mRNA levels in anteri-
or horn of the spinal cord, which correlated with
microglial markers (AIF1 and CD68).

Our results are in line with previous evidence
linking neuroinflammation to ALS pathophysi-
ology (Yamanaka et al., 2008; Boillee et al., 2006;
Frakes et al, 2014). Indeed, TDP-43 inclusions
are not only found in neurons, but also in the
cytoplasm of glial cells (Nishihira et al., 2008).
In particular, under stress conditions, microglia
and astrocytes that express TDP-43 were shown
to produce pro-inflammatory cytokines as well
as neurotoxic mediators. Moreover, TDP-43 has
been shown to interact with the nuclear fac-
tor-kappa B, a master regulator of several genes
involved in the inflammatory response (Swarup
et al., 2011). Taken together, our results and pre-

vious evidence from human and animal studies
reinforce the close relationship between neu-
roinflammation and progression rate in the ALS-
FTD continuum (Yamanaka et al., 2008; Boillee
et al., 2006). These are key aspects that should be
taken into account when designing clinical tri-
als for disease-modifying treatments in ALS. In-
deed, novel immunomodulation drugs, such as
fingolimod, hold promise as new potential dis-
ease-modifying drugs for ALS and are being test-
ed in ongoing clinical trials (Berry et al, 2017;
Potenza et al., 2016).

Implications for research in early
symptomatic stages of FTLD-S

The first descriptions of FTLD-S were made by
talented neurologists that were pioneers in the
characterization of novel neurodegenerative
syndromes (Derouesné, 2014; Steele ef al., 1964;
2014). These first descriptions were usually made
at advanced disease stages and usually empha-
sized end-stage features of the disease (Steele
et al., 1964). Recently, many neurodegenerative
syndromes have been further characterized in
clinico-pathological cohorts and deep-pheno-
typed cohorts. Consequently, new diagnostic cri-
teria enable the diagnosis of FTLD-S at milder
disease stages and now also consider information
from pathophysiological and topographical bio-
markers (Rascovsky et al., 2011; Gorno-Tempini
et al., 2011; Armstrong et al., 2013; Mesulam et
al., 2014; Hoglinger et al., 2017).

Despite of these advances, many neurologists are
not familiar with the diagnosis of FTLD-S and
the diagnosis of these patients is usually delayed.
Dramatically, many patients with FTLD-S are still
misdiagnosed with psychiatric conditions before
receiving the diagnosis of neurodegenerative
disease. This is particularly striking in the case
of women with bvFTD, who are more frequent-
ly misdiagnosed with psychiatric disease than
men (Woolley et al., 2011; and unpublished data
from the SPIN cohort). Similarly, misdiagnosis



is frequent in other neurodegenerative diseases
such as Alzheimer’s disease and Parkinson’s dis-
ease, especially when the diagnosis is not sup-
ported by pathophysiological biomarkers (Schel-
tens et al., 2016; Rizzo et al., 2016). Of note, the
same patient may receive a different diagnosis
depending on the area of expertise of the treat-
ing physician. For example, a patient with nfaP-
PA and a mild rigid-acinetic syndrome evaluated
by a movement disorders expert may receive the
diagnosis of mild Parkinson disease for many
years until the emergence of a canonical PSP- or
CBD-related syndrome, when the diagnosis will
be ultimately changed to probable PSP or CBD.
This example illustrates the need for a common
approach to the study of FTLD-S, and the impor-
tance of FTLD-related biomarkers to support the
diagnosis of FTLD at mild disease stages. In the
case of bvFTD, some authors have reported that
a proportion of possible bvFTD cases may not
have underlying FTLD, while others defend that
possible bvFTD cases represent early stage FTLD
(Borroni, Cosseddu, et al., 2015). In chapter 5 we
included a wide range of bvFTD cases recruited in
different centers, most of whom had an increased
degree of certainty of underlying FTLD. Indeed,
a significant proportion of possible bvFTD cas-
es progressed to PSP-CBD phenotypes or motor
neuron disease. This finding highlights the impor-
tance of taking into account the earliest cognitive
and behavioral aspects of neurodegenerative dis-
eases as a way of advancing the diagnosis to the
mild symptomatic stages, where novel treatments
may be more effective (Tsai and Boxer, 2016).
However, even if cognitive and behavioral aspects
are meticulously compiled, clinical phenotypes
may not be sufficient to predict FTLD diagnosis
in-vivo. In the largest clinical-pathological sample
of bvFTD half of the pathology-proven PSP cas-
es did not display the clinical cardinal elements
of PSP syndrome during disease course (namely,
oculomotor palsy and prominent postural insta-
bility) (Perry et al., 2017). These relevant findings
from deeply-phenotyped cohorts highlight the
limitations of clinical characterization for the pre-
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diction of pathological diagnoses (Meeter et al.,
2017; Boxer et al., 2017). Further refinement of
diagnostic criteria will be needed to improve the
accuracy, reproducibility and consistency of clini-
cal diagnoses by incorporating disease-specific bi-
omarkers that may be both sensitive and specific
to detect FTLD-related neurodegeneration at the
earliest disease stages. This in turn may contribute
to an early diagnosis of FTLD and may have the
potential to transform current clinical practice in
behavioral and cognitive neurology.

But even when mild FTLD-S are evaluated in
multidisciplinary clinics by expert clinicians, their
classification may still be problematic. In our ex-
perience, many patients that undergo the deep
phenotyping protocol in the FTLD-S unit at our
center are unclassifiable according to the current
diagnostic criteria or they meet criteria for more
than 1 syndrome. Most of these cases usually pres-
ent with prominent behavioral features emerging
two to three years before consultation. They also
display motor symptoms and signs that do not
dominate the clinical picture at the time of diag-
nosis. Importantly, many informants would only
report significant personality changes during sep-
arate interviews conducted following the so-called
“biographical narrative approach” (Miller et al.,
2015). Until then, many informants may be un-
aware that the observed behavioral changes may
be related to a neurodegenerative disease. When
trying to apply the new diagnostic criteria, some
of these cases could be classified either as bvFTD,
“frontal variant of PSP” or even “fronto-spatial”
CBS. Thus, to improve the consistency of clinical
classifications across cohorts, patients presenting
with cognitive, behavioral, language and motor
complaints in whom Alzheimers disease and
Lewy body disease have been appropriately ruled
out, should all be evaluated in multidisciplinary
FTLD-S clinics following standardized protocols
(Grossman and Irwin, 2016). This would avoid
systematic biases related to patient referral to ei-
ther cognitive neurology or movement disorders
clinics (Josephs et al., 2008; Lee at al., 2011; Re-
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spondek et al., 2014). Importantly, the clinical
evaluation of FTLD-S should always include sep-
arate structured interviews with reliable inform-
ants and detailed assessment of social cognition
by experienced behavioral neurologists because
most patients have anosognosia (Lansdall ef al.,
2017, 2018; Henry et al., 2016).

Figure 3 illustrates the potential use of biomark-
ers to advance the diagnosis of FTLD in earlier
clinical stages when future targeted therapies
may be more effective. The information provided
by biomarkers at diagnosis could also be taken
into account for the prediction of disease pro-
gression and the selection of candidates for clin-
ical trials. On the one hand, pathophysiological
biomarkers measuring key aspects of the neu-
rodegenerative process (i.e. neuroinflammation
or FTLD subtype) could help in the characteri-
zation of underlying neurodegenerative process.
This information may be crucial for candidate

A Aggressive pathophysiological profile
Max Intermediate pathophysiological profile
Benign pathophysiologial profile

selection for future trials targeting specific aspect
of FTLD pathophysiology (i.e. anti-inflamma-
tory or anti-tau drugs). On the other hand, the
development of novel imaging biomarkers more
sensitive than conventional imaging biomarkers
may increase our sensitivity for the detection
of FTLD-related neurodegenerative changes
by lowering the detection threshold of imaging
techniques. This, in turn, may allow the diagno-
sis at earliest clinical stages.

APP-derived peptides, YKL-40 and NfL
as potential diagnostic biomarkers in
FTLD-S

In chapter 3 we confirmed increased NfL and
YKL-40 levels in FTLD-S compared to Alzheim-
er’s disease and controls. However, we extended
previous findings by showing that the CSF lev-
els of SAPPp were decreased in the FTLD-S and
showed a similar capacity for the differentiation
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Figure 3: Hypothetical contribution of biomarker-based phenotyping for advancing FTLD detection and improving the

prediction of disease progression.



of FTLD-S from controls than NfL in a large
multicentric study.

In chapter 4, we found the highest levels of NfL
in the ALS group reflecting the massive neu-
roaxonal injury in this group when compared to
other neurodegenerative diseases (Khalil et al.,
2018). On the other hand, we found intermediate
levels of sSAPPP in the ALS group compared to
the FTD and control groups, and increased levels
of YKL-40 levels in both the ALS and the FTD
group. Interestingly, sAPPP and YKL-40 corre-
lated with cognitive impairment in the ALS-FTD
continuum, and YKL-40 correlated with meas-
ures of progression rate, supporting the potential
of these biomarkers to track disease progression.
We only found one previous study evaluating the
CSF levels of sSAPPf in ALS. Consistent with our
findings, Steinacker and collaborators reported
that the CSF levels of sAPPp predicted disease
progression in ALS (Steinacker ef al., 2011).

Following the publication of the papers pre-
sented in chapter 3 and chapter 4, we conduct-
ed a follow-up study to replicate our results in a
unique cohort of pathology-proven FTLD cases
with antemortem CSF available (Annex 5; Sup-
plementary paper 1). This dataset allowed us to
explore the role of SAPPP and YKL-40 to dis-
criminate between FTLD-tau and FTLD-TDP. In
this study, we confirmed that CSF levels of sAP-
PP were reduced and that those of YKL-40 were
increased in both FTLD-TDP and FTLD-tau
neuropathological subtypes of FTLD (Alcolea
et al., 2018). Unfortunately, none of the studied
biomarkers (sAPPB and YKL-40) allowed the
accurate differentiation of FTLD subtypes. How-
ever, the group of FTLD-tau (without concur-
rent Alzheimer’s disease) showed higher levels
of YKL-40 than pure FTLD-TDP, and YKL-40
levels correlated with pathological tau burden.
These results highlight the intensity of astroglial
activity in FTLD-tau (Kovacs ef al., 2015; 2017;
Querol-Vilaseca ef al., 2017) and also the impor-
tance of considering concurrent Alzheimer’s dis-
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ease pathology when interpreting CSF biomark-
er results (Toledo et al., 2012; Lleo et al., 2018).

Taken together, our results suggest that sAP-
PB levels, as well as the sAPPB/NfL and sAPPf/
YKL ratios may be useful biomarkers to increase
the diagnostic certainty of underlying FTLD in
certain clinical settings. Although most patients
classified as possible bvFTD will eventually devel-
op the typical frontotemporal atrophy during fol-
low-up, some cases will remain stable over time
or will be reclassified as psychiatric phenocopies
(Devenney ef al., 2016). In these cases, CSF bio-
markers may contribute to the early identification
of FTLD mimics. Recently, other authors have
explored the potential value of CSF biomarkers
to distinguish FTLD-S from non-neurodegener-
ative phenocopies. Particularly, Vijverberg et al.,
reported that the combination of NfL, the p-tau/
tau ratio, and YKL40 discriminated well between
probable/definite bvFTD and primary psychiat-
ric disorders (Vijverberg et al., 2017). However,
Vijverberg et al., did not assess the value of the
CSF levels of sAPPP or other APP-derived pep-
tides. In the light of the results presented in chap-
ter 6, future works in similar clinical scenarios
are warranted to evaluate the role sAPPP and
other APP-derived peptides, alone or in combi-
nation with NfL, YKL-40 or other biomarkers to
distinguish between bvFTD cases with increased
certainty of underlying FTLD and other FTLD
mimics.

Limitations

Several limitations should be kept in mind when
interpreting the results of this thesis. First, most
of the participants with FTLD-S or Alzheimer’s
disease were not pathology-confirmed and thus,
misdiagnosis could have occurred. However, all
participants were deeply-phenotyped following
an extensive clinical protocol and Alzheimer’s
disease pathophysiological process was exclud-
ed by CSF biomarkers in FTLD-S to avoid mis-
diagnosis or cases with comorbid pathology.
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Moreover, we included a significant proportion
of FTLD-S cases with an increased certainty of
underlying FTLD (namely, pathology-confirmed
cases, carriers of FTLD-related mutations or cas-
es with available follow-up in whom a second
FTLD-S was observed). Second, because most
patients did not have a pathological confirmation
of FTLD or Alzheimer’s disease, we were unable
to establish the clinical-pathological correlates
of the studied CSF and imaging biomarkers. We
could not explore the differences in CSF and im-
aging profile of between FTLD subtypes. How-
ever, some information can be found in the sup-
plementary paper 2 where we compared the CSF
biomarker profile of FTLD-TDP and FTLD-tau
subtypes. Third, we did not evaluate the prognos-
tic value of the CSF levels of SAPPf, YKL and NfL
in all FTLD-S. However, we were able to evaluate
the prognostic utility of these CSF biomarkers in
the ALS-FTD continuum, a population charac-
terized by a fast disease progression and a short
survival. Finally, we did not delve into the poten-
tial added value of the combination of CSF and
the topography of neurodegeneration for the dif-
ferentiation of FTLD-S, Alzheimer’s disease and
healthy controls.

Future directions

In this thesis we showed that CSF and neuroim-
aging biomarkers could provide important in-
sights for the characterization of FTLD-related
neurodegeneration. However, only neuroimag-
ing biomarkers allow the study of the topogra-
phy of neurodegeneration. Taking into account
the topography of neurodegeneration may be
important for the in-vivo differentiation of FTLD
from other neurodegenerative and non-neurode-
generative conditions. Particularly, we envision
that the study of cerebral microstructure with
cortical mean diffusivity could be further en-
riched by its combination with a second measure
of subcortical microstructure. This would enable
the computation on a surface-based approach of
a cortical/subcortical ratio of mean diffusivity at

each vertex. By doing this we may gain important
insights into the microstructural architecture of
FTLD-related neurodegeneration. This is a rele-
vant issue since some FTLD subtypes are char-
acterized by a prominent neurodegeneration of
subcortical white matter (Irwin et al., 2017).

Neurodegenerative diseases are characterized
by neuronal dysfunction along specific brain
networks (Seeley et al., 2009) and neuroimag-
ing biomarkers have been used to identify net-
work-specific patterns of neurodegeneration
associated with FTLD and other neurodegener-
ative diseases (Ranasinghe ef al., 2016; Nietham-
mer et al., 2014; Meles et al., 2017; Teune et al.,
2013). Importantly, multivariate methods, such
as spatial covariance mapping allow the quanti-
fication of a particular pattern of neurodegen-
eration (i.e. network expression) at the single
subject level (Niethammer ef al., 2012). Inter-
estingly, the combination of the CSF biomarker
profile and network expression quantification in
a given individual could be used to derive a prob-
abilistic-derived biomarker-based classification
system of FTLD-S according to the expected un-
derlying neurodegenerative disease (Schindlbeck
et al., 2018). These multimodal algorithm-based
classifications remain to be defined and validated
in future studies and may certainly contribute to
overcome the limitations of clinical phenotyping
for the prediction of underlying neurodegen-
erative diseases of FTLD-S (Tang et al., 2010;
Schindlbeck et al., 2018).

The combination of CSF and neuroimaging bio-
markers could improve our ability to predict dis-
ease progression in a particular individual. For
example, in ALS the presence of primary motor
neuron involvement could be operationalized
by means of the study of cortical mean diffusiv-
ity at the motor cortex. By doing this, we would
overcome the subjectivity of eliciting first motor
neuron signs in ALS patients with concurrent
secondary motor neuron signs. This would en-
able an objective quantification of primary mo-



tor neuron impairment in ALS patients and may
contribute in turn to the refinement of current
classification systems in ALS (Al-Chalabi et al,
2016). Moreover, the combination of markers of
astroglial activity (i.e. YKL-40) with markers of
cortical microstructure (i.e. cortical mean diffu-
sivity) may also contribute to refine diagnostic
classification (Al-Chalabi et al., 2016) and im-
prove diagnostic accuracy.

In this thesis we studied several biomarkers in
CSF but recently, the development of novel tech-
nologies such as single-molecule array (SiMoA)
has enabled the detection of multiple biomarkers
in blood, including NfL and APP-derived pep-
tides. These novel techniques open a window
of opportunity to study multiple pathophysio-
logical biomarkers in plasma. Of note, plasma
biomarkers present a number of advantages
over CSF biomarkers. Importantly, the study of
plasma biomarkers does not require a lumbar
puncture and is minimally invasive (i.e. allowing
repeated sampling for disease monitoring). Re-
cent studies using these novel techniques suggest
that AP, ,, could be a useful screening biomarker
for Alzheimer’s disease in plasma (Molinuevo et
al., 2018). Because we showed a specific profile
of APP-derived peptides, we hypothesized that
the study of sAPPp levels and AP, ,,/AB, ,, and
AP, /AP, s ratios could be of special interest for
the differentiation of FTLD-S from Alzheimer’s
disease. Further studies should explore the abili-
ty of plasma biomarkers to differentiate between
FTLD and Alzheimer’s disease or healthy con-
trols.

We hypothesized that APP-derived peptides may
have an important role in FTLD pathophysiolo-
gy. Because APP processing has been linked to
neuronal and synaptic activity, it would be inter-
esting to further investigate the relationship be-
tween neuropathological hallmarks of FTLD (i.e.
TDP-43 or tau inclusion), APP-derived peptides
and synapse markers in different FTLD subtypes.
Our group has experience in novel techniques al-
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lowing the study of different proteins at the syn-
apse level in post-mortem human brains (Co-
lom-Cadena et al., 2017) as well as in CSF (Lleo
et al., 2019). Particularly, array-tomography may
enable the visualization of APP-derived peptides,
and the study of their relationship with synapses
and the pathological hallmarks of FTLD. Such
observations could eventually reinforce the hy-
pothetical role of APP-derived peptides as synap-
tic biomarkers and their relationship with FTLD
pathophysiology. This would be an important
observation since recent studies have suggested
that in the absence of AD pathophysiology, AP,
., levels may be related to disease progression in
some FTLD-subtypes (Ljubenkov et al., 2018). It
would be important to investigate whether other
synaptic proteins also are related to disease pro-
gression in FTLD as well. Thus, future studies in
pathology proven cohorts should characterize
the specific role APP-related peptides at the syn-
apse and their relationship with FTLD-subtypes.

In recent years, the study of large multicentric
cohorts of FTLD-related mutation carriers at
preclinical or minimally-symptomatic stages of
the disease has provided great insight into the
FTLD early disease process (Rohrer et al., 2013).
Emerging data from these studies suggests that
mutation carriers may present cognitive and cer-
ebral structural changes up to 10 years before the
emergence of full-blown FTLD-S, while subtle
cognitive changes may be evident up to 5 years
before disease onset (Cash et al., 2018; Popuri et
al., 2018; Rohrer et al., 2015). These findings in-
dicate that, similar to what it has been observed
in other neurodegenerative diseases, such as
Alzheimer’s disease or Huntington disease, the
disease process in FTLD precedes the clinical
onset of canonical phenotypes (Ross ef al., 2014;
Scheltens et al., 2016). Novel biomarkers may
aid to advance the diagnosis of FTLD to mild-
ly symptomatic or preclinical stages similar to
what has been done in Alzheimer’s disease (Jack
et al., 2018) and this in turn, may allow the defi-
nition the phenotypes associated with prodromal



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

FTLD. Some of the results presented in this thesis
may contribute to achieving this goal. In chap-
ter 5 we proposed that cortical mean diffusivity
could be a useful biomarker to detect the earli-
est cortical changes in FTLD, and future studies
should explore its value to detect and monitor
FTLD-related changes in preclinical mutation
carriers. When conducting these studies, a num-
ber of interesting questions would arise. First,
would cortical mean diffusivity changes predate
cortical thinning in genetic FTLD? Second, be-
cause each mutation is related to a single FTLD
neuropathological subtype, the study of earliest
neuroimaging changes in FTLD-related muta-
tion carriers may shed light to identify specific
structural signatures of FTLD subtypes (Rohrer
et al., 2015). For example, some FTLD-subtypes
may be characterized by prominent subcortical
white matter neurodegeneration (Kovacs et al,
2017) while others may target specific gray mat-
ter regions (Nana et al, 2018). Third, because
genetic and sporadic FTLD cases have shown
to diverge in CSF biomarker profiles, it would
be interesting to compare the structural corre-
lates of sporadic and genetic forms of FTLD-tau
and FTLD-TDP cases (for further information
please refer to supplementary paper 1)(Lleo
et al., 2018). Finally, because we proposed that
APP-derived peptides may be useful biomarkers
in FTLD-S, future studies should also explore its
role for the detection of the earliest clinical and
structural changes in asymptomatic or minimal-
ly symptomatic mutation carriers.

Another unsolved issue is the lack of specific
biomarkers for the different neuropathological
subtypes of FTLD, which are needed for the se-
lection of patients in drug trials targeting specific
proteinopathies (Tsai and Boxer, 2016). Although
significant advances have been made in recent
years (Oeckl et al., 2015; 2016; Teunissen et al.,
2016; Del Campo ef al., 2018), more research is
needed to validate novel pathway-specific bio-
markers allowing the in-vivo distinction of FTLD
subtypes. Recently, we had the opportunity to

collaborate with the University of Pennsylvania
to assess whether core Alzheimer’s disease CSF
biomarkers could be used to select FTLD neuro-
pathological subtypes (Lleo ef al., 2018). In this
work we proposed a diagnostic algorithm that
used different cut-off of cerebrospinal fluid phos-
phorylated tau/Ap, ,, ratio and phosphorylated
tau to first exclude Alzheimer disease cases and
then in a second step to discriminate between
pure FTLD-TDP and FTLD-tau by means of the
phosphorylated tau levels (for further details,
please refer to supplementary paper 1). Oth-
er studies have reported that low levels of both
p-tau and the p-tau:t-tau ratio may differentiate
FTLD-TDP from FTLD-tau (Borroni et al., 2015;
Grossman et al., 2014; Hu et al., 2013; Meeter et
al., 2018). These findings agree with the find-
ing that p-tau levels correlate with FTLD-Tau in
studies of quantitative neuropathology (Irwin et
al.,2017). However, a large longitudinal study in-
volving hundreds of PSP patients reported that
lower CSF levels of p-tau predicted faster dis-
ease progression (Rojas ef al., 2018). This is an
interesting finding since we have found a high
correlation between the CSF levels of p-tau (and
not t-tau) and APP-derived peptides in FTLD-S
(unpublished results from the SPIN cohort). On
the other hand, this is a controversial issue as
some authors suggest that the capacity of the p-
tau:t-tau ratio to differentiate FTLD-TDP from
FTLD-tau seems to be driven by the higher levels
of t-tau in patients with motor neuron disease
and not by lower levels of p-tau in FTLD-TDP
(Kuiperij et al., 2017; Meeter et al., 2018; Pijnen-
burg et al., 2015). However, p-tau levels have
been found to correlate with the neuropathologi-
cal burden of FTLD-tau in pathology-confirmed
studies (Irwin ef al., 2017). Overall, these findings
may suggest common pathophysiological mech-
anisms between tau phosphorylation and APP
processing and may challenge the view of p-tau
as a specific marker of neurofibrillary tangles in
Alzheimer’s disease (Illan-Gala et al., 2018).
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CSF levels of sAPPB, YKL-40 and NFL, alone and

in combination have good diagnostic accuracy to
discriminate FTLD-S from healthy controls and AD
dementia subjects. In addition, these levels correlate
with cortical thickness in patients with FTLD-S.

In the ALS-FTD continuum CSF levels of YKL-40
are increased and levels of sSAPPp are decreased
compared to healthy controls. Furthermore, in ALS
CSF levels of YKL-40 predict disease progression and
survival. These markers can be useful for the clinical
diagnosis, staging and prognosis of patients within
the ALS-FTD continuum.

Cortical mean diffusivity is more sensitive than
cortical thickness for the detection of the earliest
bvFTD-related cortical changes and correlate with
rates of disease severity showing promise as surrogate
biomarker of underlying neurodegeneration in
bvFTD.

The CSF levels of AP, 1, AB1.40> APi.3s and sAPPJ are
globally decreased in FTLD-S compared to healthy
controls and correlate with cortical thickness in
FTLD-S but not in Alzheimer’s disease or healthy
controls. These biomarkers could reflect neuronal
and synaptic loss in FTLD.






Chapter 9

References






Agosta F, Galantucci S, Filippi M. Advanced magnetic res-
onance imaging of neurodegenerative diseases. Neurol.
Sci. 2017; 38: 41-51.

Agosta F, Galantucci S, Magnani G, Marcone A, Martinelli
D, Antonietta Volonté M, et al. MRI signatures of the
frontotemporal lobar degeneration continuum. Hum.
Brain Mapp. 2015; 36: 2602-2614.

Al-Chalabi A, Hardiman O, Kiernan MC, Chido A, Rix-
Brooks B, van den Berg LH. Amyotrophic lateral sclero-
sis: moving towards a new classification system. Lancet
Neurol 2016; 15: 1182-1194.

Al-Chalabi A, Jones A, Troakes C, King A, Sarraj al S,
van den Berg LH. The genetics and neuropathology of
amyotrophic lateral sclerosis. Acta Neuropathol 2012;
124: 339-352.

Alcolea D, Carmona-Iragui M, Sudrez-Calvet M,
Sanchez-Saudinés MB, Sala I, Antdn-Aguirre S, et al.
Relationship between [-Secretase, inflammation and
core cerebrospinal fluid biomarkers for Alzheimer’s dis-
ease. ] Alzheimers Dis 2014; 42: 157-167.

Alcolea D, Martinez-Lage P, Izagirre A, Clerigué M, Car-
mona-Iragui M, Alvarez RM, et al. Feasibility of lumbar
puncture in the study of cerebrospinal fluid biomarkers
for Alzheimer’s disease: a multicenter study in Spain. J
Alzheimers Dis 2014; 39: 719-726.

Alcolea D, Martinez-Lage P, Sanchez-Juan P, Olazaran J,
Antinez C, Izagirre A, et al. Amyloid precursor protein
metabolism and inflammation markers in preclinical
Alzheimer disease. Neurology 2015; 85: 626-633.

Alcolea D, Vilaplana E, Pegueroles ], Montal V, Sanchez-
Juan P, Gonzalez-Sudrez A, et al. Relationship between
cortical thickness and cerebrospinal fluid YKL-40 in
predementia stages of Alzheimer’s disease. Neurobiol-
ogy of Aging 2015; 36: 2018-2023.

Alcolea D, Irwin DJ, Illdin-Gala I, Mufioz L, Clarimon
J, McMillan CT, et al. Elevated YKL-40 and low sAP-
PB:YKL-40 ratio in antemortem cerebrospinal fluid of
patients with pathologically confirmed FTLD. ] Neurol
Neurosurg Psychiatry 2018

Alexander AL, Lee JE, Lazar M, Field AS. Diffusion ten-
sor imaging of the brain. Neurotherapeutics 2007; 4:
316-329.

Alexopoulos P, Guo L-H, Tsolakidou A, Kratzer M, Grim-
mer T, Westerteicher C, et al. Interrelations between
CSF soluble ABPPB, amyloid-p 1-42, SORLI1, and tau
levels in Alzheimer’s disease. ] Alzheimers Dis 2012; 28:
543-552.

Ambikairajah A, Devenney E, Flanagan E, Yew B, Mioshi
E, Kiernan MG, et al. A visual MRI atrophy rating scale
for the amyotrophic lateral sclerosis-frontotemporal
dementia continuum. Amyotroph Lateral Scler Fronto-
temporal Degener 2014; 15: 226-234.

Andrés-Benito P, Dominguez R, Colomina M]J, Llorens F,
Povedano M, Ferrer I. YKL40 in sporadic amyotrophic
lateral sclerosis: cerebrospinal fluid levels as a prognosis
marker of disease progression. Aging 2018; 10: 2367-
2382.

Appel SH, Zhao W, Beers DR, Henkel JS. The microgli-
al-motoneuron dialogue in ALS. Acta Myol 2011; 30:
4-8.

Chapter 9: References

Armstrong MJ, Armstrong MJ, Litvan I, Litvan I, Lang AE,
Bak TH, et al. Criteria for the diagnosis of corticobasal
degeneration. Neurology 2013; 80: 496-503.

Ash S, Menaged A, Olm C, McMillan CT, Boller A, Irwin
D], et al. Narrative discourse deficits in amyotrophic lat-
eral sclerosis. Neurology 2014; 83: 520-528.

Ash S, Olm C, McMillan CT, Boller A, Irwin DJ, McCluskey
L, et al. Deficits in sentence expression in amyotrophic
lateral sclerosis. Amyotroph Lateral Scler Frontotempo-
ral Degener 2015; 16: 31-39.

Ashburner J, Friston KJ. Voxel-Based Morphometry—The
Methods. NeuroImage 2000; 11: 805-821.

Augutis K, Axelsson M, Portelius E, Brinkmalm G, Andre-
asson U, Gustavsson MK, et al. Cerebrospinal fluid bio-
markers of B-amyloid metabolism in multiple sclerosis.
Mult. Scler. 2013; 19: 543-552.

Baborie A, Griffiths TD, Jaros E, McKeith IG, Burn D],
Richardson A, et al. Pathological correlates of fronto-
temporal lobar degeneration in the elderly. Acta Neuro-
pathol 2011; 121: 365-371.

Baborie A, Griffiths TD, Jaros E, Momeni P, McKeith IG,
Burn DJ, et al. Frontotemporal dementia in elderly indi-
viduals. Arch Neurol 2012; 69: 1052-1060.

Bak TH, Chandran S. What wires together dies together:
verbs, actions and neurodegeneration in motor neuron
disease. Cortex 2012; 48: 936-944.

Bak TH. Motor neuron disease and frontotemporal demen-
tia: One, two, or three diseases? Ann Indian Acad Neu-
rol 2010; 13: S81-8.

Balasa M, Gelpi E, Martin I, Antonell A, Rey M]J, Grau-Ri-
vera O, et al. Diagnostic accuracy of behavioral variant
frontotemporal dementia consortium criteria (FTDC)
in a clinicopathological cohort. Neuropathol Appl Neu-
robiol 2015; 4: 882-892

Bang ], Spina S, Miller BL. Frontotemporal dementia. Lan-
cet 2015; 386: 1672-1682.

Bejanin A, La Joie R, Landeau B, Belliard S, La Sayette de
V, Eustache F, et al. Distinct Interplay Between Atrophy
and Hypometabolism in Alzheimer’s Versus Semantic
Dementia. Cereb. Cortex 2018

Benatar M, Wuu J, Andersen PM, Lombardi V, Malaspina
A. Neurofilament light: A candidate biomarker of pre-
symptomatic amyotrophic lateral sclerosis and pheno-
conversion. Ann Neurol 2018; 84: 130-139.

Bergeron D, Gorno-Tempini ML, Rabinovici GD, San-
tos-Santos MA, Seeley W, Miller BL, et al. Prevalence
of amyloid-P pathology in distinct variants of primary
progressive aphasia. Ann Neurol 2018

Bero AW, Yan P, Roh JH, Cirrito JR, Stewart FR, Raichle
ME, et al. Neuronal activity regulates the regional vul-
nerability to amyloid-p deposition. Nat Neurosci 2011;
14: 750-756.

Berry JD, Paganoni S, Atassi N, Macklin EA, Goyal N,
Rivner M, et al. Phase Ila trial of fingolimod for amyo-
trophic lateral sclerosis demonstrates acceptable acute
safety and tolerability. Muscle Nerve 2017; 56: 1077-
1084.

Bertrand A, Wen J, Rinaldi D, Houot M, Sayah S, Camuzat
A, etal. Early Cognitive, Structural, and Microstructural
Changes in Presymptomatic C9orf72 Carriers Younger



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

Than 40 Years. JAMA Neurol 2018; 75: 236-245.

Bian H, van Swieten JC, Leight S, Massimo L, Wood E, For-
man M, et al. CSF biomarkers in frontotemporal lobar
degeneration with known pathology. Neurology 2008;
70:1827-1835.

Bibl M, Gallus M, Welge V, Esselmann H, Wolf S, Riither E,
et al. Cerebrospinal fluid amyloid-P 2-42 is decreased in
Alzheimer’s, but not in frontotemporal dementia. ] Neu-
ral Transm (Vienna) 2012; 119: 805-813.

Bibl M, Mollenhauer B, Lewczuk P, Esselmann H, Wolf S,
Trenkwalder C, et al. Validation of amyloid-beta pep-
tides in CSF diagnosis of neurodegenerative dementias.
Molecular Psychiatry 2007; 12: 671-680.

Bibl M, Mollenhauer B, Wolf S, Esselmann H, Lewczuk
P, Kornhuber J, et al. Reduced CSF carboxyterminally
truncated Abeta peptides in frontotemporal lobe degen-
erations. ] Neural Transm (Vienna) 2007; 114: 621-628.

Binney R]J, Pankov A, Marx G, He X, McKenna F, Staffaroni
AM, et al. Data-driven regions of interest for longitu-
dinal change in three variants of frontotemporal lobar
degeneration. Brain Behav 2017; 7: €00675.

Blennow K, Dubois B, Fagan AM, Lewczuk P, de Leon MJ,
Hampel H. Clinical utility of cerebrospinal fluid bio-
markers in the diagnosis of early Alzheimer’s disease.
Alzheimers Dement 2015; 11: 58-69.

Boillee S, Yamanaka K, Lobsiger CS, Copeland NG, Jenkins
NA, Kassiotis G, et al. Onset and progression in inher-
ited ALS determined by motor neurons and microglia.
Science 2006; 312: 1389-1392.

Bonneh-Barkay D, Wang G, Starkey A, Hamilton RL, Wiley
CA. In vivo CHI3L1 (YKL-40) expression in astrocytes
in acute and chronic neurological diseases. ] Neuroin-
flammation 2010; 7: 34.

Borroni B, Agosti C, Bellelli G, Padovani A. Is early-onset
clinically different from late-onset frontotemporal de-
mentia? Eur. J. Neurol. 2008; 15: 1412-1415.

Borroni B, Benussi A, Archetti S, Galimberti D, Parnetti L,
Nacmias B, et al. Csf p-taul81/tau ratio as biomarker
for TDP pathology in frontotemporal dementia. Amyo-
troph Lateral Scler Frontotemporal Degener 2015; 16:
86-91.

Borroni B, Cosseddu M, Pilotto A, Premi E, Archetti S,
Gasparotti R, et al. Early stage of behavioral variant
frontotemporal dementia: clinical and neuroimaging
correlates. Neurobiology of Aging 2015; 36: 3108-3115.

Boxer AL, Yu J-T, Golbe LI, Litvan I, Lang AE, Hoglinger
GU. Advances in progressive supranuclear palsy: new
diagnostic criteria, biomarkers, and therapeutic ap-
proaches. Lancet Neurol 2017; 16: 552-563.

Bozeat S, Lambon Ralph MA, Patterson K, Garrard P,
Hodges JR. Non-verbal semantic impairment in seman-
tic dementia. Neuropsychologia 2000; 38: 1207-1215.

Braumiihl AV. Pick’s disease and amyotrophic lateral scle-
rosis. Allgemeine Zeitschrift fur Psychiatrie and Psy-
chol. Medicine 1932; 96: 364-6.

Brettschneider J, Arai K, Del Tredici K, Toledo JB, Robin-
son JL, Lee EB, et al. TDP-43 pathology and neuronal
loss in amyotrophic lateral sclerosis spinal cord. Acta
Neuropathol 2014; 128: 423-437.

Brettschneider J, Del Tredici K, Irwin D], Grossman M,

Robinson JL, Toledo JB, et al. Sequential distribution
of pTDP-43 pathology in behavioral variant frontotem-
poral dementia (bvFTD). Acta Neuropathol 2014; 127:
423-439.

Brettschneider J, Del Tredici K, Toledo JB, Robinson JL, Ir-
win DJ, Grossman M, et al. Stages of pTDP-43 pathology
in amyotrophic lateral sclerosis. Ann Neurol 2013; 74:
20-38.

Brion S, Plas J, Jeanneau A. Maladie de Pick. Point de vue
anatomo-clinique. Rev Neurol (Paris) 1991; 147: 693-
704.

Brooks BR, Miller RG, Swash M, Munsat TL, World Fed-
eration of Neurology Research Group on Motor Neu-
ron Diseases. El Escorial revisited: revised criteria for
the diagnosis of amyotrophic lateral sclerosis. “Amyo-
troph Lateral Scler Frontotemporal Degener” 2000. p.
293-299.

Brown RH, Al-Chalabi A. Amyotrophic Lateral Sclerosis. N
Engl ] Med 2017; 377: 162-172.

Brun A, Englund E, Gustafson L, Passant U. Clinical and
neuropathological criteria for frontotemporal dementia.
The Lund and Manchester Groups. ] Neurol Neurosurg
Psychiatry 1994; 57: 416-418.

Burrell JR, Ballard K], Halliday GM, Hodges JR. Aphasia
in Progressive Supranuclear Palsy: As Severe as Progres-
sive Non-Fluent Aphasia. ] Alzheimers Dis 2018; 61:
705-715.

Burrell JR, Halliday GM, Kril JJ, Ittner LM, Gétz J, Kiernan
MG, et al. The frontotemporal dementia-motor neuron
disease continuum. Lancet 2016; 388: 919-931.

Caroppo P, Habert M-O, Durrleman S, Funkiewiez A, Per-
Ibarg V, Hahn V, et al. Lateral Temporal Lobe: An Early
Imaging Marker of the Presymptomatic GRN Disease? ]
Alzheimers Dis 2015; 47: 751-759.

Cash DM, Bocchetta M, Thomas DL, Dick KM, van Swiet-
en JC, Borroni B, et al. Patterns of gray matter atrophy
in genetic frontotemporal dementia: results from the
GENFI study. Neurobiology of Aging 2018; 62: 191-196.

Caso F, Mandelli ML, Henry M, Gesierich B, Bettcher BM,
Ogar J, et al. In vivo signatures of nonfluent/agrammatic
primary progressive aphasia caused by FTLD pathology.
Neurology 2014; 82: 239-247.

Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D,
Thurmond B, et al. The ALSFRS-R: a revised ALS func-
tional rating scale that incorporates assessments of res-
piratory function. BDNF ALS Study Group (Phase III).
J. Neurol. Sci. 1999; 169: 13-21.

Chare L, Hodges JR, Leyton CE, McGinley C, Tan RH, Kril
J), et al. New criteria for frontotemporal dementia syn-
dromes: clinical and pathological diagnostic implica-
tions. ] Neurol Neurosurg Psychiatry 2014; 85: 865-870.

Chow TW, Binns MA, Freedman M, Stuss DT, Ramirez
J, Scott CJM, et al. Overlap in frontotemporal atrophy
between normal aging and patients with frontotempo-
ral dementias. Alzheimer Dis Assoc Disord 2008; 22:
327-335.

Cirrito JR, Yamada KA, Finn MB, Sloviter RS, Bales KR,
May PC, et al. Synaptic activity regulates interstitial fluid
amyloid-beta levels in vivo. Neuron 2005; 48: 913-922.

Clarkson MJ, Cardoso M]J, Ridgway GR, Modat M, Leung



KK, Rohrer JD, et al. A comparison of voxel and surface
based cortical thickness estimation methods. NeuroIm-
age 2011; 57: 856-865.

Coalson TS, Van Essen DC, Glasser MF. The impact of tra-
ditional neuroimaging methods on the spatial localiza-
tion of cortical areas. Proc Natl Acad Sci U S A. 2018;
115: E6356-E6365.

Collins JA, Montal V, Hochberg D, Quimby M, Mandelli
ML, Makris N, et al. Focal temporal pole atrophy and
network degeneration in semantic variant primary pro-
gressive aphasia. Brain 2017; 140: 457-471.

Colom-Cadena M, Pegueroles J, Herrmann AG, Henstridge
CM, Muiioz L, Querol-Vilaseca M, et al. Synaptic phos-
phorylated a-synuclein in dementia with Lewy bodies.
Brain 2017; 140: 3204-3214.

Comabella M, Ferndndez M, Martin R, Rivera-Vallvé S,
Borréas E, Chiva C, et al. Cerebrospinal fluid chitinase
3-like 1 levels are associated with conversion to multiple
sclerosis. Brain 2010; 133: 1082-1093.

Copanaki E, Chang S, Vlachos A, Tschipe J-A, Miiller UC,
Kogel D, et al. sAPPalpha antagonizes dendritic de-
generation and neuron death triggered by proteasomal
stress. Mol. Cell. Neurosci. 2010; 44: 386-393.

Coughlin DG, Xie SX, Liang M, Williams A, Peterson C,
Weintraub D, et al. Cognitive and Pathological Influ-
ences of Tau Pathology in Lewy Body Disorders. Ann
Neurol 2018

Coyle-Gilchrist ITS, Dick KM, Patterson K, Vazquez
Rodriquez P, Wehmann E, Wilcox A, et al. Prevalence,
characteristics, and survival of frontotemporal lobar de-
generation syndromes. Neurology 2016; 86: 1736-1743.

Craig-Schapiro R, Perrin R], Roe CM, Xiong C, Carter D,
Cairns NJ, et al. YKL-40: a novel prognostic fluid bio-
marker for preclinical Alzheimer’s disease. Biol. Psychi-
atry 2010; 68: 903-912.

Crockford C, Newton J, Lonergan K, Chiwera T, Booth T,
Chandran S, et al. ALS-specific cognitive and behavior
changes associated with advancing disease stage in ALS.
Neurology 2018; 91: e1370-¢1380.

Crockford C, Newton J, Lonergan K, Madden C, Mays I,
O’Sullivan M, et al. Measuring reliable change in cog-
nition using the Edinburgh Cognitive and Behavioural
ALS Screen (ECAS). Amyotroph Lateral Scler Fronto-
temporal Degener 2018; 19: 65-73.

Cykowski MD, Powell SZ, Peterson LE, Appel JW, Rivera
AL, Takei H, et al. Clinical Significance of TDP-43 Neu-
ropathology in Amyotrophic Lateral Sclerosis. J. Neuro-
pathol. Exp. Neurol. 2017; 76: 402-413.

Dale AM, Fischl B, Sereno MI. Cortical Surface-Based
Analysis. NeuroImage 1999; 9: 179-194.

Davies RR, Kipps CM, Mitchell J, Kril J], Halliday GM,
Hodges JR. Progression in frontotemporal dementia:
identifying a benign behavioral variant by magnetic res-
onance imaging. Arch Neurol 2006; 63: 1627-1631.

Davison CM, OBrien JT. A comparison of FDG-PET and
blood flow SPECT in the diagnosis of neurodegenera-
tive dementias: a systematic review. Int. ]. Geriat. Psychi-
atry 2013; 29: 551-561.

Day GS, Lim TS, Hassenstab J, Goate AM, Grant EA, Roe
CM, et al. Differentiating cognitive impairment due to

Chapter 9: References

corticobasal degeneration and Alzheimer disease. Neu-
rology 2017; 88: 1273-1281.

del Campo M, Galimberti D, Elias N, Boonkamp L, Pijnen-
burg YA, van Swieten JC, et al. Novel CSF biomarkers to
discriminate FTLD and its pathological subtypes. Ann
Clin Transl Neurol 2018; 5: 1163-1175.

DeMattos RB, Bales KR, Parsadanian M, O’Dell MA, Foss
EM, Paul SM, et al. Plaque-associated disruption of
CSF and plasma amyloid-beta (Abeta) equilibrium in a
mouse model of Alzheimer’s disease. ] Neurochem 2002;
81:229-236.

Deleon J, Miller BL. Frontotemporal dementia. Handb Clin
Neurol 2018; 148: 409-430.

Derouesné C. [From Arnold PicKk’s original descriptions to
frontotemporal dementia: the present enlightened by
the past an historical approach]. 2014.

Devenney E, Forrest SL, Xuereb J, Kril JJ, Hodges JR. The
bvFTD phenocopy syndrome: a clinicopathological
report. ] Neurol Neurosurg Psychiatry 2016; 87: 1155—
1156.

Devenney E, Swinn T, Mioshi E, Hornberger M, Dawson
KE, Mead S, et al. The behavioural variant frontotem-
poral dementia phenocopy syndrome is a distinct entity
- evidence from a longitudinal study. BMC Neurol 2018;
18: 56.

Dickerson BC, editor. Hodges’s Frontotemporal Dementia.
Cambridge: Cambridge University Press; 2016.

Dols-Icardo O, Garcia-Redondo A, Rojas-Garcia R, Bor-
rego-Hernandez D, Illan-Gala I, Mufoz-Blanco JL, et
al. Analysis of known amyotrophic lateral sclerosis and
frontotemporal dementia genes reveals a substantial ge-
netic burden in patients manifesting both diseases not
carrying theC9orf72expansion mutation. ] Neurol Neu-
rosurg Psychiatry 2018; 89: 162-168.

Dorey A, Tholance Y, Vighetto A, Perret-Liaudet A, Lach-
man I, Krolak-Salmon P, et al. Association of cerebro-
spinal fluid prion protein levels and the distinction be-
tween Alzheimer disease and Creutzfeldt-Jakob disease.
JAMA Neurol 2015; 72: 267-275.

Downey LE, Mahoney CJ, Buckley AH, Golden HL, Henley
SM, Schmitz N, et al. White matter tract signatures of
impaired social cognition in frontotemporal lobar de-
generation. Neuroimage Clin 2015; 8: 640-651.

Dubois B, Feldman HH, Dubois B, Feldman HH, Jacova C,
Jacova C, et al. Advancing research diagnostic criteria
for Alzheimer’s disease: the IWG-2 criteria. Lancet Neu-
rol 2014; 13: 614-629.

Ducharme S, Price BH, Larvie M, Dougherty DD, Dicker-
son BC. Clinical Approach to the Differential Diagnosis
Between Behavioral Variant Frontotemporal Dementia
and Primary Psychiatric Disorders. Am ] Psychiatry
2015; 172: 827-837.

Duits FH, Martinez-Lage P, Paquet C, Engelborghs S, Lleo
A, Hausner L, et al. Performance and complications of
lumbar puncture in memory clinics: Results of the mul-
ticenter lumbar puncture feasibility study. Alzheimer
Dement 2015; 12: 1-10.

Dukart J, Mueller K, Horstmann A, Barthel H, Moller HE,
Villringer A, et al. Combined evaluation of FDG-PET
and MRI improves detection and differentiation of de-



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

mentia. PLoS ONE 2011; 6: e18111.

Elahi FM, Marx G, Cobigo Y, Staffaroni AM, Kornak J,
Tosun D, et al. Longitudinal white matter change in
frontotemporal dementia subtypes and sporadic late
onset Alzheimer’s disease. Neuroimage Clin 2017; 16:
595-603.

Elahi FM, Miller BL. A clinicopathological approach to the
diagnosis of dementia. Nat Rev Neurol 2017; 13: 457-
476.

Engelborghs S, Niemantsverdriet E, Struyfs H, Blennow K,
Brouns R, Comabella M, et al. Consensus guidelines for
lumbar puncture in patients with neurological diseases.
Alzheimers Dement (Amst) 2017; 8: 111-126.

Feneberg E, Steinacker P, Lehnert S, Schneider A, Walther P,
Thal DR, et al. Limited role of free TDP-43 as a diagnos-
tic tool in neurodegenerative diseases. Amyotroph Lat-
eral Scler Frontotemporal Degener 2014; 15: 351-356.

Feneberg E, Oeckl P, Steinacker P, Verde E, Barro C, Van
Damme P, et al. Multicenter evaluation of neurofila-
ments in early symptom onset amyotrophic lateral scle-
rosis. Neurology 2018; 90: e22-e30.

Fereshtehnejad S-M, Zeighami Y, Dagher A, Postuma RB.
Clinical criteria for subtyping Parkinson’s disease: bio-
markers and longitudinal progression. Brain 2017; 140:
1959-1976.

Ferrari R, Forabosco P, Vandrovcova J, Botia JA, Guelfi S,
Warren JD, et al. Frontotemporal dementia: insights
into the biological underpinnings of disease through
gene co-expression network analysis. Mol Neurodege-
ner 2016; 11: 21.

Ferrari R, Lovering RC, Hardy J, Lewis PA, Manzoni C.
Weighted Protein Interaction Network Analysis of
Frontotemporal Dementia. J. Proteome Res. 2017; 16:
999-1013.

Fischl B, Dale AM. Measuring the thickness of the human
cerebral cortex from magnetic resonance images. Proc
Natl Acad Sci U S A 2000; 97: 11050-11055.

Fortea J, Sala-Llonch R, Bartres-Faz D, Bosch B, Llado A,
Bargalld N, et al. Increased cortical thickness and cau-
date volume precede atrophy in PSEN1 mutation carri-
ers. ] Alzheimers Dis 2010; 22: 909-922.

Fortin J-P, Parker D, Tung¢ B, Watanabe T, Elliott MA, Ru-
parel K, et al. Harmonization of multi-site diffusion ten-
sor imaging data. Neurolmage 2017; 161: 149-170.

Foster NL, Heidebrink JL, Clark CM, Jagust W], Arnold SE,
Barbas NR, et al. FDG-PET improves accuracy in dis-
tinguishing frontotemporal dementia and Alzheimer’s
disease. Brain 2007; 130: 2616-2635.

Frakes AE, Ferraiuolo L, Haidet-Phillips AM, Schmelzer
L, Braun L, Miranda CJ, et al. Microglia induce motor
neuron death via the classical NF-xB pathway in amyo-
trophic lateral sclerosis. Neuron 2014; 81: 1009-1023.

Fukumoto H, Cheung BS, Hyman BT, Irizarry MC. Be-
ta-secretase protein and activity are increased in the
neocortex in Alzheimer disease. Arch Neurol 2002; 59:
1381-1389.

Gabelle A, Roche S, Gény C, Bennys K, Labauge P, Tholance
Y, et al. Correlations between soluble a/f forms of am-
yloid precursor protein and AP, ., APi.i, and AP,y in
human cerebrospinal fluid. Brain Res. 2010; 1357: 175—

183.

Gabelle A, Roche S, Gény C, Bennys K, Labauge P, Tholance
Y, et al. Decreased sABPPp, AP, .ss, and AP,.4 cerebrospi-
nal fluid levels in frontotemporal dementia. ] Alzheimers
Dis 2011; 26: 553-563.

Gaiani A, Martinelli I, Bello L, Querin G, Puthenparampil
M, Ruggero S, et al. Diagnostic and Prognostic Biomark-
ers in Amyotrophic Lateral Sclerosis: Neurofilament
Light Chain Levels in Definite Subtypes of Disease.
JAMA Neurol 2017; 74: 525-532.

Galton CJ, Patterson K, Xuereb JH, Hodges JR. Atypical
and typical presentations of Alzheimer’s disease: a clini-
cal, neuropsychological, neuroimaging and pathological
study of 13 cases. Brain 2000; 123 Pt 3: 484-498.

Ganepola T, Nagy Z, Ghosh A, Papadopoulo T, Alexander
DC, Sereno MI. Using diffusion MRI to discriminate
areas of cortical grey matter. NeuroImage 2018; 182:
456-468.

Garcin B, Lillo P, Hornberger M, Piguet O, Dawson K,
Nestor PJ, et al. Determinants of survival in behavioral
variant frontotemporal dementia. Neurology 2009; 73:
1656-1661.

Ghetti B, Oblak AL, Boeve BE Johnson KA, Dickerson BC,
Goedert M. Invited review: Frontotemporal demen-
tia caused by microtubule-associated protein taugene
(MAPT) mutations: a chameleon for neuropathology
and neuroimaging. Neuropathol Appl Neurobiol 2015;
41: 24-46.

Ghidoni R, Paterlini A, Albertini V, Stoppani E, Binetti G,
Fuxe K, et al. A window into the heterogeneity of human
cerebrospinal fluid AP peptides. J. Biomed. Biotechnol.
2011;2011: 697036.

Gibb WR, Luthert PJ, Marsden CD. Corticobasal degener-
ation. Brain 1989; 112 (Pt 5): 1171-1192.

Gloeckner SE, Meyne F, Wagner F, Heinemann U, Krasnian-
ski A, Meissner B, et al. Quantitative analysis of tran-
sthyretin, tau and amyloid-beta in patients with demen-
tia. ] Alzheimers Dis 2008; 14: 17-25.

Golbe LI, Ohman-Strickland PA. A clinical rating scale for
progressive supranuclear palsy. Brain 2007; 130: 1552—
1565.

Gomez-Tortosa E, Serrano S, de Toledo M, Pérez-Pérez J,
Sainz MJ. Familial benign frontotemporal deterioration
with C9ORF72 hexanucleotide expansion. Alzheimers
Dement 2014; 10: S284-9.

Gordon E, Rohrer JD, Fox NC. Advances in neuroimaging
in frontotemporal dementia. ] Neurochem 2016

Gorno-Tempini ML, Dronkers NF, Rankin KP, Ogar JM,
Phengrasamy L, Rosen HJ, et al. Cognition and anatomy
in three variants of primary progressive aphasia. Ann
Neurol 2004; 55: 335-346.

Gorno-Tempini ML, Brambati SM, Ginex V, Ogar J, Dronk-
ers NF, Marcone A, et al. The logopenic/phonological
variant of primary progressive aphasia. Neurology 2008;
71:1227-1234.

Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A,
Mendez M, Cappa SE et al. Classification of primary
progressive aphasia and its variants. Neurology 2011. p.
1006-1014.

Gossink FT, Dols A, Kerssens CJ, Krudop WA, Kerklaan BJ,



Scheltens P, et al. Psychiatric diagnoses underlying the
phenocopy syndrome of behavioural variant frontotem-
poral dementia. ] Neurol Neurosurg Psychiatry 2016; 87:
64-68.

Gotz ], Chen F, van Dorpe J, Nitsch RM. Formation of neu-
rofibrillary tangles in P3011 tau transgenic mice induced
by Abeta 42 fibrils. Science 2001; 293: 1491-1495.

Grossman M, Anderson C, Khan A, Avants B, Elman L,
McCluskey L. Impaired action knowledge in amyo-
trophic lateral sclerosis. Neurology 2008; 71: 1396-1401.

Grossman M. Biomarkers in frontotemporal lobar degen-
eration. Curr Opin Neurol 2010; 23: 643-648.

Grossman M, Elman L, McCluskey L, McMillan CT, Boller
A, Powers J, et al. Phosphorylated tau as a candidate bi-
omarker for amyotrophic lateral sclerosis. JAMA Neurol
2014; 71: 442-7.

Grossman M, Irwin DJ. The mental status examination in
patients with suspected dementia. Continuum (Minne-
ap Minn) 2016; 22: 385-403.

Grossman M, Irwin DJ. Primary progressive aphasia and
stroke aphasia. Continuum (Minneap Minn) 2018; 24:
745-767.

Grossman M. The non-fluent/agrammatic variant of pri-
mary progressive aphasia. Lancet Neurol 2012; 11: 545-
555.

Grossman M. Biomarkers in the primary progressive apha-
sias. Aphasiology 2014; 28: 922-940.

Guardia-Laguarta C, Pera M, Clarimon ], Molinuevo JL,
Sanchez-Valle R, Llad6 A, et al. Clinical, neuropatho-
logic, and biochemical profile of the amyloid precursor
protein 1716F mutation. J. Neuropathol. Exp. Neurol.
2010; 69: 53-59.

Hagler DJ, Saygin AP, Sereno MI. Smoothing and cluster
thresholding for cortical surface-based group analysis of
fMRI data. NeuroImage 2006; 33: 1093-1103.

Harper L, Bouwman E Burton EJ, Barkhof F, Scheltens P,
OBrien JT, et al. Patterns of atrophy in pathological-
ly confirmed dementias: a voxelwise analysis. ] Neurol
Neurosurg Psychiatry 2017; 88: 908-916.

Harper L, Fumagalli GG, Barkhof E, Scheltens P, OBrien JT,
Bouwman F, et al. MRI visual rating scales in the diag-
nosis of dementia: evaluation in 184 post-mortem con-
firmed cases. Brain 2016; 139: 1211-1225.

Heneka MT, Kummer MP, Latz E. Innate immune activa-
tion in neurodegenerative disease. Nat. Rev. Immunol.
2014; 14: 463-477.

Heneka MT, Carson MJ, Khoury El J, Landreth GE, Bro-
sseron E Feinstein DL, et al. Neuroinflammation in
Alzheimer’s disease. Lancet Neurol 2015; 14: 388-405.

Henf ], Grothe MJ, Brueggen K, Teipel S, Dyrba M. Mean
diffusivity in cortical gray matter in Alzheimer’s disease:
The importance of partial volume correction. Neuroim-
age Clin 2018; 17: 579-586.

Henry ML, Gorno-Tempini ML. The logopenic variant of
primary progressive aphasia. Curr Opin Neurol 2010;
23:633-637.

Henry JD, Hippel von W, Molenberghs P, Lee T, Sachdev
PS. Clinical assessment of social cognitive function in
neurological disorders. Nat Rev Neurol 2016; 12: 28-39.

Henstridge CM, Sideris DI, Carroll E, Rotariu S, Salomons-

Chapter 9: References

son S, Tzioras M, et al. Synapse loss in the prefrontal cor-
tex is associated with cognitive decline in amyotrophic
lateral sclerosis. Acta Neuropathol 2017; 127: 1507-226.

Hodges JR, Patterson K, Oxbury S, Funnell E. Semantic
dementia. Progressive fluent aphasia with temporal lobe
atrophy. Brain 1992; 115 (Pt 6): 1783-1806.

Hodges JR, Davies R, Xuereb ], Kril J, Halliday G. Survival
in frontotemporal dementia. Neurology 2003; 61: 349-
354.

Hodges JR, Patterson K. Semantic dementia: a unique
clinicopathological syndrome. Lancet Neurol 2007; 6:
1004-1014.

Hodges JR, Piguet O. Progress and Challenges in Fron-
totemporal Dementia Research: A 20-Year Review. |
Alzheimers Dis 2018; 62: 1467-1480.

Holsinger RMD, McLean CA, Beyreuther K, Masters CL,
Evin G. Increased expression of the amyloid precursor
beta-secretase in Alzheimer’s disease. Ann Neurol 2002;
51: 783-786.

Hornberger M, Shelley BP, Kipps CM, Piguet O, Hodges
JR. Can progressive and non-progressive behavioural
variant frontotemporal dementia be distinguished at
presentation? J Neurol Neurosurg Psychiatry 2009; 80:
591-593.

Hoglinger GU, Respondek G, Stamelou M, Kurz C, Josephs
KA, Lang AE, et al. Clinical diagnosis of progressive su-
pranuclear palsy: The movement disorder society crite-
ria. Mov. Disord. 2017; 32: 853-864.

Hu WT, Chen-Plotkin A, Grossman M, Arnold SE, Clark
CM, Shaw LM, et al. Novel CSF biomarkers for fron-
totemporal lobar degenerations. Neurology 2010; 75:
2079-2086.

Hu WT, Watts K, Grossman M, Glass J, Lah JJ, Hales C, et
al. Reduced CSF p-Taul81 to Tau ratio is a biomarker for
FTLD-TDP. Neurology 2013; 81: 1945-1952.

Illan-Gala I, Pegueroles J, Montal V, Vilaplana E, Carmo-
na-Iragui M, Alcolea D, et al. Challenges associated with
biomarker-based classification systems for Alzheimer’s
disease. Alzheimers Dement (Amst) 2018; 10: 346-357.

Irwin DJ, Trojanowski JQ, Grossman M. Cerebrospinal flu-
id biomarkers for differentiation of frontotemporal lo-
bar degeneration from Alzheimer’s disease. Front Aging
Neurosci 2013; 5: 6.

Irwin DJ, Cairns NJ, Grossman M, McMillan CT, Lee EB,
Van Deerlin VM, et al. Frontotemporal lobar degener-
ation: defining phenotypic diversity through personal-
ized medicine. Acta Neuropathol 2015; 129: 469-491.

Irwin D], Brettschneider J, McMillan CT, Cooper E, Olm
C, Arnold SE, et al. Deep clinical and neuropathologi-
cal phenotyping of Pick disease. Ann Neurol 2016; 79:
272-287.

Irwin DJ, Lleo A, Xie SX, McMillan CT, Wolk DA, Lee EB,
et al. Ante mortem cerebrospinal fluid tau levels corre-
late with postmortem tau pathology in frontotemporal
lobar degeneration. Ann Neurol 2017; 82: 247-258.

Irwin DJ. Tauopathies as clinicopathological entities. Par-
kinsonism and Related Disorders 2016; 22 Suppl 1:
§29-33.

Ismail Z, Smith EE, Geda Y, Sultzer D, Brodaty H, Smith
G, et al. Neuropsychiatric symptoms as early manifes-



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

tations of emergent dementia: Provisional diagnostic
criteria for mild behavioral impairment. Alzheimers
Dement 2016; 12: 195-202.

Jack CR, Bennett DA, Blennow K, Carrillo MC, Feldman
HH, Frisoni GB, et al. A/T/N: An unbiased descriptive
classification scheme for Alzheimer disease biomarkers.
Neurology 2016; 87: 539-547.

Jack CR, Bennett DA, Blennow K, Carrillo MC, Dunn B,
Haeberlein SB, et al. NIA-AA Research Framework:
Toward a biological definition of Alzheimer’s disease.
Alzheimers Dement 2018; 14: 535-562.

Jack CR, Knopman DS, Jagust W], Shaw LM, Aisen PS,
Weiner MW, et al. Hypothetical model of dynamic bio-
markers of the Alzheimer’s pathological cascade. Lancet
Neurol 2010; 9: 119-128.

Jacova C, Hsiung G-YR, Tawankanjanachot I, Dinelle K,
McCormick S, Gonzalez M, et al. Anterior brain glucose
hypometabolism predates dementia in progranulin mu-
tation carriers. Neurology 2013; 81: 1322-1331.

Janelidze S, Hertze ], Zetterberg H, Landqvist Wald6é M,
Santillo A, Blennow K, et al. Cerebrospinal fluid neu-
rogranin and YKL-40 as biomarkers of Alzheimer’s dis-
ease. Ann Clin Transl Neurol 2016; 3: 12-20.

Janelidze S, Zetterberg H, Mattsson N, Palmgqvist S, Vander-
stichele H, Lindberg O, et al. CSF AP1-412/A;.40 and Api-
12/ AP35 ratios: better diagnostic markers of Alzheimer
disease. Ann Clin Transl Neurol 2016; 3: 154-165.

Johnson JK, Diehl ], Mendez MFE, Neuhaus J, Shapira JS,
Forman M, et al. Frontotemporal Lobar Degeneration.
Arch Neurol 2005; 62: 925-930.

Josephs KA, Dufty JR, Strand EA, Machulda MM, Senjem
ML, Gunter JL, et al. The evolution of primary progres-
sive apraxia of speech. Brain 2014; 137: 2783-2795.

Josephs KA, Duffy JR, Strand EA, Machulda MM, Senjem
ML, Master AV, et al. Characterizing a neurodegenera-
tive syndrome: primary progressive apraxia of speech.
Brain 2012; 135: 1522-1536.

Josephs KA, Hodges JR, Snowden ]S, Mackenzie IR, Neu-
mann M, Mann DM, et al. Neuropathological back-
ground of phenotypical variability in frontotemporal
dementia. Acta Neuropathol 2011; 122: 137-153.

Josephs KA, Whitwell JL, Dickson DW, Boeve BE, Knop-
man DS, Petersen RC, et al. Voxel-based morphometry
in autopsy proven PSP and CBD. Neurobiology of Aging
2008; 29: 280-289.

Josephs KA, Whitwell JL, Weigand SD, Senjem ML, Boeve
BE, Knopman DS, et al. Predicting functional decline
in behavioural variant frontotemporal dementia. Brain
2011; 134: 432-448.

Josephs KA. Clinicopathological and imaging correlates of
progressive aphasia and apraxia of speech. Brain 2006;
129: 1385-1398.

Khalil M, Teunissen CE, Otto M, Piehl F, Sormani MP, Gat-
tringer T, et al. Neurofilaments as biomarkers in neu-
rological disorders. Nat Rev Neurol 2018; 14: 577-589.

Kapaki E, Kilidireas K, Paraskevas GP, Michalopoulou M,
Patsouris E. Highly increased CSF tau protein and de-
creased beta-amyloid (1-42) in sporadic CJD: a discrim-
ination from Alzheimer’s disease? ] Neurol Neurosurg
Psychiatry 2001; 71: 401-403.

Karageorgiou E, Miller BL. Frontotemporal lobar degen-
eration: a clinical approach. Semin Neurol 2014; 34:
189-201.

Kasanuki K, Josephs KA, Ferman TJ, Murray ME, Koga S,
Konno T, et al. Diffuse Lewy body disease manifesting as
corticobasal syndrome: A rare form of Lewy body dis-
ease. Neurology 2018; 91: e268-€279.

Kate Ten M, Dicks E, Visser PJ, van der Flier WM, Teunis-
sen CE, Barkhof E, et al. Atrophy subtypes in prodromal
Alzheimer’s disease are associated with cognitive de-
cline. Brain 2018; 141: 3443-3456.

Kamilainen A, Herukka SK, Hartikainen P, Helisalmi S,
Moilanen V, Knuuttila A, et al. Cerebrospinal fluid bi-
omarkers for Alzheimer’s disease in patients with fron-
totemporal lobar degeneration and amyotrophic lateral
sclerosis with the COORF72 repeat expansion. Dement
Geriatr Cogn Disord 2015; 39: 287-293.

Kertesz A, Munoz DG. Primary progressive aphasia and
Pick complex. J. Neurol. Sci. 2003; 206: 97-107.

Khan BK, Yokoyama JS, Takada LT, Sha SJ, Rutherford
NJ, Fong JC, et al. Atypical, slowly progressive behav-
ioural variant frontotemporal dementia associated with
C90REF72 hexanucleotide expansion. ] Neurol Neuro-
surg Psychiatry 2012; 83: 358-364.

Kim EJ, Rabinovici GD, Seeley WW, Halabi C, Shu H, Wein-
er MW, et al. Patterns of MRI atrophy in tau positive and
ubiquitin positive frontotemporal lobar degeneration. J
Neurol Neurosurg Psychiatry 2007; 78: 1375-1378.

Kipps CM, Davies RR, Mitchell J, Kril J], Halliday GM,
Hodges JR. Clinical significance of lobar atrophy in
frontotemporal dementia: application of an MRI visual
rating scale. Dement Geriatr Cogn Disord 2007; 23:
334-342.

Kipps CM, Hodges JR, Hornberger M. Nonprogressive
behavioural frontotemporal dementia: recent develop-
ments and clinical implications of the ‘bvFTD pheno-
copy syndrome’ Curr Opin Neurol 2010; 23: 628-632.

Knopman DS, Kramer JH, Boeve BF, Caselli R], Graft-Rad-
ford NR, Mendez MF, et al. Development of methodolo-
gy for conducting clinical trials in frontotemporal lobar
degeneration. Brain 2008; 131: 2957-2968.

Knopman DS, Roberts RO. Estimating the number of per-
sons with frontotemporal lobar degeneration in the US
population. ] Mol Neurosci 2011; 45: 330-335.

Kobylecki C, Jones M, Thompson JC, Richardson AM,
Neary D, Mann DMA, et al. Cognitive-behavioural fea-
tures of progressive supranuclear palsy syndrome over-
lap with frontotemporal dementia. ] Neurol 2015; 262:
916-922.

Koo B-B, Hua N, Choi C-H, Ronen I, Lee JM, Kim D-S. A
framework to analyze partial volume effect on gray mat-
ter mean diffusivity measurements. NeuroImage 2009;
44: 136-144.

Kovacs GG. Invited review: Neuropathology of tauopa-
thies: principles and practice. Neuropathol Appl Neuro-
biol 2015; 41: 3-23.

Kovacs GG, Robinson JL, Xie SX, Lee EB, Grossman M,
Wolk DA, et al. Evaluating the Patterns of Aging-Related
Tau Astrogliopathy Unravels Novel Insights Into Brain
Aging and Neurodegenerative Diseases. J. Neuropathol.



Exp. Neurol. 2017; 76: 270-288.

Kress BT, Iliff J], Xia M, Wang M, Wei HS, Zeppenfeld D,
et al. Impairment of paravascular clearance pathways in
the aging brain. Ann Neurol 2014; 76: 845-861.

Krudop WA, Dols A, Kerssens CJ, Eikelenboom P, Prins
ND, Moller C, et al. The Pitfall of Behavioral Variant
Frontotemporal Dementia Mimics Despite Multidisci-
plinary Application of the FTDC Criteria. ] Alzheimers
Dis 2017; 60: 959-975.

Krut JJ, Zetterberg H, Blennow K, Cinque P, Hagberg L,
Price RW, et al. Cerebrospinal fluid Alzheimer’s bio-
marker profiles in CNS infections. ] Neurol 2013; 260:
620-626.

Kuiperij HB, Versleijen AAM, Beenes M, Verwey NA, Be-
nussi L, Paterlini A, et al. Tau Rather than TDP-43 Pro-
teins are Potential Cerebrospinal Fluid Biomarkers for
Frontotemporal Lobar Degeneration Subtypes: A Pilot
Study. J Alzheimers Dis 2017; 55: 585-595.

Labra J, Menon P, Byth K, Morrison S, Vucic S. Rate of dis-
ease progression: a prognostic biomarker in ALS. ] Neu-
rol Neurosurg Psychiatry 2016; 87: 628-632.

La Joie R, Perrotin A, Barré L, Hommet C, Mézenge E
Ibazizene M, et al. Region-specific hierarchy between
atrophy, hypometabolism, and B-amyloid (AP) load
in Alzheimer’s disease dementia. J. Neurosci. 2012; 32:
16265-16273.

Lam BYK, Halliday GM, Irish M, Hodges JR, Piguet O.
Longitudinal white matter changes in frontotemporal
dementia subtypes. Hum. Brain Mapp. 2014; 35: 3547
3557.

Lanata SC, Miller BL. The behavioural variant frontotem-
poral dementia (bvFTD) syndrome in psychiatry. ] Neu-
rol Neurosurg Psychiatry 2016; 87: 501-511.

Landqvist Waldo M, Frizell Santillo A, Passant U, Zetter-
berg H, Rosengren L, Nilsson C, et al. Cerebrospinal flu-
id neurofilament light chain protein levels in subtypes
of frontotemporal dementia. BMC Neurol 2013; 13: 54.

Landqvist Waldé M, Gustafson L, Passant U, Englund E.
Psychotic symptoms in frontotemporal dementia: a di-
agnostic dilemma? Int Psychogeriatr 2015; 27: 531-539.

Lansdall CJ, Coyle-Gilchrist ITS, Jones PS, Vazquez
Rodriguez P, Wilcox A, Wehmann E, et al. Apathy and
impulsivity in frontotemporal lobar degeneration syn-
dromes. Brain 2017; 140: 1792-1807.

Lansdall CJ, Coyle-Gilchrist ITS, Jones PS, Vazquez
Rodriguez P, Wilcox A, Wehmann E, et al. White matter
change with apathy and impulsivity in frontotemporal
lobar degeneration syndromes. Neurology 2018; 90:
€1066-e1076.

Lashley T, Rohrer JD, Mead S, Revesz T. Review: An update
on clinical, genetic and pathological aspects of fronto-
temporal lobar degenerations. Neuropathol Appl Neu-
robiol 2015; 41: 858-881.

Laflek M, Weingarten ], Einsfelder U, Brendel P, Miiller U,
Volknandt W. Amyloid precursor proteins are constitu-
ents of the presynaptic active zone. ] Neurochem 2013;
127: 48-56.

Laflek M, Weingarten J, Volknandt W. The synaptic pro-
teome. Cell and Tissue Research 2015; 359: 255-265.

Lattanzio F, Abu-Rumeileh S, Franceschini A, Kai H, Amore

Chapter 9: References

G, Poggiolini I, et al. Prion-specific and surrogate CSF
biomarkers in Creutzfeldt-Jakob disease: diagnostic ac-
curacy in relation to molecular subtypes and analysis of
neuropathological correlates of p-tau and Api-« levels.
Acta Neuropathol 2017; 133: 559-578.

Le Bihan D. Looking into the functional architecture of the
brain with diffusion MRI. Nat. Rev. Neurosci. 2003; 4:
469-480.

Lee SE, Rabinovici GD, Mayo MC, Wilson SM, Seeley WW,
DeArmond S]J, et al. Clinicopathological correlations in
corticobasal degeneration. Ann Neurol 2011; 70: 327-
340.

Lee SE, Khazenzon AM, Trujillo AJ, Guo CC, Yokoyama
JS, Sha SJ, et al. Altered network connectivity in fronto-
temporal dementia with C9orf72 hexanucleotide repeat
expansion. Brain 2014; 137: 3047-3060.

Lemstra AW, de Beer MH, Teunissen CE, Schreuder C,
Scheltens P, van der Flier WM, et al. Concomitant AD
pathology affects clinical manifestation and survival in
dementia with Lewy bodies. ] Neurol Neurosurg Psychi-
atry 2017; 88: 113-118.

Leuzy A, Chiotis K, Hasselbalch SG, Rinne JO, de Men-
donga A, Otto M, et al. Pittsburgh compound B imaging
and cerebrospinal fluid amyloid-f in a multicentre Euro-
pean memory clinic study. Brain 2016; 139: 2540-2553.

Lewczuk P, Matzen A, Blennow K, Parnetti L, Molinuevo
JL, Eusebi P, et al. Cerebrospinal Fluid Api-440 Corre-
sponds Better than Api2 to Amyloid PET in Alzheim-
er’s Disease. ] Alzheimers Dis 2017; 55: 813-822.

Lillo P, Savage S, Mioshi E, Kiernan MC, Hodges JR. Amyo-
trophic lateral sclerosis and frontotemporal dementia: A
behavioural and cognitive continuum. Amyotroph Lat-
eral Scler 2012; 13: 102-109.

Lillo P, Mioshi E, Hodges JR. Caregiver burden in amyo-
trophic lateral sclerosis is more dependent on patients’
behavioral changes than physical disability: a compara-
tive study. BMC Neurol 2012; 12: 156.

Ling S-C, Polymenidou M, Cleveland DW. Converging
Mechanisms in ALS and FTD: Disrupted RNA and Pro-
tein Homeostasis. Neuron 2013; 79: 416-438.

Liscic RM, Grinberg LT, Zidar ], Gitcho MA, Cairns NJ.
ALS and FTLD: two faces of TDP-43 proteinopathy. Eur.
J. Neurol. 2008; 15: 772-780.

Litvan I, Agid Y, Calne D, Campbell G, Dubois B, Du-
voisin RC, et al. Clinical research criteria for the diag-
nosis of progressive supranuclear palsy (Steele-Richard-
son-Olszewski syndrome): report of the NINDS-SPSP
international workshop. Neurology 1996; 47: 1-9.

Ljubenkov PA, Staffaroni AM, Rojas JC, Allen IE, Wang P,
Heuer H, et al. Cerebrospinal fluid biomarkers predict
frontotemporal dementia trajectory. Ann Clin Transl
Neurol 2018; 5: 1250-1263.

Llamas-Velasco S, Garcia-Redondo A, Herrero-San
Martin A, Puertas Martin V, Gonzilez- Sanchez M,
Pérez-Martinez DA, et al. Slowly progressive behavioral
frontotemporal dementia with C9orf72 mutation. Case
report and review of the literature. Neurocase 2018; 24:
68-71.

Lleo A, Cavedo E, Parnetti L, Vanderstichele H, Herukka
SK, Andreasen N, et al. Cerebrospinal fluid biomarkers



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

in trials for Alzheimer and Parkinson diseases. Nat Rev
Neurol 2015; 11: 41-55.

Lleo A, Irwin DJ, Illan-Gala I, McMillan CT, Wolk DA,
Lee EB, et al. A 2-Step Cerebrospinal Algorithm for the
Selection of Frontotemporal Lobar Degeneration Sub-
types. JAMA Neurol 2018

Lleo A, Saura CA. y-secretase substrates and their implica-
tions for drug development in Alzheimer’s disease. Curr
Top Med Chem 2011; 11: 1513-1527.

Lleo A, Nuiez-Llaves R, Alcolea D, Chiva C, Balateu-Pafios
D, Colom-Cadena M, et al. Changes in synaptic pro-
teins precede neurodegeneration markers in preclinical
Alzheimer’s disease cerebrospinal fluid. Mol Cell Pro-
teomics 2019: mcp.RA118.001290.

Lu CH, Macdonald-Wallis C, Gray E, Pearce N, Petzold A,
Norgren N, et al. Neurofilament light chain: A prognos-
tic biomarker in amyotrophic lateral sclerosis. Neurolo-
gy 2015; 84: 2247-2257.

Lucey BP, Hicks TJ, McLeland JS, Toedebusch CD, Boyd
J, Elbert DL, et al. Effect of sleep on overnight cerebro-
spinal fluid amyloid B kinetics. Ann Neurol 2018; 83:
197-204.

Luzzi S, Snowden JS, Neary D, Coccia M, Provinciali L,
Lambon Ralph MA. Distinct patterns of olfactory im-
pairment in Alzheimer’s disease, semantic dementia,
frontotemporal dementia, and corticobasal degenera-
tion. Neuropsychologia 2007; 45: 1823-1831.

Mackenzie IRA, Neumann M, Baborie A, Sampathu DM,
Plessis Du D, Jaros E, et al. A harmonized classification
system for FTLD-TDP pathology. Acta Neuropathol
2011;122: 111-113.

Mackenzie IRA, Neumann M, Bigio EH, Cairns NJ, Alafu-
zoff 1, Kril J, et al. Nomenclature for neuropathologic
subtypes of frontotemporal lobar degeneration: con-
sensus recommendations. Acta Neuropathol 2009; 117:
15-18.

Mackenzie IRA, Neumann M, Bigio EH, Cairns NJ, Alafu-
zoft I, Kril J, et al. Nomenclature and nosology for neu-
ropathologic subtypes of frontotemporal lobar degener-
ation: an update. Acta Neuropathol 2010; 119: 1-4.

Mackenzie IRA, Neumann M. Molecular neuropathology
of frontotemporal dementia: insights into disease mech-
anisms from postmortem studies. ] Neurochem 2016;
138 Suppl 1: 54-70.

Magdalinou NK, Paterson RW, Schott JM, Fox NC, Mum-
mery C, Blennow K, et al. A panel of nine cerebrospinal
fluid biomarkers may identify patients with atypical par-
kinsonian syndromes. J Neurol Neurosurg Psychiatry
2015; 86: 1240-1247.

Mahoney CJ, Ridgway GR, Malone IB, Downey LE, Beck
J, Kinnunen KM, et al. Profiles of white matter tract pa-
thology in frontotemporal dementia. Hum. Brain Mapp.
2014; 35: 4163-4179.

Mahoney CJ, Simpson IJA, Nicholas JM, Fletcher PD,
Downey LE, Golden HL, et al. Longitudinal diffusion
tensor imaging in frontotemporal dementia. Ann Neu-
rol 2014; 77: 33-46.

Marelli C, Gutierrez L-A, Menjot de Champfleur N, Char-
roud C, De Verbizier D, Touchon J, et al. Late-onset be-
havioral variant of frontotemporal lobar degeneration

versus Alzheimer’s disease: Interest of cerebrospinal flu-
id biomarker ratios. Alzheimers Dement (Amst) 2015;
1: 371-379.

Matias-Guiu JA, Cabrera-Martin MN, Moreno-Ramos T,
Garcia-Ramos R, Porta-Etessam J, Carreras JL, et al.
Clinical course of primary progressive aphasia: clinical
and FDG-PET patterns. ] Neurol 2014; 262: 570-577.

Matsuda S, Giliberto L, Matsuda Y, Davies P, McGowan E,
Pickford F, et al. The familial dementia BRI2 gene binds
the Alzheimer gene amyloid-beta precursor protein and
inhibits amyloid-beta production. J Biol Chem 2005;
280: 28912-28916.

Mattsson N, Bremell D, Anckarsiter R, Blennow K, An-
ckarsiter H, Zetterberg H, et al. Neuroinflammation
in Lyme neuroborreliosis affects amyloid metabolism.
BMC Neurol 2010; 10: 51.

Mattsson N, Insel PS, Palmqyvist S, Portelius E, Zetterberg
H, Weiner M, et al. Cerebrospinal fluid tau, neurogra-
nin, and neurofilament light in Alzheimer’s disease.
EMBO Mol Med 2016; 8: 1184-1196.

Mawuenyega KG, Sigurdson W, Ovod V, Munsell L, Kasten
T, Morris JC, et al. Decreased clearance of CNS beta-am-
yloid in Alzheimer’s disease. Science 2010; 330: 1774.

McMillan CT, Avants BB, Cook P, Ungar L, Trojanowski
JQ, Grossman M. The power of neuroimaging biomark-
ers for screening frontotemporal dementia. Hum. Brain
Mapp. 2014; 35: 4827-4840.

McMillan CT, Boyd C, Gross RG, Weinstein J, Firn K, To-
ledo JB, et al. Multimodal imaging evidence of pathol-
ogy-mediated disease distribution in corticobasal syn-
drome. Neurology 2016; 87: 1227-1234.

McMillan CT, Irwin DJ, Avants BB, Powers J, Cook PA, To-
ledo JB, et al. White matter imaging helps dissociate tau
from TDP-43 in frontotemporal lobar degeneration. ]
Neurol Neurosurg Psychiatry 2013; 84: 949-955.

McKhann GM, Knopman DS, Knopman DS, Chertkow H,
Hyman BT, Hyman BT, et al. The diagnosis of dementia
due to Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer“s Association
workgroups on diagnostic guidelines for Alzheimer’s
disease. 2011. p. 263-269.

Meeter LH, Dopper EG, Jiskoot LC, Sanchez-Valle R, Graft
C, Benussi L, et al. Neurofilament light chain: a bio-
marker for genetic frontotemporal dementia. Ann Clin
Transl Neurol 2016; 3: 623-636.

Meeter LH, Dopper EG, Jiskoot LC, Sanchez-Valle R, Graft
C, Benussi L, et al. Neurofilament light chain: a bio-
marker for genetic frontotemporal dementia. Ann Clin
Transl Neurol 2016; 3: 623-636.

Meeter LH, Kaat LD, Rohrer JD, van Swieten JC. Imaging
and fluid biomarkers in frontotemporal dementia. 2017;
19: 109-419.

Meeter LHH, Vijverberg EG, del Campo M, Rozemuller
AJM, Donker Kaat L, de Jong FJ, et al. Clinical value of
neurofilament and phospho-tau/tau ratio in the fron-
totemporal dementia spectrum. Neurology 2018; 90:
el231-e1239.

Meles SK, Pagani M, Arnaldi D, De Carli E, Dessi B, Mor-
belli S, et al. The Alzheimer’s disease metabolic brain
pattern in mild cognitive impairment. ] Cereb Blood



Flow Metab 2017; 37: 3643-3648.

Menke RAL, Gray E, Lu C-H, Kuhle J, Talbot K, Malaspina
A, et al. CSF neurofilament light chain reflects corticos-
pinal tract degeneration in ALS. Ann Clin Transl Neurol
2015; 2: 748-755.

Mesulam MM. Slowly progressive aphasia without general-
ized dementia. Ann Neurol 1982; 11: 592-598.

Mesulam MM. Primary progressive aphasia--a lan-
guage-based dementia. N Engl ] Med 2003; 349: 1535-
1542.

Mesulam M, Wicklund A, Johnson N, Rogalski E, Léger
GC, Rademaker A, et al. Alzheimer and frontotempo-
ral pathology in subsets of primary progressive aphasia.
Ann Neurol 2008; 63: 709-719.

Mesulam M-M, Rogalski E], Wieneke C, Hurley RS, Geula
C, Bigio EH, et al. Primary progressive aphasia and the
evolving neurology of the language network. 2014; 10:
554-569.

Mesulam MM, Wieneke C, Thompson C, Rogalski E, Wein-
traub S. Quantitative classification of primary progres-
sive aphasia at early and mild impairment stages. Brain
2012; 135: 1537-1553.

Miller BL. Preface. In: Miller BL, editor. Frontotemporal
Dementia. New York: Oxford University Press; 2014. p.
7-8

Miller BL, Dickerson BC, Lucente DE, Larvie M, Frosch
MP. Case records of the Massachusetts General Hospi-
tal. Case 9-2015. A 31-year-old man with personality
changes and progressive neurologic decline. N Engl ]
Med 2015; 372: 1151-1162.

Mioshi E, Hodges JR. Rate of change of functional abilities
in frontotemporal dementia. Dement Geriatr Cogn Dis-
ord 2009; 28: 419-426.

Mioshi E, Hsieh S, Savage S, Hornberger M, Hodges JR.
Clinical staging and disease progression in frontotem-
poral dementia. Neurology 2010; 74: 1591-1597.

Mioshi E, Kipps CM, Dawson K, Mitchell ], Graham A,
Hodges JR. Activities of daily living in frontotemporal
dementia and Alzheimer disease. Neurology 2007; 68:
2077-2084.

Miyajima M, Nakajima M, Ogino I, Miyata H, Motoi Y,
Arai H. Soluble amyloid precursor protein a in the cere-
brospinal fluid as a diagnostic and prognostic biomark-
er for idiopathic normal pressure hydrocephalus. Eur ]
Neuro 2012; 20: 236-242.

Molinuevo JL, Ayton S, Batrla R, Bednar MM, Bittner T,
Cummings J, et al. Current state of Alzheimer’s fluid bi-
omarkers. Acta Neuropathol 2018; 136: 821-853.

Montal V, Vilaplana E, Alcolea D, Pegueroles J, Pasternak O,
Gonzalez-Ortiz S, et al. Cortical microstructural chang-
es along the Alzheimer’s disease continuum. Alzheimers
Dement 2017; 14: 340-351.

Montembeault M, Brambati SM, Gorno-Tempini ML,
Migliaccio R. Clinical, Anatomical, and Pathological
Features in the Three Variants of Primary Progressive
Aphasia: A Review. Front Neurol 2018; 9: 165-16.

Morbelli S, Ferrara M, Fiz E, Dessi B, Arnaldi D, Picco
A, et al. Mapping brain morphological and functional
conversion patterns in predementia late-onset bvFTD.
European Journal of Nuclear Medicine and Molecular

Chapter 9: References

Imaging 2016; 43: 1337-1347.

Morris GP, Clark IA, Vissel B. Questions concerning the
role of amyloid-p in the definition, aetiology and diag-
nosis of Alzheimer’s disease. Acta Neuropathol 2018;
136: 663-689.

Van Mossevelde S, Engelborghs S, van der Zee ], Van Bro-
eckhoven C. Genotype-phenotype links in frontotem-
poral lobar degeneration. Nat Rev Neurol 2018; 14:
363-378.

Mucke L, Selkoe DJ. Neurotoxicity of amyloid p-protein:
synaptic and network dysfunction. Cold Spring Harb
Perspect Med 2012; 2: a006338-2006338.

Miiller UC, Deller T, Korte M. Not just amyloid: physiolog-
ical functions of the amyloid precursor protein family.
Nat. Rev. Neurosci. 2017; 18: 281-298.

Mummery CJ, Patterson K, Wise R], Vandenberghe R,
Vandenbergh R, Price CJ, et al. Disrupted temporal lobe
connections in semantic dementia. Brain 1999; 122 ( Pt
1): 61-73.

Nana AL, Sidhu M, Gaus SE, Hwang J-HL, Li L, Park Y,
et al. Neurons selectively targeted in frontotemporal
dementia reveal early stage TDP-43 pathobiology. Acta
Neuropathol 2018; 34: 15244-20.

Neary D, Snowden J, Mann D. Frontotemporal dementia.
Lancet Neurol 2005; 4: 771-780.

Neary D, Snowden JS, Gustafson L, Passant U, Stuss D, Black
S, et al. Frontotemporal lobar degeneration: a consensus
on clinical diagnostic criteria. 1998. p. 1546-1554.

Neselius S, Brisby H, Marcusson ], Zetterberg H, Blennow
K, Karlsson T. Neurological assessment and its relation-
ship to CSF biomarkers in amateur boxers. PLoS ONE
2014; 9: €99870.

Neumann M, Sampathu DM, Kwong LK, Truax AC,
Micsenyi MC, Chou TT, et al. Ubiquitinated TDP-43 in
Frontotemporal Lobar Degeneration and Amyotrophic
Lateral Sclerosis. Science 2006; 314: 130-133.

Ng ASL, Rademakers R, Miller BL. Frontotemporal demen-
tia: a bridge between dementia and neuromuscular dis-
ease. 2015; 1338: 71-93.

Nhan HS, Chiang K, Koo EH. The multifaceted nature of
amyloid precursor protein and its proteolytic fragments:
friends and foes. Acta Neuropathol 2015; 129: 1-19.

Niethammer M, Eidelberg D. Metabolic brain networks
in translational neurology: Concepts and applications.
Ann Neurol 2012; 72: 635-647.

Niethammer M, Tang CC, Feigin A, Allen PJ, Heinen L,
Hellwig S, et al. A disease-specific metabolic brain net-
work associated with corticobasal degeneration. Brain
2014; 137: 3036-3046.

Nilsson C, Landqvist Wald6 M, Nilsson K, Santillo A, Vest-
berg S. Age-related incidence and family history in fron-
totemporal dementia: data from the Swedish Dementia
Registry. PLoS ONE 2014; 9: €94901.

Nishihira Y, Tan C-F, Onodera O, Toyoshima Y, Yamada M,
Morita T, et al. Sporadic amyotrophic lateral sclerosis:
two pathological patterns shown by analysis of distri-
bution of TDP-43-immunoreactive neuronal and glial
cytoplasmic inclusions. Acta Neuropathol 2008; 116:
169-182.

Niven E, Newton J, Foley J, Colville S, Swingler R, Chan-



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

dran S, et al. Validation of the Edinburgh Cognitive
and Behavioural Amyotrophic Lateral Sclerosis Screen
(ECAS): A cognitive tool for motor disorders. Amyo-
troph Lateral Scler Frontotemporal Degener 2015; 16:
172-179.

O’Connor CM, Landin-Romero R, Clemson L, Kaizik C,
Daveson N, Hodges JR, et al. Behavioral-variant fron-
totemporal dementia: Distinct phenotypes with unique
functional profiles. Neurology 2017; 89: 570-577.

Oeckl P, Steinacker P, Feneberg E, Otto M. Cerebrospinal
fluid proteomics and protein biomarkers in frontotem-
poral lobar degeneration: Current status and future per-
spectives. Biochim. Biophys. Acta 2015; 1854: 757-768.

Oeckl P, Steinacker P, Feneberg E, Otto M. Neurochemical
biomarkers in the diagnosis of frontotemporal lobar de-
generation: an update. ] Neurochem 2016; 138: 184-192.

Ogar JM, Dronkers NF, Brambati SM, Miller BL, Gor-
no-Tempini ML. Progressive nonfluent aphasia and its
characteristic motor speech deficits. Alzheimer Dis As-
soc Disord 2007; 21: S23-30.

Olney RK, Murphy J, Forshew D, Garwood E, Miller BL,
Langmore S, et al. The effects of executive and behavio-
ral dysfunction on the course of ALS. Neurology 2005;
65:1774-1777.

Olsson B, Lautner R, Andreasson U, Ohrfelt A. CSF and
blood biomarkers for the diagnosis of Alzheimer’s dis-
ease: a systematic review and meta-analysis. Lancet
2016; 15: 673-684.

Onyike CU, Diehl-Schmid J. The epidemiology of fronto-
temporal dementia. Int Rev Psychiatry 2013; 25: 130-
137.

Ossenkoppele R, Pijnenburg YAL, Perry DC, Cohn-Sheehy
BI, Scheltens NME, Vogel JW, et al. The behavioural/dy-
sexecutive variant of Alzheimer’s disease: clinical, neu-
roimaging and pathological features. Brain 2015; 138:
2732-2749.

Ossenkoppele R, Mattsson N, Teunissen CE, Barkhof F,
Pijnenburg Y, Scheltens P, et al. Cerebrospinal fluid bio-
markers and cerebral atrophy in distinct clinical variants
of probable Alzheimer’s disease. Neurobiology of Aging
2015; 36: 2340-2347.

Otto M, Esselmann H, Schulz-Shaeffer W, Neumann M,
Schréter A, Ratzka P, et al. Decreased beta-amyloid1-42
in cerebrospinal fluid of patients with Creutzfeldt-Jakob
disease. Neurology 2000; 54: 1099-1102.

Panegyres PK, Rogers JM, McCarthy M, Campbell A, Wu
JS. Fluorodeoxyglucose-positron emission tomography
in the differential diagnosis of early-onset dementia:
a prospective, community-based study. BMC Neurol
2009; 9: 41.

Paolicelli RC, Jawaid A, Henstridge CM, Valeri A, Merlini
M, Robinson JL, et al. TDP-43 Depletion in Microglia
Promotes Amyloid Clearance but Also Induces Synapse
Loss. Neuron 2017; 95: 297-308.e6.

Papma JM, Jiskoot LC, Panman JL, Dopper EG, Heijer den
T, Donker Kaat L, et al. Cognition and gray and white
matter characteristics of presymptomatic C9orf72 re-
peat expansion. Neurology 2017; 89: 1256-1264.

Parker TD, Slattery CF, Zhang J, Nicholas JM, Paterson RW,
Foulkes AJM, et al. Cortical microstructure in young

onset Alzheimer’s disease using neurite orientation dis-
persion and density imaging. Hum. Brain Mapp. 2018

Pefia-Casanova J, Blesa R, Aguilar M, Gramunt-Fombuena
N, Gémez-Ansén B, Oliva R, et al. Spanish Multicenter
Normative Studies (NEURONORMA Project): meth-
ods and sample characteristics. Arch Clin Neuropsychol
2009; 24: 307-319.

Pera M, Alcolea D, Sanchez-Valle R, Guardia-Laguarta C,
Colom-Cadena M, Badiola N, et al. Distinct patterns of
APP processing in the CNS in autosomal-dominant and
sporadic Alzheimer disease. Acta Neuropathol 2012;
125:201-213.

Perneczky R, Tsolakidou A, Arnold A, Diehl-Schmid J,
Grimmer T, Forstl H, et al. CSF soluble amyloid precur-
sor proteins in the diagnosis of incipient Alzheimer dis-
ease. Neurology 2011; 77: 35-38.

Perry DC, Brown JA, Possin KL, Datta S, Trujillo A, Radke
A, et al. Clinicopathological correlations in behaviour-
al variant frontotemporal dementia. Brain 2017; 140:
3329-3345.

Philips T, Robberecht W. Neuroinflammation in amyo-
trophic lateral sclerosis: role of glial activation in motor
neuron disease. Lancet Neurol 2011; 10: 253-263.

Pick A. Uber die Beziechungen des senile Hirnatrophie zur
Aphasie. Prag med Wochenschr 1892; 17: 165-7.

Pick A. Senile Hirnatrophie als Grundlage von Herder-
scheinungen. Wien Klin Wochenschr 1901; 14: 403-4.
Pick A. Uber primére progressive Demenz bei Erwachsen.

Prag Med Wochenschr 1904; 29: 417-20.

Pick A. Zur Symptomatologie der linkseitigen Schldfen-
lappenatrophie. Monatschr Psychiatr Neurol 1905; 16:
378-88.

Pick A. Uber einen weiteren symptomencomplex in Rah-
men des Dementia senilis, bedingt durch umschriebene
strakere Hirnatrophie (gemischte Apraxie). Monatschr
Psychiatr Neurol 1906; 19: 97-108.

Pietroboni AM, Caprioli M, Carandini T, Scarioni M,
Ghezzi L, Arighi A, et al. CSF B-amyloid predicts prog-
nosis in patients with multiple sclerosis. Mult. Scler.
2018: 1352458518791709.

Pievani M, Filippini N, van den Heuvel MP, Cappa SF,
Frisoni GB. Brain connectivity in neurodegenerative
diseases--from phenotype to proteinopathy. Nat Rev
Neurol 2014; 10: 620-633.

Piguet O, Hornberger M, Mioshi E, Hodges JR. Behaviour-
al-variant frontotemporal dementia: diagnosis, clini-
cal staging, and management. Lancet Neurol 2011; 10:
162-172.

Pijnenburg YAL, Schoonenboom SNM, Mehta PD, Mehta
SP, Mulder C, Veerhuis R, et al. Decreased cerebrospinal
fluid amyloid beta (1-40) levels in frontotemporal lobar
degeneration. ] Neurol Neurosurg Psychiatry 2007; 78:
735-737.

Pijnenburg YAL, Verwey NA, van der Flier WM, Scheltens
P, Teunissen CE. Discriminative and prognostic poten-
tial of cerebrospinal fluid phosphoTau/tau ratio and
neurofilaments for frontotemporal dementia subtypes.
Alzheimers Dement (Amst) 2015; 1: 505-512.

Popuri K, Dowds E, Beg MF, Balachandar R, Bhalla M,
Jacova C, et al. Gray matter changes in asymptomatic



C9orf72 and GRN mutation carriers. Neuroimage Clin
2018; 18: 591-598.

Portelius E, Dean RA, Gustavsson MK, Andreasson U,
Zetterberg H, Siemers E, et al. A novel Abeta isoform
pattern in CSF reflects gamma-secretase inhibition in
Alzheimer disease. Alzheimers Res Ther 2010; 2: 7.

Portelius E, Mattsson N, Andreasson U, Blennow K, Zetter-
berg H. Novel af isoforms in Alzheimer’s disease - their
role in diagnosis and treatment. Curr. Pharm. Des. 2011;
17:2594-2602.

Potenza RL, De Simone R, Armida M, Mazziotti V, Pézzola
A, Popoli P, et al. Fingolimod: A Disease-Modifier Drug
in a Mouse Model of Amyotrophic Lateral Sclerosis.
Neurotherapeutics 2016: 1-10.

Prudlo J, Konig J, Schuster C, Kasper E, Biittner A, Teipel
S, et al. TDP-43 pathology and cognition in ALS: A pro-
spective clinicopathologic correlation study. Neurology
2016; 87: 1019-1023.

Querol-Vilaseca M, Colom-Cadena M, Pegueroles J, San
Martin-Paniello C, Clarimon J, Belbin O, et al. YKL-40
(Chitinase 3-like I) is expressed in a subset of astrocytes
in Alzheimer’s disease and other tauopathies. ] Neuroin-
flammation 2017; 14: 118.

Rabinovici GD, Jagust W], Furst AJ, Ogar JM, Racine CA,
Mormino EC, et al. Abeta amyloid and glucose metab-
olism in three variants of primary progressive aphasia.
Ann Neurol 2008; 64: 388-401.

Rabinovici GD, Rosen HJ, Alkalay A, Kornak J, Furst AJ,
Agarwal N, et al. Amyloid vs FDG-PET in the differ-
ential diagnosis of AD and FTLD. Neurology 2011; 77:
2034-2042.

Rademakers R, Neumann M, Mackenzie IR. Advances in
understanding the molecular basis of frontotemporal
dementia. Nat Rev Neurol 2012; 8: 423-434.

Radford RA, Morsch M, Rayner SL, Cole NJ, Pountney DL,
Chung RS. The established and emerging roles of astro-
cytes and microglia in amyotrophic lateral sclerosis and
frontotemporal dementia. Front Cell Neurosci 2015; 9:
414.

Ranasinghe KG, Rankin KP, Lobach IV, Kramer JH, Sturm
VE, Bettcher BM, et al. Cognition and neuropsychiatry
in behavioral variant frontotemporal dementia by dis-
ease stage. Neurology 2016; 86: 600-610.

Ranasinghe KG, Rankin KP, Pressman PS, Perry DC, Lo-
bach IV, Seeley WW, et al. Distinct Subtypes of Behav-
ioral Variant Frontotemporal Dementia Based on Pat-
terns of Network Degeneration. JAMA Neurol 2016; 73:
1078-1088.

Rascovsky K, Grossman M. Clinical diagnostic criteria and
classification controversies in frontotemporal lobar de-
generation. Int Rev Psychiatry 2013; 25: 145-158.

Rascovsky K, Hodges JR, Kipps CM, Johnson JK, Seeley
WW, Mendez MEF, et al. Diagnostic criteria for the be-
havioral variant of frontotemporal dementia (bvFID):
current limitations and future directions. Alzheimer Dis
Assoc Disord 2007; 21: S14-8.

Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kram-
er JH, Neuhaus J, et al. Sensitivity of revised diagnostic
criteria for the behavioural variant of frontotemporal
dementia. Brain 2011; 134: 2456-2477.

Chapter 9: References

Rascovsky K, Salmon DP, Lipton AM, Leverenz JB, DeCarli
C, Jagust WJ, et al. Rate of progression differs in fron-
totemporal dementia and Alzheimer disease. Neurology
2005; 65: 397-403.

Ratnavalli E, Brayne C, Dawson K, Hodges JR. The preva-
lence of frontotemporal dementia. Neurology 2002; 58:
1615-1621.

Riley DE, Lang AE, Lewis A, Resch L, Ashby P, Hornyk-
iewicz O, et al. Cortical-basal ganglionic degeneration.
Neurology 1990; 40: 1203-1212.

Rizzo G, Copetti M, Arcuti S, Martino D, Fontana A, Lo-
groscino G. Accuracy of clinical diagnosis of Parkinson
disease: A systematic review and meta-analysis. Neurol-
ogy 2016; 86: 566-576.

Roberts TPL, Mikulis D. Neuro MR: principles. J. Magn.
Reson. Imaging 2007; 26: 823-837.

Rogalski E, Sridhar ], Rader B, Martersteck A, Chen K, Co-
bia D, et al. Aphasic variant of Alzheimer disease: Clini-
cal, anatomic, and genetic features. Neurology 2016; 87:
1337-1343.

Rohrer JD, Guerreiro R, Vandrovcova J, Uphill ], Reiman D,
Beck J, et al. The heritability and genetics of frontotem-
poral lobar degeneration. 2009; 73: 1451-1456.

Rohrer JD, Nicholas JM, Cash DM, van Swieten J, Dopper
E, Jiskoot L, et al. Presymptomatic cognitive and neuro-
anatomical changes in genetic frontotemporal demen-
tia in the Genetic Frontotemporal dementia Initiative
(GENFI) study: a cross-sectional analysis. Lancet Neu-
rol 2015; 14: 253-262.

Rohrer JD, Warren JD, Fox NC, Rossor MN. Presympto-
matic studies in genetic frontotemporal dementia. Re-
vue Neurologique 2013; 169: 820-824.

Rohrer JD, Woollacott IOC, Dick KM, Brotherhood E,
Gordon E, Fellows A, et al. Serum neurofilament light
chain protein is a measure of disease intensity in fron-
totemporal dementia. Neurology 2016; 87: 1329-1336.

Rojas JC, Bang ], Lobach IV, Tsai RM, Rabinovici GD, Mill-
er BL, et al. CSF neurofilament light chain and phos-
phorylated tau 181 predict disease progression in PSP.
Neurology 2018; 90: e273-¢281.

Rojas JC, Karydas A, Bang ], Tsai RM, Blennow K, Liman V,
et al. Plasma neurofilament light chain predicts progres-
sion in progressive supranuclear palsy. Ann Clin Transl
Neurol 2016; 3: 216-225.

Rosen HJ, Gorno-Tempini ML, Goldman WP, Perry R],
Schuft N, Weiner M, et al. Patterns of brain atrophy in
frontotemporal dementia and semantic dementia. Neu-
rology 2002; 58: 198-208.

Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD,
Warner JH, et al. Huntington disease: natural history, bi-
omarkers and prospects for therapeutics. Nat Rev Neu-
rol 2014; 10: 204-216.

Rostgaard N, Roos P, Portelius E, Blennow K, Zetterberg H,
Simonsen AH, et al. CSF neurofilament light concentra-
tion is increased in presymptomatic CHMP2B mutation
carriers. Neurology 2018; 90: e157-e163.

Santos-Santos MA, Mandelli ML, Binney RJ, Ogar J, Wil-
son SM, Henry ML, et al. Features of Patients With Non-
fluent/Agrammatic Primary Progressive Aphasia With
Underlying Progressive Supranuclear Palsy Pathology



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

or Corticobasal Degeneration. JAMA Neurol 2016; 73:
733-10.

Scheltens P, Blennow K, Breteler MMB, de Strooper B,
Frisoni GB, Salloway S, et al. Alzheimer’s disease. Lancet
2016; 388: 505-517.

Scherling CS, Hall T, Berisha F, Klepac K, Karydas A, Cop-
pola G, et al. Cerebrospinal fluid neurofilament con-
centration reflects disease severity in frontotemporal
degeneration. Ann Neurol 2014; 75: 116-126.

Schindlbeck KA, Eidelberg D. Network imaging biomark-
ers: insights and clinical applications in Parkinson’s dis-
ease. Lancet Neurol 2018; 17: 629-640.

Schrag A, Siddiqui UE, Anastasiou Z, Weintraub D, Schott
JM. Clinical variables and biomarkers in prediction of
cognitive impairment in patients with newly diagnosed
Parkinson’s disease: a cohort study. Lancet Neurol 2017;
16: 66-75.

Schroeter ML, Laird AR, Chwiesko C, Deuschl C, Schnei-
der E, Bzdok D, et al. Conceptualizing neuropsychiatric
diseases with multimodal data-driven meta-analyses -
the case of behavioral variant frontotemporal dementia.
Cortex 2014; 57: 22-37.

Schuster C, Kasper E, Machts J, Bittner D, Kaufmann J, Be-
necke R, et al. Focal thinning of the motor cortex mir-
rors clinical features of amyotrophic lateral sclerosis and
their phenotypes: a neuroimaging study. ] Neurol 2013;
260: 2856-2864.

Schuster C, Kasper E, Dyrba M, Machts ], Bittner D, Kau-
fmann J, et al. Cortical thinning and its relation to cog-
nition in amyotrophic lateral sclerosis. Neurobiology of
Aging 2014; 35: 240-246.

Seelaar H, Klijnsma KY, de Koning I, van der Lugt A,
Chiu WZ, Azmani A, et al. Frequency of ubiquitin and
FUS-positive, TDP-43-negative frontotemporal lobar
degeneration. ] Neurol 2009; 257: 747-753.

Seeley WW, Crawford R, Rascovsky K, Kramer JH, Weiner
M, Miller BL, et al. Frontal paralimbic network atrophy
in very mild behavioral variant frontotemporal demen-
tia. Arch Neurol 2008; 65: 249-255.

Seeley WW, Crawford RK, Zhou J, Miller BL, Greicius MD.
Neurodegenerative diseases target large-scale human
brain networks. Neuron 2009; 62: 42-52.

Seeley WW. Anterior insula degeneration in frontotempo-
ral dementia. Brain Struct Funct 2010; 214: 465-475.
Sennvik K, Fastbom J, Blomberg M, Wahlund LO, Win-
blad B, Benedikz E. Levels of alpha- and beta-secretase
cleaved amyloid precursor protein in the cerebrospinal
fluid of Alzheimer’s disease patients. Neuroscience Let-

ters 2000; 278: 169-172.

Seo SW, Thibodeau M-P, Perry DC, Hua A, Sidhu M, Sible
I, et al. Early vs late age at onset frontotemporal demen-
tia and frontotemporal lobar degeneration. Neurology
2018; 90: €1047-e1056.

Shinagawa S, Catindig JA, Block NR, Miller BL, Rankin KP.
When a Little Knowledge Can Be Dangerous: False-Pos-
itive Diagnosis of Behavioral Variant Frontotemporal
Dementia among Community Clinicians. Dement Ger-
iatr Cogn Disord 2016; 41: 99-108.

Shinagawa S, Nakajima S, Plitman E, Graff-Guerrero A,
Mimura M, Nakayama K, et al. Psychosis in Frontotem-

poral Dementia. ] Alzheimers Dis 2014

Shinagawa S, Toyota Y, Ishikawa T, Fukuhara R, Hokoishi
K, Komori K, et al. Cognitive function and psychiatric
symptoms in early- and late-onset frontotemporal de-
mentia. Dement Geriatr Cogn Disord 2008; 25: 439-444.

Simonsen AH, Herukka SK, Andreasen N, Baldeiras I,
Bjerke M, Blennow K, et al. Recommendations for CSF
AD biomarkers in the diagnostic evaluation of demen-
tia. Alzheimers Dement 2017; 13: 274-284.

Skillback T, Farahmand B, Bartlett JW, Rosén C, Mattsson
N, Nigga K, et al. CSF neurofilament light differs in neu-
rodegenerative diseases and predicts severity and sur-
vival. Neurology 2014; 83: 1945-1953.

Snowden JS. Semantic dysfunction in frontotemporal lobar
degeneration. - PubMed - NCBI. Dement Geriatr Cogn
Disord 1999; 10: 33-36.

Snowden JS, Thompson JC, Stopford CL, Richardson AMT,
Gerhard A, Neary D, et al. The clinical diagnosis of ear-
ly-onset dementias: diagnostic accuracy and clinico-
pathological relationships. Brain 2011; 134: 2478-2492.

Spinelli EG, Mandelli ML, Miller ZA, Santos-Santos MA,
Wilson SM, Agosta F, et al. Typical and atypical patholo-
gy in primary progressive aphasia variants. Ann Neurol
2017; 81: 430-443.

Spitzer P, Lang R, Oberstein TJ, Lewczuk P, Ermann N,
Huttner HB, et al. A Specific Reduction in Ap1-42 vs.
a Universal Loss of AP Peptides in CSF Differentiates
Alzheimer’s Disease from meningitis and multiple Scle-
rosis. Front Aging Neurosci 2018; 10: 152.

Steele JC, Richardson JC, Olszewski J. Progressive supranu-
clear palsy. A heterogeneous degeneration involving the
brain stem, basal ganglia and cerebellum with vertical
gaze and pseudobulbar palsy, nuchal dystonia and de-
mentia. Arch Neurol 1964; 10: 333-359.

Steele JC, Richardson JC, Olszewski J. Progressive supranu-
clear palsy: a heterogeneous degeneration involving the
brain stem, Basal Ganglia and cerebellum with vertical
gaze and pseudobulbar palsy, nuchal dystonia and de-
mentia. Semin Neurol 2014; 34: 129-150.

Steinacker P, Hendrich C, Sperfeld A-D, Jesse S, Lehnert S,
Pabst A, et al. Concentrations of beta-amyloid precur-
sor protein processing products in cerebrospinal fluid of
patients with amyotrophic lateral sclerosis and fronto-
temporal lobar degeneration. ] Neural Transm (Vienna)
2009; 116: 1169-1178.

Steinacker P, Fang L, Kuhle J, Petzold A, Tumani H, Lu-
dolph AC, et al. Soluble beta-amyloid precursor protein
is related to disease progression in amyotrophic lateral
sclerosis. PLoS ONE 2011; 6: €23600.

Steinacker P, Feneberg E, Weishaupt J, Brettschneider J,
Tumani H, Andersen PM, et al. Neurofilaments in the
diagnosis of motoneuron diseases: a prospective study
on 455 patients. ] Neurol Neurosurg Psychiatry 2016; 87:
12-20.

Steinacker P, Verde F, Fang L, Feneberg E, Oeckl P, Roe-
ber S, et al. Chitotriosidase (CHIT1) is increased in mi-
croglia and macrophages in spinal cord of amyotrophic
lateral sclerosis and cerebrospinal fluid levels correlate
with disease severity and progression. ] Neurol Neuro-
surg Psychiatry 2017



Steketee RME, Meijboom R, de Groot M, Bron EE, Niessen
W], van der Lugt A, et al. Concurrent white and gray
matter degeneration of disease-specific networks in ear-
ly-stage Alzheimer’s disease and behavioral variant fron-
totemporal dementia. Neurobiology of Aging 2016; 43:
119-128.

Strong MJ, Abrahams S, Goldstein LH, Woolley S,
Mclaughlin P, Snowden J, et al. Amyotrophic lateral scle-
rosis - frontotemporal spectrum disorder (ALS-FTSD):
Revised diagnostic criteria. Amyotroph Lateral Scler
Frontotemporal Degener 2017; 18: 153-174.

Struyfs H, Van Broeck B, Timmers M, Fransen E, Sleegers
K, Van Broeckhoven C, et al. Diagnostic Accuracy of
Cerebrospinal Fluid Amyloid-p Isoforms for Early and
Differential Dementia Diagnosis. ] Alzheimers Dis 2015;
45: 813-822.

Suarez ], Tartaglia MC, Vitali P, Erbetta A, Neuhaus J, Laluz
V, et al. Characterizing radiology reports in patients
with frontotemporal dementia. Neurology 2009; 73:
1073-1074.

Sudrez-Calvet M, Dols-Icardo O, Llad6 A, Sanchez-Valle
R, Herndndez I, Amer G, et al. Plasma phosphorylated
TDP-43 levels are elevated in patients with frontotem-
poral dementia carrying a C9orf72 repeat expansion or
a GRN mutation. J Neurol Neurosurg Psychiatry 2014;
85: 684-691.

Suri S, Topiwala A, Mackay CE, Ebmeier KP, Filippini N.
Using structural and diffusion magnetic resonance im-
aging to differentiate the dementias. Curr Neurol Neu-
rosci Rep 2014; 14: 475.

Skibinski G, Parkinson NJ, Brown JM, Chakrabarti L, Lloyd
SL, Hummerich H, et al. Mutations in the endosomal
ESCRTIII-com- plex subunit CHMP2B in frontotempo-
ral dementia. Nat Genet 2005; 37: 806-8.

Swarup V, Phaneuf D, Dupré N, Petri S, Strong M, Kriz J, et
al. Deregulation of TDP-43 in amyotrophic lateral scle-
rosis triggers nuclear factor kB-mediated pathogenic
pathways. Journal of Experimental Medicine 2011; 208:
2429-2447.

Swinnen B, Robberecht W. The phenotypic variability of
amyotrophic lateral sclerosis. Nat Rev Neurol 2014; 10:
661-670.

Takeda T. Possible concurrence of TDP-43, tau and other
proteins in amyotrophic lateral sclerosis/frontotemporal
lobar degeneration. Neuropathology 2018; 38: 72-81.

Tang CC, Poston KL, Eckert T, Feigin A, Frucht S, Gudes-
blatt M, et al. Articles Differential diagnosis of parkin-
sonism: a metabolic imaging study using pattern analy-
sis. Lancet Neurol 2010; 9: 149-158.

Tapiola T, Alafuzoft I, Herukka SK, Parkkinen L, Hartikain-
en P, Soininen H, et al. Cerebrospinal Fluid f-Amyloid
42 and Tau Proteins as Biomarkers of Alzheimer-Type
Pathologic Changes in the Brain. Arch Neurol 2009; 66:
382-389.

Tarasoft-Conway JM, Carare RO, Osorio RS, Glodzik L,
Butler T, Fieremans E, et al. Clearance systems in the
brain-implications for Alzheimer disease. Nat Rev Neu-
rol 2015; 11: 457-470.

Tartaglia MC, Sidhu M, Laluz V, Racine C, Rabinovici GD,
Creighton K, et al. Sporadic corticobasal syndrome due

Chapter 9: References

to FTLD-TDP. Acta Neuropathol 2010; 119: 365-74.

Tetzloff KA, Duffy JR, Clark HM, Strand EA, Machulda
MM, Schwarz CG, et al. Longitudinal structural and
molecular neuroimaging in agrammatic primary pro-
gressive aphasia. Brain 2017; 141: 302-317.

Teune LK, Renken RJ, Mudali D, De Jong BM, Dierckx
RA, Roerdink JBTM, et al. Validation of parkinsonian
disease-related metabolic brain patterns. Mov. Disord.
2013; 28: 547-551.

Teunissen CE, Elias N, Koel-Simmelink MJA, Durieux-
Lu S, Malekzadeh A, Pham TV, et al. Novel diagnostic
cerebrospinal fluid biomarkers for pathologic subtypes
of frontotemporal dementia identified by proteomics.
Alzheimers Dement (Amst) 2016; 2: 86-94.

Thompson AG, Gray E, Thézénas M-L, Charles PD, Evetts
S, Hu MT, et al. Cerebrospinal fluid macrophage bio-
markers in amyotrophic lateral sclerosis. Ann Neurol
2018; 83: 258-268.

Toledo JB, Brettschneider J, Grossman M, Arnold SE, Hu
WT, Xie SX, et al. CSF biomarkers cutoffs: the impor-
tance of coincident neuropathological diseases. Acta
Neuropathol 2012; 124: 23-35.

Tosun D, Schuff N, Rabinovici GD, Ayakta N, Miller BL,
Jagust W, et al. Diagnostic utility of ASL-MRI and FDG-
PET in the behavioral variant of FTD and AD. Ann Clin
Transl Neurol 2016; 3: 740-751.

Tsai RM, Boxer AL. Therapy and clinical trials in fronto-
temporal dementia: past, present, and future. ] Neuro-
chem 2016; 138 Suppl 1: 211-221.

Turner MR, Cagnin A, Turkheimer FE, Miller CCJ, Shaw
CE, Brooks DJ, et al. Evidence of widespread cerebral
microglial activation in amyotrophic lateral sclerosis:
an [11C]J(R)-PK11195 positron emission tomography
study. Neurobiology of Disease 2004; 15: 601-609.

Van Everbroeck BRJ, Boons J, Cras P. 14-3-3 {gamma}-iso-
form detection distinguishes sporadic Creutzfeldt-Jakob
disease from other dementias. ] Neurol Neurosurg Psy-
chiatry 2005; 76: 100-102.

Van Langenhove T, Piguet O, Burrell JR, Leyton C, Foxe
D, Abela M, et al. Predicting Development of Amyo-
trophic Lateral Sclerosis in Frontotemporal Dementia.
] Alzheimers Dis 2017

van Waalwijk van Doorn LJC, Koel-Simmelink M],
Hauflimann U, Klafki H, Struyfs H, Linning P, et al. Val-
idation of soluble amyloid-p precursor protein assays as
diagnostic CSF biomarkers for neurodegenerative dis-
eases. ] Neurochem 2016; 137: 112-121.

Varges D, Jung K, Gawinecka J, Heinemann U, Schmitz M,
Ahsen von N, et al. Amyloid-p 1-42 levels are modified
by apolipoprotein E &4 in Creutzfeldt-Jakob disease in a
similar manner as in Alzheimer’s disease. ] Alzheimers
Dis 2011; 23: 717-726.

Verwey NA, Kester MI, van der Flier WM, Veerhuis R,
Berkhof H, Twaalthoven H, et al. Additional value of
CSF amyloid-beta 40 levels in the differentiation be-
tween FTLD and control subjects. J Alzheimers Dis
2010; 20: 445-452.

Vieira RT, Caixeta L, Machado S, Silva AC, Nardi AE, Ari-
as-Carrion O, et al. Epidemiology of early-onset demen-
tia: a review of the literature. Clin Pract Epidemiol Ment



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study

Health 2013; 9: 88-95.

Vijverberg EGB, Dols A, Krudop WA, Del Campo Milan
M, Kerssens CJ, Gossink F, et al. Cerebrospinal fluid bi-
omarker examination as a tool to discriminate behav-
ioral variant frontotemporal dementia from primary
psychiatric disorders. Alzheimers Dement (Amst) 2017;
7: 99-106.

Vijverberg EGB, Wattjes MP, Dols A, Krudop WA, Moller
C, Peters A, et al. Diagnostic Accuracy of MRI and Ad-
ditional [18F]FDG-PET for Behavioral Variant Fronto-
temporal Dementia in Patients with Late Onset Behav-
ioral Changes. J Alzheimers Dis 2016; 53: 1287-1297.

Vu LT, Bowser R. Fluid-Based Biomarkers for Amyotrophic
Lateral Sclerosis. Neurotherapeutics 2016; 14: 1-16.

Walhout R, Westeneng H-J, Verstraete E, Hendrikse J, Veld-
ink JH, van den Heuvel MP, et al. Cortical thickness in
ALS: towards a marker for upper motor neuron involve-
ment. ] Neurol Neurosurg Psychiatry 2015; 86: 288-294.

Walker Z, Possin KL, Boeve BE, Aarsland D. Lewy body de-
mentias. Lancet 2015; 386: 1683-1697.

Wallon D, Rovelet-Lecrux A, Deramecourt V, Pariente J,
Auriacombe S, Le Ber [, et al. Definite behavioral variant
of frontotemporal dementia with COORF72 expansions
despite positive Alzheimer’s disease cerebrospinal fluid
biomarkers. ] Alzheimers Dis 2012; 32: 19-22.

Wang Z, Wang B, Yang L, Guo Q, Aithmitti N, Songyang
Z, et al. Presynaptic and postsynaptic interaction of the
amyloid precursor protein promotes peripheral and cen-
tral synaptogenesis. ] Neurosci 2009; 29: 10788-10801.

Westeneng H-J, Debray TPA, Visser AE, van Eijk RPA,
Rooney JPK, Calvo A, et al. Prognosis for patients with
amyotrophic lateral sclerosis: development and valida-
tion of a personalised prediction model. Lancet Neurol
2018; 17: 423-433.

Weston PSJ, Simpson IJA, Ryan NS, Ourselin S, Fox NC.
Diffusion imaging changes in grey matter in Alzheimer’s
disease: a potential marker of early neurodegeneration.
Alzheimers Res Ther 2015; 7: 47.

Whitwell JL, Avula R, Senjem ML, Kantarci K, Weigand
SD, Samikoglu A, et al. Gray and white matter water
diffusion in the syndromic variants of frontotemporal
dementia. Neurology 2010; 74: 1279-1287.

Whitwell JL, Jack CR, Parisi JE, Senjem ML, Knopman DS,
Boeve BE et al. Does TDP-43 type confer a distinct pat-
tern of atrophy in frontotemporal lobar degeneration?
Neurology 2010; 75: 2212-2220.

Whitwell JL, Przybelski SA, Weigand SD, Ivnik R], Vemuri
P, Gunter JL, et al. Distinct anatomical subtypes of the
behavioural variant of frontotemporal dementia: a clus-
ter analysis study. Brain 2009; 132: 2932-2946.

Whitwell JL, Weigand SD, Boeve BF, Senjem ML, Gunter
JL, DeJesus-Hernandez M, et al. Neuroimaging signa-
tures of frontotemporal dementia genetics: C9ORF72,
tau, progranulin and sporadics. Brain 2012; 135: 794-
806.

Wilke C, Preische O, Deuschle C, Roeben B, Apel A, Barro
C, et al. Neurofilament light chain in FTD is elevated not
only in cerebrospinal fluid, but also in serum. J Neurol
Neurosurg Psychiatry 2016; 87: 1270-1272.

Wiltfang J, Esselmann H, Smirnov A, Bibl M, Cepek L,

Steinacker P, et al. Beta-amyloid peptides in cerebrospi-
nal fluid of patients with Creutzfeldt-Jakob disease. Ann
Neurol 2003; 54: 263-267.

Wood EM, Falcone D, Suh E, Irwin DJ, Chen-Plotkin AS,
Lee EB, et al. Development and Validation of Pedigree
Classification Criteria for Frontotemporal Lobar Degen-
eration. JAMA Neurol 2013; 70: 1411-7.

Woolley JD, Khan BK, Murthy NK, Miller BL, Rankin KP.
The diagnostic challenge of psychiatric symptoms in
neurodegenerative disease: rates of and risk factors for
prior psychiatric diagnosis in patients with early neu-
rodegenerative disease. ] Clin Psychiatry 2011; 72: 126—
133.

Woolley SC, Strong MJ. Frontotemporal Dysfunction and
Dementia in Amyotrophic Lateral Sclerosis. Neurol Clin
2015; 33: 787-805.

Wyss-Coray T, Mucke L. Inflammation in neurodegener-
ative disease--a double-edged sword. Neuron 2002; 35:
419-432.

Yamanaka K, Chun §J, Boillee S, Fujimori-Tonou N,
Yamashita H, Gutmann DH, et al. Astrocytes as deter-
minants of disease progression in inherited amyotrophic
lateral sclerosis. Nat Neurosci 2008; 11: 251-253.

Yang L-B, Lindholm K, Yan R, Citron M, Xia W, Yang X-L,
et al. Elevated beta-secretase expression and enzymat-
ic activity detected in sporadic Alzheimer disease. Nat
Med 2003; 9: 3-4.

Ye BS, Choi SH, Han S-H, Kim S, Yang D-W, Park KH, et al.
Clinical and Neuropsychological Comparisons of Ear-
ly-Onset Versus Late-Onset Frontotemporal Demen-
tia: A CREDOS-FTD Study. ] Alzheimers Dis 2015; 45:
599-608.

Yokoyama ]S, Karch CM, Fan CC, Bonham LW, Kouri N,
Ross OA, et al. Shared genetic risk between corticoba-
sal degeneration, progressive supranuclear palsy, and
frontotemporal dementia. Acta Neuropathol 2017; 133:
825-837.

Yuan A, Sershen H, Veeranna, Basavarajappa BS, Kumar
A, Hashim A, et al. Neurofilament subunits are integral
components of synapses and modulate neurotransmis-
sion and behavior in vivo. Molecular Psychiatry 2015;
20: 986-994.

Zanusso G, Fiorini M, Ferrari S, Gajofatto A, Cagnin A,
Galassi A, et al. Cerebrospinal fluid markers in sporadic
Creutzfeldt-Jakob disease. IJMS 2011; 12: 6281-6292.

Zetterberg H, Rohrer JD, Schott JM. Cerebrospinal fluid in
the dementias. Handb Clin Neurol 2017; 146: 85-97.

Zhang Y, Tartaglia MC, Schuff N, Chiang GC, Ching C,
Rosen HJ, et al. MRI signatures of brain macrostructural
atrophy and microstructural degradation in frontotem-
poral lobar degeneration subtypes. J Alzheimers Dis
2013; 33: 431-444.

Zhu T, Hu R, Qiu X, Taylor M, Tso Y, Yiannoutsos C, et al.
Quantification of accuracy and precision of multi-center
DTI measurements: a diffusion phantom and human
brain study. NeuroImage 2011; 56: 1398-1411.



Chapter 10

Annexes






Annex I:
Key definitions

Chapter |10:Annexes |

and abbreviations

Key term (abbreviation)

Definition

Frontotemporal lobar
degeneration (FTLD)

The pathological term for a group of neurodegenerative disorders affecting the frontal and/
or temporal lobes accompanied by protein inclusions (such as Tau, TDP 43 or FUS).

Frontotemporal lobar
degeneration-related
syndromes (FTLD-S)

This term refers to all the clinical syndromes predicting the neuropathological diagnosis
of FTLD. Namely, the behavioral variant of frontotemporal dementia (bvFTD), the semantic
variant of primary progressive aphasia (svPPA), the nonfluent/agrammatic variant of
primary progressive aphasia, the amyotrophic lateral sclerosis-frontotemporal dementia
continuum (ALS-FTD), and the syndromes associated with 4R tauopathies (progressive
supranuclear palsy and corticobasal syndromes).

Frontotemporal dementia
(FTD)

Clinical umbrella term that encompasses three distinct clinical syndromes: the behavioral
variant of frontotemporal dementia (bvFTD), the nonfuent/agrammatic variant of Primary
Progressive Aphasia (nfaPPA) and the semantic variant of Primary Progressive Aphasia
(svPPA). These syndromes predict the neuropathological diagnosis of FTLD and are
encompassed within the label of FTLD-S.

Primary progressive aphasia
(PPA)

A clinical syndrome defined by Mesulam in 1982 (Mesulam et al., Ann Neurol 1982)
characterized by a predominant language impairment and relative preservation of cognitive
and behavioral functions. The last consensus criteria (Gorno-Tempini et al., Neurology
2011) defined three PPA subtypes: two variants predicting FTLD (nfaPPA and svPPA) and a
third variant that is mainly related to Alzheimer's disease (the logopenic variant of PPA).
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Gene (Chr.) Mechanism of Frequency Frequentclinical ~ Symmetrical, orbitofrontal,

- protein encoded neurodegeneration among presentations medial and dorsolateral frontal,
familial followed by temporal lobes,
cases parietal and occipital lobes,

cerebellum, posterior thalamus.

C9orfr2 (9p21.2) Endosomal trafficking 13-50% bvFTD Symmetric frontal, anterior

- unknown dysregulation; RNA-foci ALS-FTD cingulate cortex, insular,

formation and impaired CBS-PSPS Late-  anterior, and medial temporal
transcription processing; onset psychosis lobe
dipeptide repeat protein toxicity

MAPT (17g21.1) Impaired microtubule 5-20% bvFTD Symmetric frontal, anterior

- Microtubule- stabilisation and/or increased CBS-PSPS cingulate cortex, insular,

associated tau protein propensity of tau self- anterior, and medial temporal

aggregation lobe

GRN (17921.32) Impaired neurotrophic function, 5-20% bvFTD Asymmetrical, anterior

—Progranulin promotion of inflammation, PPA temporal, temporo-parietal,

impaired lysosomal-mediated CBS-PSPS frontal, anterior cingulate
protein degradation cortex, insular

TBK1 (129.14.2) Impaired endosomal- 3% bvFTD Asymmetric atrophy in various

- Tank-binding kinase 1 lysosomal and autophagic ALS-FTD locations (frontotemporal,

protein degradation pathway parietal, cerebellum, medial
temporal)

TARDBP (1p36.22) Impaired RNA-binding, Rare ALS Symmetrical frontal, temporal

->TDP-43 transcription, translation, ALS-FTD pole atrophy

alternative splicing, RNA
transport and stabilization

FUS (16p11.2) Impaired RNA-binding, Rare ALS Frontal and temporal atrophy

->FUS transcription, translation, ALS-FTD with striking striatal atrophy

alternative splicing, RNA
transport and stabilisation

VCP (9p13.3) Impaired ubiquitin-proteasome  Rare bvFTD Frontal, temporal, and parietal

- Valosin-containing mediated protein degradation ALS-FTD lobes, especially prefrontal

protein and autophagy IBM-Paget cortex and superior temporal

gyrus; hippocampus, caudate
nucleus, amygdala

CHMP2B (3p11.2) Impaired endosomal- Rare bvFTD Generalised cortical atrophy,

—-Chromatin- modifying lysosomal and autophagic ALS-FTD mostly severe in frontal and

protein 2B protein degradation pathway temporal cortices

SQSTM1 (5q35.3) Impaired autophagy and 1-3% bvFTD Asymmetric frontotemporal

- p62 apoptosis ALS-FTD atrophy

UBQLN2 (Xp11.21) Impaired ubiquitination 2% vFTD Bilateral frontotemporal atrophy

- Ubiquilin 2 ALS-FTD

CBS-PSPS

TREM2 (6p.21.1) Impaired phagocytosis and Rare bvFTD White matter changes and

- Triggering receptor immune response SsvPPA thinning of corpus callosum

expressed on myeloid

cells

CHCHD10 (22q.11.23) Unknown Rare bvFTD Bilateral frontotemporal atrophy

- Coiled-coil-helix- ALS-FTD

coiled-coil-helix domain-
containing protein 10
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Study (First author; Number of autopsy-

journal; year of confirmed cases by AB 1-42 NfL t-Tau p-Tau,g,
publication) neuropathological group

Green; Neurosci Lett; 17 AD; 27 FTLD NA NA AD>FTLD>HC NA
1999

Clark; Arch Neurol; 74 AD*; 10 FTLD; (73) HC AD < FTLD, HC NA AD > FTLD > HC NA
2003

Grossman; Ann 17 AD; 12 (73) FTLD; (13) HC AD < FTLD, HC NA AD > FTLD, HC AD > FTLD, HC
Neurol; 2005

Bian; Neurology; 19 AD; 19 (11) FTLD; O HC AD < FTLD, CN NA AD > FTLD, HC NA
2008

Engelborghs; 73 AD*; 2 FTLD; (100) HC NA NA NA NA
Neurobiol Aging;

2008

Koopman; 95 AD; 10 FTLDZ; 0 HC AD < FTLD NA AD > FTLD AD > FTLD
Neurochem Int; 2009

Tapiola; Arch Neurol; 83 AD; 9 FTLD# NA NA NA NA
2009

Brunnstrom; 8 AD*; 12 FTLD NA NA AD > FTLD NA
Alzheimer Dement;

2010t

Irwin; Ann Neurol; 41 AD*; 20 FTLD! NA NA AD > FTLD NA
2012

Toledo; Acta 71 AD; 29 FTLD# (66) HC AD < FTLD < HC NA AD > FTLD > HC AD > FTLD > HC
Neuropathol. 20121

Schoonenboom; 6 (512) AD; 6 (180) FTLD; (275)  AD < FTLD, SMC NA AD>FTLD>SMC AD>FTLD,SMC
Neurology; 2012 SCM

Landqvist; BMC (20) AD; 10 (34) FTD; (26) HC AD < FTLD HC<AD<FTLD AD>FTLD AD>FTLD
Neurol; 2013

Irwin; Ann Neurol 26 AD; 80 FTLD? AD < FTLD NA AD > FTLD AD > FTLD
2017

Goossens; (45) AD; 16 (46) FTLD?; (20) HC AD < FTLD, HC HC<AD<FTLD AD >FTLD, HC AD >FTLD, HC
Alzheimers Res Ther

2018

Paterson; Alzheimers (156) AD; (45) bvFTD*+; AD <bvFTD <HC  HC<AD<bvFTD AD >bvFTD, HC AD >bvFTD, HC
Res Ther 2018+

Lled; JAMA Neurol; 89 AD; 40 FTLD; 14 FTLD-AD AD < FTLD NA AD > FTLD AD > FTLD
2018

Del Campo; Ann Clin (47) AD; 28 (114) FTLD; (88) HC AD < FTLD < HC HC<AD<FTLD AD > FTLD AD > FTLD

Transl Neurol 2018

Table S|1. Comparative studies of core AD CSF biomarkers and NfL in autopsy-confirmed cohorts for the differentiation between FTLD,
AD and Controls. () denotes cases without neuropathological diagnosis (including mutations); *: AD contains cases with comorbid Lewy
body or vascular disease; **: The neuropathological diagnosis of FTLD was confirmed in only 10 cases of the total sample (no details)
and only separate analyses were provided for different FTLD-S (AD-like CSF profile in PNFA suggest misdiagnosis); }: no data on genetic
testing. I: | MAPT and 3 GRN cases; 2: |2 C90rf72; 8 GRN, 3 MAPT; 3: 19 C90orf72; 9 GRN, 0 MAPT; Abbreviations: AD = Alzheimer
’s disease; AUC = area Under the Curve (Receiver Operating Characteristics analysis); FTLD = frontotemporal lobar degeneration; HC
= healthy control; NA = not assessed; SMC = subjective memory complaints;
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Abstract

Importance: Cerebrospinal fluid (CSF) core
Alzheimer’s disease (AD) biomarkers have
shown an excellent capacity for the in vivo de-
tection of AD. Previous studies have shown that
CSF levels of phosphorylated tau (p-tau) also
correlate with tau pathology in frontotemporal
lobar degeneration (FTLD) after accounting for
AD co-pathology.

Objective: To develop an algorithm based on
core AD CSF measures to exclude cases with AD
pathology and then differentiate between FT-
LD-tau and FTLD-TDP.

Design, setting and participants: A case-control
study at an academic medical center. Participants
were selected from a database of 1796 subjects
included between 1992 and 2016 with different
neurodegenerative diseases with available CSF.
Three patient cohorts were included: A cohort
of sporadic, autopsy-confirmed FTLD and AD
(n=143), a cohort of frontotemporal degenera-
tion (FTD) with TDP- or tau-associated muta-
tions (n=60); and a living cohort of patients with
syndromes highly predictive of FTLD (Progres-
sive supranuclear palsy (PSP) and FTD-Amyo-
trophic Lateral Sclerosis (FTD-ALS), n=62).

Main outcomes and measures: CSF values of
amyloid-p (AP, ), total tau (t-tau) and p-tau
obtained using the INNO-BIA AlzBio3 (xMAP;
Luminex) assay or INNOTEST® enzyme-linked
immunosorbent assay transformed using a pre-
viously validated algorithm. Sensitivities and
specificities for differentiating AD from FTLD
groups were calculated.

Results: This autopsy cohort included FTLD-tau
(n =27; mean [SD] age at onset, 60.8 [9.7] years),
FTLD-TDP (n = 13; mean [SD] age at onset, 62.4
[8.5] years), AD (n = 89, mean [SD] age at on-
set, 66.5 [9.7] years); and mixed FTLD-AD (n =
14, mean [SD] age at onset, 70.6 [8.5] years). The
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p-tau/AB, ,,
accuracy to exclude AD cases in the autopsy co-
hort with single neurodegenerative pathologies
(AUC 0.978 95% CI 0.956-0.999). CSF p-tau lev-
els showed a good AUC (0.87, 95% CI 0.73-1.00)
for discriminating pure FTLD-TDP from pure
FTLD-Tau. The application of an algorithm using
cut-points of CSF p-tau/Ap, ,, ratio and p-tau al-
lowed a good discrimination of pure FTLD-TDP
cases from the remaining FTLD-Tau and mixed
FTLD cases. The diagnostic value of this algo-
rithm was confirmed in an independent cohort
of living patients with PSP and FTD-ALS (AUC
0.9, 95% CI 0.81-0.99). However, the algorithm
was less useful in FTD cases carrying a patho-
genic mutation (AUC 0.58, 95% CI 0.38-0.77)
due to elevated p-tau levels in C9orf72 carriers.

ratio showed an excellent diagnostic

Conclusions and Relevance: AD CSF core bio-
markers can be used with high specificity for the
in vivo identification of patients with pure FT-
LD-TDP and FTLD-tau when accounting for co-
morbid AD and genetic status.

Introduction

Frontotemporal lobar degeneration (FTLD) is a
neuropathological umbrella term coined to de-
scribe a group of neurodegenerative disorders
with prominent frontal and temporal lobe atro-
phy presenting with a wide spectrum of behav-
ioural, language and motor disturbances. Most
FTLD cases can be classified in two main sub-
types according to the protein that aggregates
in the CNS: FTLD-TDP (~50 %), which is asso-
ciated with aggregates composed of transactive
response DNA-binding protein of approximately
43kDa (also known as TDP-43), and FTLD-Tau
(~45%), which is associated with aggregates con-
taining the microtubule-associated protein tau.'
Although the majority of cases are considered
sporadic, up to 25% of patients may have a path-
ogenic mutation, mainly in the MAPT, GRN and
C9orf72 genes.”> While genetic testing may enable
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a definite diagnosis in mutation carriers, the in
vivo diagnosis of the majority of FTLD cases with
sporadic disease is challenging because there is
no reliable correspondence between the clinical
syndrome and the underlying neuropathology.?

Cerebrospinal fluid (CSF) markers have been
studied in neurodegenerative diseases as a way
to track different pathophysiological processes
in the CNS. In Alzheimer’s disease (AD), lev-
els of B-amyloid (AB, ), total-tau (t-tau) and
phosphorylated tau (p-tau), also named core
AD biomarkers, have shown excellent diagnostic
accuracy for the detection of AD at the prodro-
mal and dementia stages.* Core AD biomarkers
are also useful in FTLD-related syndromes to
exclude AD.>” In addition, core AD biomarkers
could also be used to distinguish the different
neuropathological subtypes of FTLD. In particu-
lar, previous studies have shown that low levels
of p-tau or the ratio of p-tau/t-tau could be use-
ful biomarkers for TDP-43 proteinopathies.””
Further, p-tau is more specific for tau patholo-
gy, as t-tau also reflects non-specific neuronal
and axonal damage.'®"" Importantly, we have re-
cently described an independent association of
ante mortem CSF p-tau levels with post mortem
cerebral tau pathology in a large series of autop-
sy-confirmed FTLD, suggesting that low p-tau is
a specific marker for TDP-43 proteinopathies.'?

It is clear that specific markers for FTLD-TDP
and FTLD-Tau are needed and some promising
advances have been made." Unfortunately, many
biomarker studies of FTLD-related syndromes
may be confounded by co-occurring secondary
AD pathology’. It is possible that this secondary
AD pathology confounds measurement of CSF
analytes, with consequences for clinical trial out-
comes that include CSF measurement of tau. In
addition, most studies have grouped FTD pa-
tients with and without pathogenic mutations as-
suming that they all have a similar CSF biomark-
er profile. The present study aimed to develop a
two-step algorithm where we first exclude cases

with significant AD pathology and then use CSF
tau analytes to differentiate between sporadic
FTLD-Tau and FTLD-TDP. This algorithm was
tested in three different cohorts of FTD patients:
a sporadic autopsy cohort, a genetic cohort and
a living cohort with syndromes highly predictive
of FTLD-Tau and FTLD-TDP.

Methods
Patients

Participants were selected from a database of
1796 subjects with different neurodegenerative
diseases with available CSF included during May
1992 to April 2016 at the Center for Neurodegen-
erative Disease Research (CNDR) at the Univer-
sity of Pennsylvania.

Autopsy cohort: we included data from patients
with ante mortem CSF and a neuropathological
diagnosis of AD or FTLD who were followed
longitudinally at the Frontotemporal Degen-
eration Center (FTDC) or Alzheimer Disease
Core Center (ADCC) to autopsy establishment
of their underlying neuropathology in the Cen-
ter for Neurodegenerative Disease Research
(CNDR) at the University of Pennsylvania."* A
total of 143 sporadic cases were included: 89 pure
AD cases, 40 cases of FTLD (27 FTLD-Tau, 13
FTLD-TDP), and 14 cases with AD plus FTLD
(10 with FTLD-Tau and 4 with FTLD-TDP, col-
lectively known as FTLD-AD). All FTLD cases
were screened for the three most common mu-
tations (MAPT, GRN, and C90rf72) as previous-
ly described.? Cases presenting as motor neuron
disease, Lewy body dementia and those with
concurrent FTLD-Tau and FTLD-TDP (3 cases)
were excluded.

Genetic cohort: we included a group of 60 FTD
patients with pathogenic mutations and CSF
available for analysis. This group was composed
of 33 patients with mutations in C9orf72, 13 in



GRN, 4 in TARDBP and 10 in MAPT genes.
Replication sporadic cohort: we included a group
of 62 living patients with clinical phenotypes
that are highly predictive of FTLD-Tau and FT-
LD-TDP: 39 patients with progressive supranucle-
ar palsy (PSP) and 23 patients with amyotrophic
lateral sclerosis associated with FTD (ALS-Mild
Cognitive Impairment and FTD-ALS) diagnosed
according to current diagnostic criteria.">'
All individuals participated in a written in-
formed consent procedure with their caregiv-
ers, when appropriate, that was approved by the
institutional review board at the University of
Pennsylvania.

A subset of these patient samples has been previ-
ously published.>”!>!

Biofluid collection and analysis

CSF samples were obtained as described previ-
ously.>'* We obtained data from AB, ,,
p-tau levels previously analyzed using the ELISA
assay (INNOTEST®, Fujirebio-Europe, Belgium)
or the Luminex xMAP platform (INNO-BIA
AlzBio3TM, for research use-only reagents, Fu-
jirebio-Europe, Belgium) at the CNDR (ELISA)
and the Biomarker Core (xMAP) of the AD Neu-
roimaging Initiative (ADNI) at the University of
Pennsylvania.””** CSF values from ELISA were
transformed to xXMAP values using the validat-
ed formulas® CSF biomarker measures for Ap, .
and p-tau/Ap, , ratio in the autopsy cohort were
available for 123/143 (86%), a valid p-tau result
was available for 122/143 (85.3%) and t-tau/Ap1-
42 for all cases.

t-tau and

Neuropathological analysis

Autopsy was performed as previously described.?
Microscopic diagnosis was made by experienced
neuropathologists (E.B.L. and J.Q.T.) using cur-
rent neuropathological diagnostic criteria.***
Cases were divided into those with one neuro-
pathological diagnosis and those with multiple
diagnoses using Braak and CERAD stages of AD
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pathology.**?' Concurrent pathologies were reg-
istered as previously described.” In FTLD-Tau pa-
tients, sections of the hippocampus were stained
with Thioflavin-S, as described,” to distinguish
co-morbid AD neurofibrillary tangle pathology
from primary FTLD tauopathy. We used patho-
logical criteria of “low AD” to define secondary
comorbid AD (either AD Braak tau stage > B2
or AD Braak tau stage B1 and CERAD > C2) in
FTLD cases.”® We used the term pure FTLD for
cases with a primary neuropathological diagno-
sis of FTLD and no comorbid AD and FTLD-AD
for cases with FTLD and concomitant AD as in
previous studies.’

Statistical analysis

Variables were examined for normality and one-
way ANOVA or Kruskal-Wallis test were per-
formed across the groups as appropriate. For
group-wise comparisons and regression models
we used natural log (In) transformation to obtain
normally-distributed CSF variables for analysis.
Because the autopsy and validation cohorts dif-
fered in disease duration and age at which CSF
samples are obtained, and because these factors
may influence CSF analyte levels, we performed
a logistic regression analysis for p-tau that in-
cluded age and disease duration as covariates.
These logistic regressions were completed in the
autopsy cohort and the probabilities then were
entered into receiver operating characteristic
curves (ROC). We calculated the optimal cutoft
that was used to assess sensitivity and specificity
and then applied this logistic regression model to
the independent validation cohort.

Statistical significance for all tests was set at P <
.05. All analyses were performed using SPSS 20.0
(Armonk, NY: IBM Corp.) or STATA 12.0 (Col-
lege Station, Texas; STATA Corp).
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Results

Demographic, clinical and biomarker
data of the autopsy cohort

Demographic, clinical and neuropathological
characteristics of the autopsy patient sample are
summarized in Table 1. The FTLD-AD group
had a later age at onset when compared to that
of FTLD-Tau. The age at death was higher in
the AD group than in the FTLD-Tau and FT-
LD-TDP groups. Age at CSF sampling was high-
er in the FTLD-AD group than in FTLD-Tau and
FTLD-TDP. APOEe4 allele was overrepresented
in the AD group when compared to the other
groups.

Raw CSF analyte values for each neuropathologi-
cal group are shown in Figure 1. CSF AB, , levels
were lower in both the pure AD and FTLD-AD
groups compared with the FTLD-tau group (Ta-
ble 1). CSF t-tau levels were higher in the pure
AD group than in FTLD-tau. Finally, CSF p-tau
levels were higher in the pure AD group than
in pure FTLD groups. The FTLD-AD group
showed intermediate values for tau analytes be-
tween pure AD and pure FTLD, highlighting the
effect of comorbid AD on CSF biomarkers.” As
reported in previous studies,”® CSF p-tau lev-
els were lower in FLTD-TDP than in FTLD-tau
(H(2) = 7.43, P = .006). t-tau/Ap, ,, and p-tau/
AB, ,, ratios also showed clear differences among
groups (Table 1).

Pure cases Mixed cases
AD FTLD-Tau FTLD-TDP FTLD-AD
n=89 n=27 n=13 n=14
Age at onset, y (SD) 66.5(9.7) 60.8(8.9)¢ 62.4(8.5) 70.6(8.5)°
Age at death, y (SD) 75.9(10.1)k 68.4(8.8)x 68.4(9)? 79.2(11.3)°
Age at CSF, y (SD) 70.2 (9.5) 64.2(9.4)¢ 65.3(7.6)¢ 74.5(10.7)k
Time from onset to CSF, y (SD) 3.72 (2.4) 3.41(2) 292(1.7) 3.9(3.1)
Men, n (%) 50 (56.8) 15 (65.2) 4(33.3) 8(57.1)
APOEg4 positive, n (%) 56 (63.6)2 4(17.4) 4(33.3) 5(37.5)
CSF AB1-42 (SD), n=123 137.8(50.6)° 244.1(46.7)x 216.8(63.3)¢ 148.7(29.7)>
CSF t-tau (SD), n=143 120.3(88)° 48(22.7)2 54.1(39.1) 65.6(46.1)
CSF p-tau (SD), n=139 41.1(30.3)k 11.9(3.8)x 7.9(5.4)2bd 17.7(8.6)
CSF t-tau/ AB,.4, (SD), =143 1.01(0.97)bed 0.20(0.12) 0.26(0.2) 0.44(0.29)
CSF p-tau/ AB,.4, (SD), n=122 0.34(0.26)" 0.05(0.02) 0.04(0.03) 0.14(0.06)*

Table |. Demographic and CSF biomarker data of subjects of the sporadic autopsy cohort by neuropathological group. * P<.05
compared to AD;® P<.05 compared to FTLD-Tau; ¢ P<.05 compared to FTLD-TDP; % P<.05 compared to AD-FTLD. Abbreviations:

Standard deviation.
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and FTLDP-TDP.

Because of the AD-like CSF profile in the FT-
LD-AD cohort, we developed a two-stage process
for the biofluid-based diagnosis of FTLD spec-
trum disorders. First, we established cut points
of CSF analytes for each form of pathology in the
subset of patients with pure pathology. Then we
applied these criteria to our entire cohort, which
includes individuals with mixed FTLD-AD pa-
thology, to develop a two-stage process for dif-
ferentiating FTLD-Tau and FTLD-TDP in indi-
viduals with sporadic FTLD; specifically, the first
stage excludes individuals with primary or sec-
ondary AD pathology, and the second stage dis-
tinguishes between FTLD-TDP and FTLD-tau in
individuals less likely to have primary or second-
ary AD pathology.

Establishing a diagnostic algorithm
based on AD biomarkers in patients
with single neurodegenerative
pathologies

We performed ROC analyses for the differentia-
tion between pure AD and pure FTLD (both FT-
LD-Tau and FTLD-TDP) and results are shown
in Figure 2A. The p-tau/Ap, ,, ratio showed the
best area under the curve (0.978; 95% CI 0.956 to
0.999; P <.001) followed by the t-tau/Ap, , ratio
(0.905; 95% CI 0.851 to 0.96; P < .001). A p-tau/
A, , ratio cut-off of 0.09 achieved a 91.3% sen-
sitivity (95% CI 82.8% to 96.4%) and 96.8% spec-
ificity (95% CI 83.3% to 99.9%) with a likelihood

ratio of 28.3.

We next investigated the capacity of CSF p-tau
levels to distinguish between pure sporadic FT-
LD-Tau and FTLD-TDP cases. We performed
ROC analysis accounting for the differences in
age and time from diagnosis at CSF sampling
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and levels of p-tau showed a good capacity to
discriminate between pure FTLD-Tau and FT-
LD-TDP with an area under the curve of 0.87
(95% CI 0.73-1.00 Figure 2B). ROC analysis
using raw values are shown in the eFigure 1 in
the Supplement. However, when we included all
FTLD cases including FTLD-AD the area under
the curve dropped to 0.69 (CI 95% 0.51-0.87) in-
dicating that comorbid AD confounds the diag-
nostic value of p-tau. The optimal probabilistic
cut-off for p-tau after adjusting for age at CSF

Figure 3. CSF algorithm. A two-stage algorithm for
the identification of FTLD. In a first step cases with AD
pathology are excluded by means of the application of
p-tau/AB,_, ratio and subsequently cases with FTLD-
Tau and FTLD-TDP are separated by means of p-tau
cut-off in the subgroups of patients a non-AD CSF
biomarker profile.).

and time from diagnosis to CSF achieved 81%
sensitivity (95% CI 74% to 88%) and 92% speci-
ficity (95% CI 85% to 99%) for the differentiation
between FTLD-Tau and FTLD-TDP. Therefore
the best results were obtained when we applied
a two-step algorithm based on the application of
the p-tau/Ap, ,, ratio to exclude cases with any
AD pathology (i.e. primary AD or mixed FT-
LD-AD) and then the p-tau to distinguish be-
tween FTLD-Tau and FTLD-TDP (Figure 3).



Performance of the classification
algorithm in a genetic FTD cohort

We next applied this algorithm to a cohort of 60
FTD patients carrying pathogenic mutations in
order to test the hypothesis that mutation status
may influence CSF biomarker profile.'> Most pa-
tients (50, 83,3%) in this cohort had TDP-asso-
ciated mutations (C90rf72, GRN, TARDBP and
VCP) while tau-associated mutations were less
frequent (10, 16,6%). Demographic and clin-
ical characteristics of this sample are summa-
rized in the eTable 1 in the Supplement. There
was no difference in p-tau levels between TDP-
and tau-associated mutations (Mann-Whitney
U=121, P=.53). After exclusion of patients with
presumed AD pathology based on the p-tau/AB,
,, Tatio, the area under the curve for p-tau was
0.58 (95% CI 0.38-0.77) to discriminate between
groups. These results indicate that the algorithm
is not useful in cases with FTD carrying patho-
genic mutations. These findings are in agreement
with our previous observation of elevated p-tau
levels in patients with the C9orf72 expansion."
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Validation of the two-stage CSF
algorithm in an independent cohort

To further confirm the performance of the al-
gorithm in a clinically relevant scenario we ap-
plied the CSF algorithm in an independent liv-
ing cohort of 69 patients with clinical syndromes
highly predictive of FTLD-Tau and FTLD-TDP.
We included 39 patients with a clinical diagno-
sis of PSP and 23 with FTD-ALS. Patients with
FTD-ALS with C9orf72 mutations (n=7) were
excluded. Demographic and clinical characteris-
tics of the validation sample are summarized in
Table 2. Age at CSF was higher in the PSP group
(Mann-Whitney U=696, P<.001) compared to
the FTD-ALS group. p-tau levels were lower in
the FTD-ALS group (Mann-Whitney U=611,
P=.02, Table 2) compared to the PSP group. Af-
ter the exclusion of subjects with p-tau/Ap, >
0.09 (expected comorbid AD), p-tau CSF levels
showed an AUC of 0.9 (95% CI 0.81-0.99, P<.001,
Figure 2C) for age-adjusted p-tau values. The
probabilistic cut-oft calculated in the autopsy co-
hort had a sensitivity of 89% (95%CI 0.79-0.99%)

FTD-ALS n=23 PSP n=39
Age at onset, y (SD) 55.1 (10.9)° 65 (7.7)?
Age at CSF, y (SD) 57.5(11.3)° 68.4 (7.5)
Time from onset to CSF, y (SD) 2.7 (2.4)° 3.7(2.1)
Male, n (%) 15 (38.5)° 17 (73.9)°
APOEg4 positive, n (%) 4/12(33.3) 8 (57.1)
% Expected comorbid AD* 2/20 (10) 2/20 (10)
CSF AB, ,, (SD) 260.1(72.2) 254.7(89.8)
CSF t-tau (SD) 59.6(28.6) 47.7(19.3)
CSF p-tau (SD) 11.4(7.4)° 13.9(5.9)°
CSF t-tau/ AB,_, (SD)*+ 0.26(0.19) 0.21(0.11)
CSF p-tau/ AB,_,, (SD) 0.05(0.05)° 0.06(0.04)

Table 2. Demographic and CSF biomarker data of subjects of the sporadic living cohort. * P<.05 compared to FTD-ALS;" P<.05
compared to PSP; * p-Tau/AB, 4, = 0.09 **n= 6 |.Abbreviations: SD: Standard deviation, FTD-ALS: Frontotemporal dementia-Amyotrophic

Lateral Sclerosis, PSP: Progressive Supranuclear Palsy.
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and a specificity of 73% (95% CI 0.63- 0.83) for
the detection of FTD-ALS.

Discussion

The main finding of this study is that a two-
stage algorithm based on three frequently used
CSF biomarkers can be applied to first exclude
cases with AD pathology (as the primary or as
a secondary neuropathological diagnosis) and to
identify FTLD-Tau and FTLD-TDP subtypes of
FTLD in a cohort of sporadic FTLD. This algo-
rithm may be a valuable tool for the enrichment
of clinical trials and research studies on FTLD
that require the diagnosis of FTLD subtypes.

Accurate diagnosis of the underlying patholo-
gy in FTLD spectrum disorders is a crucial step
in developing a strategy for disease-modifying
treatments in these conditions.
diagnosis of sporadic FTD is based on clini-
cal criteria supported by the presence of ana-
tomic markers (characteristic MRI atrophy or
®Fluoro-D-glucose-positron emission tomog-
raphy (PET) hypometabolism).**” However, es-
timates of misdiagnosis suggest that up to 30%
of patients with FTD receive another diagnosis,
in particular AD, and that an equal number of
AD cases are misdiagnosed as FTLD.? Although
the recent development of tau PET tracers repre-
sents an opportunity for detecting some subtypes
of FTD, its clinical utility remains uncertain.?°
Amyloid PET markers may be useful in distin-
guishing cases with or without AD pathology,
but false-positive and false-negative findings of-
ten occur.® CSF offers the possibility of detecting
different pathophysiological changes in the CNS.
Core CSF AD biomarkers are the most investi-
gated biochemical markers in FTLD and they
have been mainly used for the identification of
AD cases rather than as a confirmation of FTLD.
Other markers, such as neurofilament light chain
(NfL), have been investigated in FTLD. Levels of
NfL are elevated in FTD and they correlate with

The current

disease progression.*>** However, NfL levels are
also increased in AD, suggesting a lack of disease
specificity. It is clear that novel and more specific
markers of FTLD are needed and some promis-
ing findings have been reported."*** Nonetheless,
in this work we present evidence that traditional
CSF biomarkers for AD can be successfully used
to improve accurate selection of sporadic cases
with FTLD.

We first applied the p-tau/Ap, , ratio to exclude
cases with AD irrespective of the clinical pheno-
type. As previously published®”", both tau/Ap, ,,
ratios performed better than single analytes for
the prediction of AD pathology. This should be
taken into account in future research criteria for
both AD and FTLD syndromes since the use of
independent AB , and tau cut-offs may influ-
ence the diagnostic accuracy of the proposed
criteria, especially for atypical AD phenotypes
(e.g. CBS and the behavioral variant of AD). The
fact that the selected cut-off is based on a sam-
ple of “pure” AD cases has as a consequence that
the identification of mixed FTLD-AD cases is
indeterminate. Specifically, since a small degree
of concomitant AD pathology has a marked ef-
fect on core CSF biomarkers,” cases with FTLD
and comorbid AD may be excluded by the ap-
plication of a strict cut-point calculated based
on cases with single neuropathologic conditions.
Although cases with both FTLD and AD may
represent a minority of all FTLD cases (<20%)’,
concomitant AD pathology may interfere with
treatments targeting FTLD-specific pathologies
or may obscure clinical outcomes in a trial since
this pathway may not be affected by the drug.
Therefore, we believe that a classification algo-
rithm for FTLD, such as the one proposed here,
should aim at selecting cases with single neuro-
degenerative pathologies that are more likely to
respond to therapies.

We next applied a p-tau cut-point, building on
previous evidence that this protein could be a
useful biomarker for FTLD-TDP”? Consistent



with these prior reports, we observed that spo-
radic cases with FTLD-TDP had lower p-tau lev-
els in CSF than cases with FTLD-Tau. The more
likely explanation of this finding is that p-tau in
FTLD reflects more accurately pathologic tau,
while t-tau also reflects non-specific neuronal
and axonal damage.'®* This is supported by re-
cent evidence showing that CSF p-tau levels are
positively associated with cerebral tau burden in
FTLD." Therefore, the current data support the
model that CSF p-tau levels in FTLD are lower
in FTLD-TDP due to the lack of tau pathology.
However, this difference can be obscured by the
existence of comorbid AD pathology that may be
observed in a minority of FTLD cases. It is im-
portant to focus on excluding co-occurring AD
pathology since we and others have observed
that AD co-pathology in forms of FTLD is much
more common than co-occurring FTLD-tau and
FTLD-TDP. The two-stage algorithm proposed
in this study thus aims to identify cases with
single neurodegenerative pathologies by first
excluding cases with common dual pathologies
such as co-occurring AD.

About 25% of clinical FTD cases are mutation
carriers?, and identification of the mutation can
lead to a reliable prediction of the underlying
histopathologic diagnosis. In this study we found
that the proposed algorithm was less useful in
FTD patients with pathogenic mutations. This is
in agreement with our previous observation that
the C9orf72 expansion is associated with high-
er CSF p-tau levels."? These findings suggest that
biomarker data and cut-offs cannot be equally
applied to genetic and sporadic cases. This differ-
ence in biomarker profiles between genetic and
sporadic disease has also been described in other
neurodegenerative conditions such as AD.**” In
addition, the utility of a diagnostic algorithm is
likely to be more clinically relevant in sporad-
ic FTD when pathology cannot be inferred from
the clinical syndrome.

The value of this algorithm was confirmed in an
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independent cohort of FTD patients with syn-
dromes highly predictive of FTLD-Tau and FT-
LD-TDP. The value of p-tau in the living cohort
showed a high sensitivity but modest specificity.
It is important to mention that the phenotypes in
the living cohort (PSP and FTD-ALS) and in the
autopsy cohort differed, and it is possible than
the existence of motor neuron disease or the
specific topographical pattern of aggregation in
4-repeat tauopathies may influence p-tau levels.

The main strength of this study is the use of a
large autopsy-confirmed cohort with detailed
neuropathological data. This allowed us to es-
tablish a gold-standard reference for CSF bio-
markers, and to consider concurrent pathologies
known to impact CSF biomarker cutoffs.” Lim-
itations should be considered when evaluating
our findings. We did not obtain cross-valida-
tion in an independent autopsy cohort because
a comparable pathology-proven dataset to repli-
cate these findings is currently exceedingly rare.
However, we replicated the ability of CSF p-tau
for the discrimination of FTLD-Tau from FT-
LD-TDP after excluding subjects with expected
comorbid AD in an independent living cohort.
Further collaborative autopsy-proven studies
are needed to refine and operationalize the pro-
posed CSF algorithm. It is worth mentioning
that we did not take into account the clinical
phenotypes or imaging biomarkers (eg. amyloid
or tau PET or MRI); however, our methods sug-
gest that CSF is a lower cost alternative to PET
imaging to exclude AD co-pathology in clinical
FTD. Confidence in the diagnosis of FTLD-TDP
may be improved, for example, if a low p-tau lev-
el is associated with clinical features of semantic
variant primary progressive aphasia® Thus, it is
likely that combinations of clinical features and
CSF biomarkers can further improve diagnostic
accuracy and multimodal assessments should be
further studied in patients followed to autopsy.

In conclusion, we show that core AD CSF bio-
markers can be used to improve specificity for
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the in vivo identification of patients with spo-
radic FTLD-TDP and FTLD-Tau. This involves a
two-stage algorithm that first excludes cases with
likely AD pathology. We anticipate that this algo-
rithm will be improved with the addition of nov-
el pathway-specific biomarkers of FTLD that will
undoubtedly increase the diagnostic accuracy in
the FTLD-related syndromes.
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Abstract

Background: The combination of high YKL-40
(a glial inflammatory marker) and low sAPPp (a
soluble fragment of amyloid precursor protein)
in cerebrospinal fluid (CSF) has been associated
with frontotemporal lobar degeneration (FTLD)
in clinical series. We investigate these biomark-
ers in a neuropathologically-confirmed cohort of
patients with FTLD.

Methods: CSF samples were selected from the
Penn FTD Center (University of Pennsylvania).
Participants were followed to autopsy and had
a neuropathological diagnosis of FTLD-Tau
(n=24), FTLD-TDP (n=25) or Alzheimer’s dis-
ease (AD, n=97). We compared levels of YKL-40
and sAPPp between groups and with cognitively
normal controls (n=77), and assessed their di-
agnostic utility using receiver operating charac-
teristic (ROC) curves. We also investigated the
effect of AD co-pathology and the correlation
between these CSF markers and tau burden at
autopsy.

Results: Both FTLD groups had lower levels of
sAPPB, higher levels of YKL-40 and lower sAP-
PB/YKL-40 ratio in CSF compared to controls.
The group of pure FTLD-Tau (without AD
co-pathology) showed higher levels of YKL-40
than AD and than pure FTLD-TDP. YKL-40
levels correlated with pathological tau burden.
The sAPPB/YKL-40 ratio had an area under the
curve of 0.91 (95%CI 0.86-0.96) to distinguish
FTLD subjects from controls, but lower values to
distinguish FTLD from AD (AUC 0.70; 95%CI
0.61-0.79) and to discriminate FTLD-Tau from
FTLD-TDP (AUC 0.67; 95%CI 0.51-0.82).

Conclusions: The sAPPB/YKL-40 ratio may help
distinguish patients with FTLD from those with
neuropathological AD that show similar clinical
phenotypes, and this may be due in part to ele-
vated CSF YKL-40 levels in FTLD-Tau.

Introduction

Frontotemporal lobar degeneration (FTLD) is a
pathological and genetically heterogeneous dis-
order that leads to neurodegeneration in frontal
and temporal regions. Patients with FTLD can
present different clinical syndromes typically af-
fecting language and/or behavior. Patients with
FTLD harbor either deposits of tau, TDP-43 or
FUS,[1-3] but in most cases the specific underly-
ing proteinopathy cannot be ascertained in vivo.
Thus, patients with different clinical syndromes
may show identical neuropathological findings,
and in turn, a specific clinical syndrome can be
the expression of more than one proteinopathy.
[2] The challenges in predicting the underly-
ing proteinopathy is an important limitation
for achieving an accurate diagnosis and for the
development of protein-specific therapeutic ap-
proaches. In addition, some patients with FTLD
might present with subtle or very slowly progres-
sive behavioral symptoms.[2,4] The development
of biomarkers to distinguish these patients from
others with psychiatric non-neurodegenerative
conditions is a relevant area of research.

Cerebrospinal fluid (CSF) biomarkers provide an
opportunity to measure changes in vivothat may
reflect pathophysiological events in the brain. In
Alzheimer’s disease (AD), the use of CSF bio-
markers has dramatically improved the accuracy
of the diagnosis.[5,6] In FTLD, however, there
is a lack of well-established diagnostic markers
in CSE[7] Core AD biomarkers (AP, ,,, t-tau
and p-tau) are being used in FTLD-related syn-
dromes to exclude AD[8] but specific markers
of FTLD are also needed. Unfortunately, many
biomarker studies in FTLD-related syndromes
may be confounded by co-occurring secondary
AD pathology and the impact of this concom-
itant pathology on biomarker levels is not usu-
ally assessed.[9] Neurofilament light levels have
been shown to be increased in FTLD but also in
AD, indicating lack of disease specificity. Levels
in CSF of the astroglial marker of inflammation



YKL-40 are higher in different neurodegener-
ative diseases than in controls, without disease
specificity.[10-12] Other studies have described
low CSF levels of markers of the amyloid precur-
sor protein (APP) processing in patients with
FTLD compared to those of patients with AD
and controls.[10,13-16] In previous studies, we
found that the combination of sAPPJ (the sol-
uble B fragment of APP) and YKL-40 was con-
sistently associated with FTLD-related clinical
syndromes in a clinical cohort.[10,16] In the
present study, we investigate this biomarker pro-
file in ante-mortem CSF samples obtained from a
neuropathologically confirmed cohort of FTLD
patients accounting for the presence of comorbid
AD pathology.

Methods
CSF samples

A total of 223 ante-mortem CSF samples obtained
between 1992 and 2015 were selected from the
Penn FTD Center at the University of Pennsyl-
vania (Philadelphia, USA).[17,18] Preanalytical
processing details can be found elsewhere.[17]
Subjects were followed to autopsy and had a neu-
ropathological diagnosis of FTLD-Tau (n=24),
FTLD-TDP (n=25) or AD (n=97) (Figure 1). We
also analyzed CSF samples from 77 cognitively
normal controls. All participants gave written
informed consent to participate at the moment
of CSF collection, and the Institutional Review
Board at the University of Pennsylvania ap-
proved the study.

Neuropathological classification and
quantification of tau burden

Neuropathological diagnosis was established fol-
lowing previously described methods and inter-
national published criteria.[18-22] Patients with
a primary neuropathological diagnosis of Pick’s
disease, corticobasal degeneration, progressive
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supranuclear palsy, argyrophilic grain disease or
non-classifiable non-AD tauopathies were clas-
sified as FTLD-Tau. Tau burden was measured
digitally and in a validated parametric manner
in gray and white matter of three different areas
(mid-frontal cortex, angular gyrus, and anterior
cingulate gyrus) as the percentage of area that
contained tau deposits, as previously described.
[18,20] A global measure of tau burden was ob-
tained as the sum of these three values. Patients
with FTLD with TDP-43 inclusions were classi-
fied as FTLD-TDP. According to the location and
type of TDP-43 inclusions, these patients were
subsequently classified as type A, B or C, follow-
ing consensus criteria.[23]

A subset of patients with FTLD-Tau (n=20/24)
and FTLD-TDP (n=18/25) had a neurofibrillary
tangle score of BO or Bl in the NIA-AA classifi-
cation[24,25] and therefore had no evidence of
significant AD co-pathology. This subset of pa-
tients was analyzed independently in order to
examine the levels of CSF biomarkers in cases
with pure FTLD pathology excluding the effects
of comorbid AD pathology. All patients with a
neuropathologic diagnosis of AD had scores of
B2 or B3 in the NIA-AA classification.

CSF analysis

We analyzed CSF levels of sAPPP and YKL-40
at Hospital Sant Pau using commercially avail-
able ELISA kits (Human sAPPB-w highly sen-
sitive, IBL, Gunma, Japan and MicroVueTM
and Quidel, San Diego, CA, USA, respectively)
and following previously reported methods.
(10,16,26]

Statistical analysis

We assessed normality of the variables using the
Kolmogorov-Smirnov test. SAPP( and the ratio
sAPPB/YKL40 were log-transformed to achieve
a normal distribution for further bivariate and
multivariate analyses. We used the Chi-square
test to assess differences in sex and analysis of
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Figure |. Flow-chart of

participants and samples included

279 CSF eligible samples
49 patients with neuropathological diagnosis of FTLD
113 patients with neuropathological diagnosis of AD
117 control samples

in the study

56 samples were excluded from the analyses
-39 control samples were longitudinal samples (only
'\ | thelast one of each subject was included)

- 1 control subject developed MCI during follow-up
-3 samples from AD patients were obtained post-
mortem

-13 patients with no definite AD (1 patient with
possible AD, 5 patients with probable AD and 7
patients with unavailable likelihood for the diagnosis

L of AD)
V
223 CSF samples analysed
Pick’s disease
(n=3)
Corticobasal degeneration
(n=7)
I i FTLD-Tau
Progressive s(up_r;)nuclear palsy (n=24) ETLD
= (n=49)
Argyrofilic grains disease or
other tauopathy
(n=5)
FTLD-TDP FTLD-TDP
(n=25) (n=25)
AD AD AD
(n=97) (n=97) (n=97)

Control samples
(n=77)

Control samples
(n=77)

variance (ANOVA) for age, education, age at
death, time interval from symptoms onset to
CSF collection and time interval from symptom
onset to death. To minimize the influence of pos-
sible outliers and heterogeneity of variances, we
used robust linear models followed by weighted
least squares analysis of covariance (ANCOVA),
including age and sex as covariates. All p-values
were corrected for multiple comparisons using
Tukey’s “Honest Significant Differences” post-
hoc test. We assessed the diagnostic utility of CSF
biomarkers using receiver operating characteris-
tic (ROC) curves. We used “MASS” and “pROC”
packages from the R statistical software (v. 3.1.3)
for statistical analyses.

Control samples
(n=77)

Role of the funding sources

The study sponsors had no role in the design of
the study, in the collection, analysis and interpre-
tation of data, in the writing of the report, or in
the decision to submit the paper for publication.
The corresponding author had full access to all
data in the study and had final responsibility for
the decision to submit for publication.



Results
Demographics and clinical data

Table 1 shows demographic and clinical data of
the subjects according to their final neuropatho-
logical diagnosis. The FTLD-Tau group had
higher proportion of males (p=0.004). There
were differences between groups in age at death,
time interval from symptoms onset to death and
time interval between CSF sampling and death.
Therefore, sex and age at CSF collection were in-
cluded as covariates in all biomarker statistical
analysis.

In the FTLD group, there was no association
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tween onset and CSF sampling or between CSF
sampling and death. In the AD group, we found
small yet significant direct associations of sAP-
PB levels and of the sSAPPB/YKLA40 ratio with the
time interval between onset and CSF sampling
(adjusted R?=0.05; p=0.06 and adjusted R*=0.11;
p=0.002, respectively) and with time from CSF
sampling to death (adjusted R*=0.17; p=0.013
and adjusted R°=0.20; p=0.002, respectively).

FTLD patients have lower levels of
sAPPB and higher levels of YKL-40 in
CSF than controls

As displayed in Figure 2, there were differences
in levels of sSAPP (F, , ,=6.73; p<0.001), YKL-

3,217)

between CSF biomarkers and time interval be- 40 (F(3217)=18.12; p<0.001) and the sAPPB/YKL-
FTLD-Tau FTLD-TDP AD Control p-value*

n 24 25 97 a4
Age at CSF collection (y) 66.9 (11.3) 66.4 (8.7) 71(10.6) 63.2 (9) 57.9 (6.9)a
Female, No. (%) 6 (25) 13 (52) 45 (46) 50 (65) 0.004
Education (y) 15.6 (3.5) 15.1 (2.7) 14.8(3.1) 16.2 (3.2) 0.05
Age at death (y) 71.4(12.6) 70(9.5) 76.6 (10.6) N/A 0.008
Participants with no AD 20 (83) 18 (72) 0 N/A 0.003
pathology
(NIA-AA stage<B1), No. (%)
Time interval 3.8 (2.7) 3727 4.3(2.6) N/A 0.521
onset-CSF (y)
Time interval 4.5(3.6) 3.6 (3) 5.6 (3.6) N/A 0.029
CSF-death (y)
Total disease duration 8.5(4.6) 7.2(3.3) 9.8(4.1) N/A 0.013
onset-death (y)
SAPPB (ng/ml) 477.5 (120) 544.9 (239.4) 717.1 (441.6) 848.4 (381.9) <0.001
YKL40 (ng/ml) 299.8 (69.1) 265.6 (48.5) 268.2 (77.2) 210.3 (55.1) <0.001
onset-death (y) 1.67 (0.56) 2.07 (0.78) 2.77(1.5) 4.19(1.89) <0.001

Table |. Demographics, clinical, pathological and CSF data. Unless otherwise specified, results are expressed as mean (standard

deviation). *p-values were obtained by comparing the groups of FTLD-Tau, FTLD-TDPAD and Control.TukeyHSD post-hoc comparisons

are detailed in Figure 2. Abbreviations: CBD: corticobasal degeneration; PSP: progressive supranuclear palsy; FTLD: frontotemporal

lobar degeneration; AD:Alzheimer’s disease; CSF: cerebrospinal fluid.
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40 ratio (F ,, ,=24.74; p<0.001) between groups.
In the post-hoc analysis, each patient group (FT-
LD-Tau, FTLD-TDP and AD) showed lower lev-
els of SAPPP, higher levels of YKL-40 and low-
er sSAPPB/YKL-40 ratios compared to controls.
The levels of YKL-40 in the group of FTLD-Tau
were higher than those in AD, but no significant
differences were found between the groups of
FTLD-TDP and AD or between FTLD-Tau and

FTLD-TDP. The sAPPB/YKL-40 ratio was lower
in both FTLD groups compared to controls and
compared to the AD group. We found no differ-
ences in levels of SAPPP, YKL-40 or their ratio
between TDP subtypes or between tau subtypes
(Table 2). We did not find differences in any bio-
marker between patients with mutations and pa-
tients without mutations (data not shown)

FTLD-Tau FTLD-TDP
Pick CBD PSP Other  p-value* A B c Non- p value
tauopathy specified
n 3 7 9 5 NA 1 11 8 5) NA
Age at CSF 58.3 57.6(8.2) 73.8 72.6 0.01 73 65.1 70.3 62 0.32
collection (y) (5.8) (7.3) (12.4) (NA) (8.7) (9.8) (4.2)
Sex (% female) 33.3% 42.9% 22.2% 0.0% 0.39 100.0% 54.6% 50.0% 50.0% 0.82
Education (y) 167 1565(3.1) 161 14 0.88 14 14.4 16.5 16.5 0.43
(2.3) (2.9) (5.4) (NA) (2.3) (3.2) (2.1)
Age at death (y) 63.3 60.1 6.7 82.4 <0.01 75 68 4.4 63 0.32
(6.8) 9) (8.6) (11.5) (NA) (10.3) (9.9) (2.8)
% with no AD 100% 100% 78% 60% 0.25 100% 56% 100% 80% 0.11
pathology
(NIA-AA
stage<B1
Time interval 4.3 2.5 4.3 4.2 0.48 1 4.5 3.6 2 0.36
onset-CSF (y) (8.1) Q) (3.5) (2.7) (NA) (8.3) (1.8) (1.4)
Time interval ® 2.6 29 9.8 0.01 2 29 4.1 1 0.26
CSF-death (y) a7 (1.5) 2.1) (3.3) (NA) (2.9) (2.2) (1.4)
Total disease 9.3 8.3 7.2 14 0.02 3 7.4 7.8 3 0.19
duration (4.7) (1.4) 4.7 (1) (NA) (3.7) ©)) (0)
onset-death (y)
sAPPB (ng/ml) 518.3 452.2 487.4 470.7 0.86 415 533.9 525.8 441.2 0.76

(1419)  (1206) (1129)  (150.8)

(NA) (17990  (121)  (246)

YKL40 (ng/ml)  269.3(3.6) 3146 3144 271
(577)  (902)  (59.6)

0.24 280.3 280.3 251.2 228.8 0.54
(NA) (48.6) (48.7) (54.9)

Ratio SAPPB/  1.92(0.51) 1.54(0.71) 1.63 (0.55)  1.77
YKL-40 (0.49)

0.47 1.48 19 2.21 2 0.69
(NA)  (051) (08  (0.59)

Table 2. Demographics, clinical, pathological and CSF data in FTLD-Tau and FTLD-TDP subgroups. Unless otherwise specified,

results are expressed as mean (standard deviation). Differences between subtypes were assessed by Kruskal-Wallis Rank Sum test for

numeric quantitative variables and Chi-squared test for categorical variables.



Relationship of sAPPB and YKL-40
with tau protein aggregates in FTLD

In the FTLD group, YKL-40 levels in CSF (but
not sAPPp or the sSAPPB/YKL-40 ratio) showed a
weak direct correlation with pathological tau bur-
den in mid-frontal cortex (R’= 0.18; p=0.02), an-
gular gyrus (R?=0.19; p=0.02), anterior cingulate
gyrus (R?= 0.15; p=0.05) and the global measure
of tau burden (R*=0.18; p=0.03, Supplementary
Figure 1). These correlations were non-signifi-
cant when FTLD-TDP and FTLD-Tau were ana-
lyzed separately.

All CSF samples (n=223)

3000 000

F(6.214)=3.04 [p=0,007) * 0,05 compared to Cartrol F(3.217)=5.73 (p=D 001}

* * *

All CSF samples (n=223)

*
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Influence of AD co-pathology

To explore the effects of incidental AD co-pa-
thology on biomarker results, we repeated the
analysis in the subgroup of FTLD patients that
had no significant AD pathology, defined by a
neurofibrillary tangle score of BO or Bl in the
NIA-AA classification (Figure 2). Similarly to
the results found in the whole sample, there
were differences in levels of sSAPPp (F ,,  =6.17;
p<0.001), YKL-40 (F,,, =20.49; p<0.001) and
the SAPPB/YKL-40 ratio (F,, ., =22.38; p<0.001)
between groups. The groups of pure FTLD-Tau
and pure FTLD-TDP patients showed lower lev-
els of SAPPP compared to controls. The group of
pure FTLD-Tau showed higher levels of YKL-40,
not only compared to AD, but also compared to

Co-pathology excluded (n=212)
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Figure 2. Levels of sSAPPB, YKL-40 and the sAPPB/YKL-40 ratio in CSF across pathological diagnostic groups. CBD: corticobasal
degeneration; PSP: progressive supranuclear palsy; Tauopathy: argyrophilic grain disease (n=4) and unclassifiable tauopathy (n=1); FTLD-
TDP: frontotemporal lobar degeneration-TDP; AD: Alzheimer’s disease; FTLD-Tau: frontotemporal lobar degeneration-Tau. Only

statistically significant differences are displayed (ANCOVA and post-hoc TukeyHSD). All results were adjusted for age and sex, and

correction for multiple comparisons was applied.
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the group of pure FTLD-TDP. Both FTLD-Tau
and FTLD-TDP groups had lower sAPPB/YKL-
40 ratios compared to controls, and in this sub-
set only those with FTLD-Tau were significantly
lower than those in the AD group.

Diagnostic value of CSF sAPPB and
YKL-40 in FTLD

The ROC curve analyses are displayed in Figure
3. Both sAPPf and YKL-40 had an area under the
curve (AUC) above 0.80, and the sAPPB/YKL-40
ratio, had an AUC of 0.91 (95% CI 0.86-0.96) to
distinguish FTLD patients from controls. Similar
results were found in the subgroup with no AD
co-pathology (Table 3). An optimal cut-off point
for sAPPB/YKL-40 ratio of 2.45 had a sensitivity
and specificity above 85% to discriminate FTLD
from controls.

FTLD (n=48) vs. AD (n=87)

The overall diagnostic accuracy of the sAPPf/
YKL-40 ratio was lower to distinguish FTLD
patients from AD patients (AUC 0.70; 95%CI
0.61-0.79) and to distinguish patients with FT-
LD-Tau from those with FTLD-TDP pathology
(AUC 0.67; 95%CI 0.51-0.82). In the subgroup
with no comorbid AD pathology, the sAPPB/
YKL-40 ratio allowed a correct discrimination
between FTLD-Tau and FTLD-TDP in 71% of
patients (95%CI 0.54-0.88). In this subgroup, the
area under the curve of YKL-40 to distinguish
FTLD-Tau patients from controls (AUC 0.91;
95%CI 0.85-0.97) was significantly higher com-
pared to that to discriminate FTLD-TDP from
controls (AUC 0.74; 95%CI 0.62-0.85) (Supple-
mentary Figure 2).

FTLD-TDP {n=25) vs. FTLD-Tau (n=24)

FTLD (n=49) vs. Control (n=77)

Somciiily

Figure 3. Receiver operating characteristic (ROC) curves for the analysis of CSF biomarkers’ diagnostic utility. Abbreviations:

FTLD: frontotemporal lobar degeneration; AD: Alzheimer’s disease; AUC: area under the curve.All participants were included in these

analyses.Values are expressed as AUC (Cl 95%).



Chapter |10:Annexes |

FTLD vs. CN
All participants No co-pathology
49 FTLD vs. 77 CN 38 FTLDvs. 77 CN
AUC Best-fit Se. Sp. AUC Best-fit Se. Sp.
(95% ClI) cut-off (95% Cl) cut-off
sAPPS 0.81 463ng/ml 86% 51% 0.82 463ng/ml 86% 53%
(0.73-0.88) (0.74-0.90)
YKL-40 0.82 278ng/ml 86% 53% 0.83 278ng/ml 87% 50%
(0.74-0.89) (0.75-0.90)
sAPPB/YKL-40 ratio 0.91 2.45 86% 86% 091 2.45 86% 87%
(0.86-0.96) (0.86-0.97)
FTLD vs. AD
All participants No co-pathology
49 FTLD vs. 97 AD 38 FTLD vs. 97 AD
AUC Best-fit Se. Sp. AUC Best-fit Se. Sp.
(95% Cl) cut-off (95% ClI) cut-off
SAPPB 0.66 393ng/ml 85% 27% 0.68 393ng/ml 85% 29%
(0.57-0.75) (0.58-0.77)
YKL-40 0.57 336ng/ml 85% 16% 0.58 339ng/ml 87% 18%
(0.48-0.67) (0.49-0.68)
sAPPB/YKL-40 ratio 0.70 1.51 86% 39% 0.71 1.51 86% 55%
(0.61-0.79) (0.62-0.81)
FTLD-Tau vs. FTLD-TDP
All participants No co-pathology
24 FTLD-Tau vs. 25 FTLD-TDP 20 FTLD-Tau vs. 18 FTLD-TDP
AUC Best-fit Se. Sp. AUC Best-fit Se. Sp.
(95% Cl) cut-off (95% ClI) cut-off
SAPPB 0.58 393ng/ml 85% 27% 0.58 364ng/ml 89% 20%
(0.42-0.74) (0.39-0.76)
YKL-40 0.67 336ng/ml 85% 16% 0.79 328ng/mll 89% 30%
(0.51-0.83) (0.63-0.94)
sAPPB/YKL-40 ratio 0.67 1.51 86% 39% 0.71 1.28 89% 35%
(0.51-0.82) (0.54-0.88)

Table 3. Cut-off values for sAPPB and YKL-40 to discriminate between FTLD and cognitively normal controls and between
FTLD and Alzheimer’s disease. Best-fit cut-off values were obtained for sAPPB, YKL-40 and the sAPPB/YKL-40. Specificity was
optimized for a sensitivity level of at least 85%. Abbreviations: FTLD: frontotemporal lobar degeneration; CN: cognitively normal
control; AD: Alzheimer’s disease. AUC: area under the curve; Se: sensitivity; Sp: specificity.
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Discussion

The main finding of this study is that pathologi-
cally-confirmed FTLD patients have higher lev-
els of YKL-40 and lower levels of sSAPPp in CSF
compared to controls. The combination of these
biomarkers (sAPPB/YKL-40 ratio) provides high
diagnostic accuracy to distinguish patients with
FTLD from controls. This appears to be due
largely to the group with FTLD-Tau, where we
found that CSF YKL-40 levels in patients with-
out AD co-pathology are elevated compared to
patients with FTLD-TDP and to those with AD,
and that CSF YKL-40 levels correlate with tau
burden in FTLD.

In our previous study of these CSF analytes in
clinically diagnosed patients,[16] we did not de-
tect differences between patients with high likeli-
hood of FTLD-Tau and patients with high likeli-
hood of FTLD-TDP. The present study examines
these analytes in patients with neuropathological
confirmation. It is important to note here that,
in the pure FTLD group (after excluding patients
with AD co-pathology), we found higher levels
of YKL-40 in FTLD-Tau compared with FT-
LD-TDP. This reinforces the notion that coinci-
dent pathologies, comorbid AD in this case, have
an impact on CSF biomarkers.[9,25,27] We also
found that, in agreement with another study,[28]
YKL-40 in FTLD-Tau is elevated compared to
AD and controls.

Although YKL-40 lacks disease specificity, this
marker could provide some in vivo information
about the underlying pathology. High levels of
YKL-40 might be due to the activation of inflam-
matory pathways associated to neurodegenera-
tion.[11,29-31] Previous evidence supports this
hypothesis. In human brain, YKL-40 immunore-
activity is detected in a subset of reactive astrocy-
tes.[29] It is also worth mentioning that YKL-40
immunoreactivity correlates with tau deposits in
different tauopathies.[29] FTLD-Tau is associa-
ted with significantly greater independent gray

matter pathology in astrocytes and gray/white
matter pathology oligodendrocytes.[32] In the
present study, we expand these data by showing
a relationship between levels of YKL-40 in CSF
and FTLD-Tau pathology. We found a mild, yet
significant correlation between levels of YKL-40
in CSF and the amount of regional and global tau
pathology. The relationship between tau patholo-
gy and CSF YKL-40 is also supported by our ob-
servation that patients with FTLD-Tau without
AD co-pathology had higher levels of YKL-40
in CSF than patients with FTLD-TDP and than
patients with AD. Taken together, these findings
support the idea that although the pathway me-
diated by YKL-40 is activated in different neuro-
degenerative conditions, it is particularly sensiti-
ve to tau aggregation.[29]

Likewise, low levels of sAPPP may be informa-
tive. This could be the result of reduced overall
APP processing or availability due to accelerat-
ed atrophy and neuronal loss in frontotemporal
regions, which are characteristic of FTLD but
also present to some extent in other neurode-
generative diseases such as advanced or atypical
AD.[13,16]

Our previous study reported that the combina-
tion of CSF sAPPp with YKL-40 in clinically-de-
fined patients had a good diagnostic performance
in a clinical setting to distinguish frontotempo-
ral dementia from AD and cognitively normal
controls.[16] The present study extends these
findings to patients with neuropathological con-
firmation. We confirm differences in levels of
sAPPf, YKL-40 and the sAPP/YKL-40 ratio in
CSF between FTLD patients and controls. How-
ever, diagnostic accuracy of the sAPPB/YKL-40
ratio was lower to distinguish FTLD patients
from AD patients (AUC 0.70) than in our previ-
ous study.[16]

The results of this study have clinical implica-
tions. Although the sAPPB/YKL-40 ratio does
not appear to be useful to distinguish TDP-43



from tau proteinopathies or to discriminate be-
tween patients with FTLD and AD, this marker
could be useful in combination with AD bio-
markers in patients with atypical or mild symp-
toms of frontotemporal dementia. For instance,
patients with behavioural symptoms and normal
AD biomarkers that have low sAPPB/YKL-40
ratio in CSF would likely have FTLD patholo-
gy, whereas those with high sAPPB/YKL-40 ra-
tio would more likely correspond to psychiatric
non-neurodegenerative conditions.[16]

We acknowledge that our study has some lim-
itations. First, although CSF analytes in well-an-
notated autopsy cases of these uncommon con-
ditions are rare, we were able to analyze only
very small groups of patients. Second, the time
between CSF acquisition and death (and there-
fore, neuropathological confirmation) is variable
and reaches up to 10 years in some cases. This
variability might underestimate the relationship
between participants’ CSF biochemical signature
and their final neuropathological findings. Final-
ly, our control participants lack neuropathologi-
cal confirmation. However, complete clinical and
neuropsychological evaluations were performed
to exclude significant medical (and specifically
neurological) conditions in these participants.

In summary, the results of this study provide
pathological confirmation of a CSF biomarker
profile found in patients with FTLD that consists
of high levels of YKL-40, low levels of sSAPP{, and
low sAPPB/YKL-40 ratio. Although this profile is
not specific of the underlying proteinopathy, the
findings suggest that the inflammatory marker
YKL-40 may be particularly associated with FT-
LD-Tau pathology, and these analytes could be
clinically useful in particular clinical settings in
combination with AD biomarkers.
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Supplementary Figure | - Association of sAPPB and YKL-40 in CSF with cerebral tau burden. The x axis is expressed as the

logarithm of percentage of area occupation (AO%) by tau deposits.
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Supplementary Figure 2 - Receiver operating characteristic (ROC) curves for the analysis of CSF biomarkers’ diagnostic utility
to distinguish FTLD-Tau and FTLD-TDP patients from controls. FTLD: frontotemporal lobar degeneration; AUC: area under the
curve. Only participants with no comorbid AD pathology were included in these analyses.Values are expressed as AUC (Cl 95%).



| Pathophysiological and structural underpinnings of frontotemporal lobar degeneration: a multimodal biomarker study
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Abstract

Frontotemporal lobar degeneration (FTLD), is a heterogenic pathological construct encompassing multiple neu-
ropathological conditions primarily affecting the frontal and temporal lobes. Although multiple clinical syndromes
predict the neuropathological diagnosis of FTLD, clinical-patholocial correlations are far from being perfect. Cer-
ebrospinal and imaging biomarkers represent powerful tools for the study of FTLD pathophysiology and improve
the diagnostic accuracy of FTLD and its differentiation from other diseases.

This thesis aims to improve our understanding of the pathophysiological and structural underpinnings of FT-
LD-related neurodegeneration through a multimodal biomarker approach combining: (i) clinical markers of dis-
ease progression (i.e. CDR-FTLD, ALFRS), (i) CSF biomarkers related to different pathophysiological aspects
of FTLD (APP-derived peptides, YKL-40 and NfL) and (iii) the MRI study of cortical macrostructure (cortical
thickness) and microstructure (cortical mean diffusivity) in FTLD—related syndromes (FTLD-S).

We provide novel insights into the pathophysiology of FTLD by showing that: (i)CSF levels of sAPPB,YKL-40 and
NFL alone or in combination had a good diagnostic accuracy to discriminate FTLD-S from healthy controls and
patients with Alzheimer’s disease (i) In the absence of Alzheimer’s disease pathophysiology, APP-derived peptides
related to the so-called amyloidogenic pathway (sAPPB, AB_s, AB| s, AB| 35) are globally reduced in FTLD-S and
correlate with cortical macrostructure (cortical thickness); importantly this pattern of APP-derived differed
from the observed in Alzheimer’s disease were a selective decrease in the CSF levels of AB,_,, was observed; (iii)
YKL-40, a biomarker related to astroglial activity, is increased in FTLD-S and their levels may be useful for the
prediction of disease progression in the ALS-FTD continuum; and (iv) cortical mean diffusivity, a novel imaging
biomarker is more sensitive that cortical thickness for the study of the earliest FTLD-related neurodegeneration.
These findings add to our current understanding of FTLD pathophysiology and open new doors towards preci-

sion medicine approaches in FTLD-S.
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