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Frontotemporal lobar degeneration (FTLD) is a devastating neurodegenerative
disorder, characterized by destruction of the frontal and temporal lobes, leading
to behavioral disorders and language deficits that typically present before
the age of 65 years. Most patients present with either the behavioral variant of
frontotemporal dementia or primary progressive aphasia. Some patients exhibit
additional symptoms of amyotrophic lateral sclerosis, corticobasal syndrome
or progressive supranuclear palsy. Moreover, some patients exhibit an amnestic
syndrome or prominent psychiatric disturbances. This large clinical diversity
hampers diagnostic accuracy in the initial phase of the disease. Several causative
genetic defects are associated with FTLD, of which mutations in the microtubule-
associated protein tau and progranulin genes and the C9orf72 repeat expansion
are the most common. There currently is no therapy available to treat or cure
the disease. Treatment strategies for FTLD largely rely on symptom management
without evidence from randomized controlled trials. To come to a disease-
modifying therapy, knowledge of the pathophysiology of the disease is essential.
Hereditary forms of FTLD have learned us a lot about the FTLD disease process,
which is crucial for the development of disease-modifying agents. For setting up
clinical trials with such agents, proper biomarkers to detect the disease and track
disease progression are crucial. Presymptomatic carriers of genetic mutations
that cause FTLD provide a unique population to study the transition from the
preclinical to the clinical disease stage and to identify suitable biomarkers for the
earliest stage of the disease. In this chapter current knowledge about genetics and
MRI biomarkers in FTLD is presented after shortly outlining the main clinical and
pathological subtypes of FTLD.

FTLD patients typically present with frontotemporal dementia (FTD), which is an
umbrella term for the behavioral variant of FTD (bvFTD) and the language variants
named primary progressive aphasia (PPA). Clinical criteria for both bvFTD and PPA
have recently been revised."?

BVFTD is characterized by slowly progressive behavioral disturbances. The revised
criteria include imaging characteristics and functional decline in order to separate
probable from possible bvFTD.2 This separation facilitates better differentiation of



bvFTD from other conditions, including the phenocopy syndrome. Patients with
the phenocopy syndrome exhibit behavioral disturbances that are characteristic
forbvFTD, but without the typical disease progression and imaging abnormalities.
It remains to be elucidated whether a neurodegenerative disease underlies this
phenocopy syndrome, or that it is merely a psychiatric disorder.® A diagnosis of
possible bvFTD requires the presence of at least three out of six features, including
disinhibition, apathy, loss of empathy, compulsive behavior, hyperorality, and
executive dysfunction. Patients with additional presence of functional decline
and frontotemporal atrophy or hypometabolism on neuroimaging fulfill probable
bvFTD criteria. A definite diagnosis requires the presence of a known pathogenic
mutation or pathological confirmation of FTLD.? Deficits in social cognition,
such as impaired emotion recognition, theory of mind or decision-making, have
not been incorporated in the current bvFTD criteria, since neuropsychological
tests assessing such deficits are not widely incorporated in clinical practice yet.
However, it isincreasingly recognized that such tests can be of great value for early
diagnosis of bvFTD.2#°

Patients with prominent language deficits fulfilling PPA criteria can be subdivided
into three language subtypes. Progressive non-fluent aphasia (PNFA) is
characterized by agrammatism and hesitant speech, semantic dementia (SD)
presents with impaired naming and word comprehension, and logopenic
progressive aphasia (LPA) is defined by difficulties in word retrieval and repetition
of sentences.t All three variants can be associated with both FTLD and Alzheimer’s
disease pathology, although PNFA and SD are more frequent in FTLD and LPA is
more common in patients with pathological Alzheimer’s disease.*

A minority of patients presents with or later develops symptoms of amyotrophic
lateral sclerosis, which is characterized by rapidly progressive muscular atrophy
and weakness, leading to death within a few years.® Other patients develop
extrapyramidal symptoms, sometimes fulfilling criteria for the Parkinsonian
disorders corticobasal syndrome (CBS), characterized by asymmetric rigidity
and apraxia,” or progressive supranuclear palsy (PSP), with falls and vertical
supranuclear gaze palsy.®



FTLD is characterized by focal atrophy most prominentin the frontal and temporal
lobes. Atrophy of the basal ganglia and depigmentation of the substantia nigra can
also be found. Microscopically, spongiosis, neuronal loss, and gliosis are typically
found. Using immunohistochemistry FTLD can be further classified based on the
major constituent of protein accumulations in the brain.? More than 90% of FTLD
patients show accumulation of either tau or transactive response DNA binding
protein of 43 kDa (TDP-43).

FTLD-tau includes Pick’s disease, corticobasal degeneration (CBD), progressive
supranuclear palsy (PSP), argyrophilic grain disease (AGD), multiple system
tauopathy with dementia (MSTD), neurofibrillary-tangle predominant dementia
(NFTD), and white matter tauopathy with globular glial inclusions (WMT-GGI).*°
There are six isoforms of tau in the brain: three isoforms with three microtubule-
binding repeats (3R tau) and three isoforms with four microtubule-binding repeats
(4R tau). Tau accumulations in Pick’s disease predominantly contain 3R tau, while
CBD, PSP, AGD, MSTD, and WMT-GGl inclusions are composed of 4R tau, and NFTD
is characterized by a mixture of 3R and 4R tau.’

FTLD with TDP-43-positive inclusions (FTLD-TDP) can be further classified into
four subtypes based on the type of inclusions in the brain: type A is characterized
by numerous dystrophic neurites and neuronal cytoplasmic inclusions and
moderate numbers of neuronal intranuclear inclusions; type B shows moderate
numbers of neuronal cytoplasmic inclusions, but few dystrophic neurites; in type
C long dystrophic neurites are found, with few neuronal cytoplasmic inclusions;
type D is characterized by numerous short dystrophic neurites and frequent

neuronal intranuclear inclusions.™

Of the remaining 10% of FTLD without tau- or TDP-43-positive inclusions, the most
common subtype is FTLD-FET, which is a group of disorders with accumulation of
fused in sarcoma (FUS), Ewing’s sarcoma protein (EWS), and TATA-binding protein
associated factor 15 (TAF15).22 The group of FTLD-FET includes atypical FTLD with
ubiquinated inclusions (aFTLD-U), basophilic inclusion body disease (BIBD), and
neuronal intermediate filament inclusion disease (NIFID), with distinct patterns



GENERALINTRODUCTION

of pathology.'** Finally, a small group of patients only show positive staining for
ubiquitin protease system, without tau-, TDP-43-, or FET-pathology, named FTLD-
yps.n

GENETICSOF FTLD

Around 40% of all clinical FTD cases have at least one other affected family
member with dementia or a related disorder, such as ALS or Parkinsonism.*+¢
In 10-30% there is an autosomal dominant pattern of inheritance of the disease,
which is defined as at least three affected persons in two generations, with one
person being a first-degree relative of the other two.t> > However, the heritability
varies per clinical subtype. BvFTD is associated with a positive family history
most frequently, whereas SD is a sporadic syndrome in general.*>>16 Heritability
estimates for FTD with motor neuron disease (FTD-MND) are inconsistent between
different cohorts, which might be due to small sample sizes, but might also
reflect actual geographical differences in heritability.!> *> ¢ Over the past twenty
years several genetic defects have been discovered that can cause an autosomal
dominant familial form of FTLD. Mutations in the microtubule-associated protein
tau, progranulin and C9orf72 genes are responsible for most familial FTD cases,
together accounting for 10 - 20% of all FTLD cases.

Microtubule-associated protein tau

Since 1994 several studies linked families with a variety of neurodegenerative
disorders to chromosome 17, together named FTDP-17.'"% Finally, in 1998
mutations in the microtubule-associated protein tau (MAPT) gene on chromosome
17g21.11 were identified as the first genetic causes of FTLD.? To date, 44 different
mutations in the MAPT gene have been reported in 134 families.?” All currently
known MAPT mutations are located in exons 1 or 9-13, or in the splice sites of
exons 9 or 10.2" The MAPT gene encodes the protein tau, which pays a role in
microtubule stabilization and neuronal integrity. In the human brain, six isoforms
of the tau protein exist, resulting from alternative splicing of exons 2, 3 and 10.
Depending on splicing of exon 10 these isoforms contain either 3 or 4 repeats
(3R and 4R), and in normal brain the ratio of 3R and 4R isoforms is close to 1:1.%°
Most exonic mutations affect normal tau function, by altering the affinity of tau
for microtubules, and thereby alter microtubule assembly. Some mutations have




additional pro-fibrillogenic effects leading to tau filament formation. Most intronic
and some exonic mutations affect splicing of exon 10 leading to altered ratios of
tau isoforms. Some mutations lead to an increase of 4R tau isoforms by increase
of splicing-in of exon 10 whereas other mutations reduce exon 10 splicing and
thereby increase 3R tau. Some mutations exhibit their effect by a combination of

these mechanisms.?®

The most frequent clinical presentation of MAPT mutations is bvFTD, characterized
by disinhibition, loss of initiative and apathy.*>1*2 Most patients develop semantic
language deficits, but a true SD presentation is rare.??*% In some cases the initial
presentation suggests a psychiatric disorder or Alzheimer’s disease.”® Some
MAPT mutations typically present with a parkinsonism-prominent phenotype,
sometimes fulfilling clinical criteria for PSP or CBS.2: % Motor neuron disease is
uncommon in patients with MAPT mutations.'® * MAPT mutations are highly
penetrant,® although incomplete penetrance has occasionally been found, for
example in the L315R mutation.®® Symptoms usually develop around the age
of 50, but phenotypical variation exists even within families ranging from 40-65
years.?># Specific mutations are associated with a very young onset age between
20 and 40 years, whereas other mutations generally have an onset age of higher
than 70 years.”®

Pathology of MAPT mutations is characterized by neuronal loss and gliosis most
prominentin the frontal and temporal lobes with tau-positive neuronal inclusions,
mainly in the form of pretangles, neurofibrillary tangles or Pick bodies.** 2> %
Glial tau-positive inclusions are also frequent and can even be more severe than
neuronal pathology.” ? Subcortical nuclei and substantia nigra can be severely
affected in some patients, but can be normal in other cases.* Amyloid plaques
can be found, but mostly in older patients, probably reflecting normal effects
of aging.” # Tufted astrocytes, characteristic for PSP, can be found in some

mutations.”®

After the discovery of MAPT mutations, several other FTLD families were linked
to chromosome 17, but lacked mutations in the MAPT gene. Neuropathological
examination in these families did not show tau-positive inclusions, but revealed



ubiquitin-positive neuronal cytoplasmic and intranuclear inclusions.®? In 2006
two groups discovered mutations in the GRN gene, which is located 1.7 Mb
centromeric from the MAPT gene,* as the genetic cause of the disease in these
families.*>** Although GRN and MAPT are part of the same chromosomal region,
no link between these genes has been found and the fact that mutations in both
genes can cause the same clinical phenotype is considered to be an extraordinary
coincidence.®? At this moment, 69 different GRN mutations have been reported in
231 families.?” Most GRN mutations, including nonsense, frameshift and splice-site
mutations, result in a premature stop codon, thereby creating null alleles, which
leads to haploinsufficiency of the progranulin protein.*>** Not surprisingly, serum
and plasma levels of progranulin are reduced in GRN mutation carriers.®** The
progranulin protein is a growth factor and has a role in brain development, wound
repair, inflammation, and tumorigenesis. The presence of progranulin appears
to be crucial for neuronal survival in the cerebral cortex, and loss of progranulin
eventually leads to neurodegeneration, although the exact mechanism is
unknown.**33%4 The antibody against progranulin does not stain the ubiquitin-
positive neuronal inclusions.® TDP-43 was discovered to be the major constituent
oftheubiquitinatedinclusions.**Normal nuclearstaining with TDP-43 is reduced,
suggesting translocation of TDP-43 from nucleus to cytoplasm.® Suppressed GRN
expression was found to cause accumulation of TDP-43, but the exact mechanism
remains unknown.

Pathologically, FTLD due to GRN mutations is characterized by neuronal loss and
gliosis most prominent in the frontal and temporal cortex, with TDP-43 positive
dystrophic neurites and cytoplasmatic and intranuclear inclusions, named FTLD-
TDP type A.%343 The parietal cortex and basal ganglia can also be involved.*
Astrocytic gliosis and myelin loss in the white matter and hippocampal sclerosis
are frequently found.**

Although most patients with GRN mutations have a positive family history with
an autosomal dominant pattern of inheritance, GRN mutations have occasionally
been found in patients with apparently sporadic disease. Possible explanations
include de novo mutations, non-paternity, or incomplete or age-dependent
penetrance.?* The latter possibility is supported by the large variation in onset
age, both between and within families.’® “>“ The mean onset age lies around



60 years, but the onset age can vary from 35 - 89 years.® Gass et al reported a
penetrance of 50% at the age of 60 years, whereas at the age of 70 penetrance
was over 90%.* This large variation in onset age cannot be explained by the type
of mutation, since all mutations exert their effect by producing a null allele.***
However, the risk allele of rs1990622 on TMEMI06B has been associated with a
decrease in age of onset and lower plasma progranulin levels. Therefore it is now
assumed that genetic variation in TMEM106B influences the age of onset in GRN
mutation carriers by modifying progranulin levels.*

The clinical presentation is also highly variable. Most patients present with bvFTD,
with apathy as most prominent feature.?* 3% % However, language deficits are
frequent, sometimes fulfilling a clinical diagnosis of PNFA.** 3 4.4 Moreover,
prominent memory deficits can lead to an initial misdiagnosis of AD,***-* whereas
early hallucinations and delusions can be suggestive of schizophrenia.* Finally,
extrapyramidal features and apraxia are frequent and several cases of CBS have
been reported, 1134 and a case of clinical Lewy body dementia was recently
described.* Despite extensive analyses, ALS has only been reported in the ASD
GRN mutation,*” and one other mutation of which the pathogenic nature remains
uncertain.*

There still remained a large number of families with FTLD with an autosomal
dominant pattern of inheritance, not explained by MAPT or GRN mutations. In
many of these families the clinical presentation varied between FTD, ALS or a
combination of both. The existence of familial FTD-ALS, the co-occurrence of
FTD and ALS in patients,*® and the presence of TDP-43 pathology in the central
nervous system in both disorders,* led to the hypothesis that ALS and FTD
represent a clinicopathological disease spectrum. Several linkage and genome-
wide association studies had already shown that a locus on chromosome 9p21
was associated with both FTD and ALS.**" Finally, in 2011 an intronic expanded
GGGGCC hexanucleotide repeat in chromosome 9 open reading frame 72 (C9orf72)
was identified as the responsible genetic defect and proved to be present in 30
- 50% of patients with familial ALS or FTD, and in 4 - 10% of sporadic cases.*®
The repeat expansion is located between non-coding exons la and 1b. Exons 2
- 11 of C9orf72 encode the C9orf72 protein, with a currently unknown function.



The repeat length in healthy individuals usually varies from 2 - 25 repeats, while
a repeat size greater than 30 repeats is considered to be pathogenic. However,
measurement of the exact repeat size remains challenging and the optimal cut-off
to define pathogenic repeat expansions remains to be elucidated.”®

The mechanism by which the repeat expansion causes disease is currently
unknown. A loss-of-function mechanism has been suggested by reduced
expression of one of the transcript of C9orf72, however no reduction in C9orf72
protein level was found in the brains of patients.** Another possibility is a toxic-
gain of function of abnormal messenger RNA, which is supported by the presence
of nuclear RNA foci in brains of patients with the repeat expansion.*

A mutation in the charged multivesicular body protein 2B gene (CHMP2B) on
chromosome 3 was found in a large Danish family with FTLD in 2005.%° Other
studies have shown a very low frequency or even absence of this genetic defect
in FTD cohorts.’ ' To date, four mutations have been found in five families.™ The
gene encodes a component of the ESCRTIII (endosomal sorting complex required
for transport-1l) complex, which has a role in two protein degradation pathways.:
Patients typically present with bvFTD in their late 50s,%" ®* whereas language
problems and motor deficits, including parkinsonism, dystonia, pyramidal
signs and myoclonus, can arise at a later stage.®* A presentation with motor
neuron disease can also be seen, in particular primary muscular atrophy, mainly
affecting lower motor neurons.®? Neuropathological investigation of patients with
a CHMP2B mutation shows ubiquitin- and p62-positive neuronal cyptolasmic
inclusions, negative for tau, TDP-43, FUS, a-synuclein, B-amyloid, prion protein
and neurofilament,®> % which is named FTLD-UPS.1°

Missense mutations in the valosin-containing protein (VCP) gene on chromosome
9 can cause inclusion body myopathy associated with Paget disease of bone and
FTD (IBMPFED). This is a rare autosomal dominant hereditary disorder in which
most patients develop myopathy, about half develop Paget bone disease and
30% develop early-onset FTD, with a mean onset age of 53 years.® However, VCP
mutations are rare in families with pure FTD.*> 1% At this moment 18 different
mutations have been identified in 48 families.!? VCP mutations are pathologically



characterized by FTLD-TDP type D with numerous short dystrophic neurites and
neuronal intranuclear inclusions.®

Mutations in fused in sarcoma (FUS) and transactive response DNA binding protein
(TARDBP) have convincingly been associated with ALS, but seem to be very rare
in pure FTLD.* 50576 Mutations in UBQLN2 have been demonstrated to cause
dominant X-linked familial ALS, with or without FTLD.” Mutations in SQSTMI,
coding for p62, have been reported in approximately 3% of familial ALS and FTLD,
and had previously been associated with Paget disease of bone.™ ™ Optineurin
mutations can cause both autosomal dominant and recessive ALS, but seem very
rarein pure FTLD.”

The typical frontotemporal atrophy in FTLD can be visualized by means of
volumetric MRI, which is widely used in clinical practice. The characteristic atrophy
patterns for each clinical subtype have been incorporated in the clinical criteria.®
2 A recent meta-analysis reported the bilateral medial frontal cortex, dorsolateral
prefrontal cortex, anterior cingulate cortex, insula, and striatum as the most
consistently affected brain regions in bvFTD.™ PNFA is typically associated with
left inferior frontal and anterior insular atrophy, SD is characterized by atrophy of
bilateral anteriortemporal lobes, and left temporoparietal atrophy is characteristic
of LPA!

Regarding the major genetic subtypes of FTLD, MAPT mutations are associated
with symmetric atrophy most prominent in temporal lobes, whereas involvement
of the posterior temporal and parietal lobes, posterior cingulate cortex and
precuneus is characteristic of GRN mutations.”™ "® Whereas a few small studies
or case reports demonstrated grey matter atrophy in carriers of GRN or MAPT
mutations before symptom onset,”"# other studies reported no presymptomatic
atrophy.®*® Larger studies are needed to investigate this. Moreover, the specific
imaging abnormalities for Corf72 repeat expansions remain to be elucidated.

Besides grey matter atrophy, structural imaging has also demonstrated white



matter impairment in FTLD.® However, conventional MRI is not capable of
defining the exact regional distribution of white matter pathology. Diffusion
tensor imaging (DTI) allows for microstructural investigation of white matter by
measuring directionality of water diffusivity. The most common measure of white
matter integrity is fractional anisoptropy (FA), which ranges from zero (indicating
undirected water diffusion) to one (indicating exclusive water diffusion along
one direction). Well-structured white matter tracts restrict water diffusion along
the direction of axonal fibers and are therefore associated with high FA values.
As white matter tracts degenerate diffusion becomes less directional, leading to
lower FA values. Mean diffusivity (MD) represents diffusivity to all directions within
a voxel, with higher values indicating less restricted diffusion and thereby poorer
white matter integrity. Finally, axial (DA) and radial (DR) diffusivity represent water
diffusivity parallel and perpendicular to the axis of the fiber tract, respectively.
Animal models have suggested that changes in DA are associated with axonal
damage, whereas DR alterations implicate myelin breakdown " ® however the
exact interpretation of the different diffusion parameters remains controversial.®

DTI studies in patients with FTD have consistently shown widespread disruption
of white matter tracts, most prominent in the frontal and temporal lobes 2
Alterations within the uncinate fasciculus, forceps minor, anterior cingulum
and inferior longitudinal fasciculus are found in most studies, but the extension
of white matter changes differs between studies, and can include the superior
longitudinal fasciculus, inferior fronto-occipital fasciculus, corticospinal tract
and, posterior cingulum.®® Conversely, one study found increased FA in the
corticospinal tract.® Several studies have demonstrated a correlation between
white matter integrity and behavioral symptoms or cognitive performance.®#2
10 The different clinical subtypes of FTD can be discriminated from each other
using DTI with more involvement of the forceps minor in bvFTD, prominent
disruption of the inferior longitudinal fasciculus in SD, and impairment of the
superior longitudinal fasciculus in PNFA.% %% The uncinate fasciculus has been
shown to best differentiate FTLD from controls across all syndromic groups.®®®’
One study also reported the uncinate fasciculus as the tract that most accurately
discriminated FTLD from AD,*" whereas the forceps minorwas suggested in another
study.* Regarding the different DTI measures, several studies have suggested that
DR is the most sensitive measure for FTLD,”*" whereas FA was most accurate in



discriminating FTLD from AD.*" Thus far, only two studies investigated white matter
integrity in the presymptomatic stage of FTLD, in small groups of healthy GRN
mutation carriers, and showed reduced FA in the left uncinate and inferior fronto-
occipital fasciculus and increased DA in the right cingulum, superior longitudinal
fasciculus and corticospinal tract, respectively .t

DTlchangesin FTD largely co-localize with grey matter atrophy, with predominant
white matter impairment in tracts connecting regions of grey matter atrophy
(measured by voxel-based morphometry), and a correlation between these
measures has been demonstrated.® 101102 Therefore it has been suggested that
DTI findings reflect axonal damage secondary to neuronal loss.* However, it has
also consistently been shown that white matter impairment strongly exceeds
the distribution of grey matter atrophy.5 %" Therefore, it has been proposed
that DTI findings might also directly reflect protein accumulation within the
white matter,” * consistent with previous pathological findings.'* % Moreover,
postmortem DTI revealed a strong correlation between DTI findings and WM
gliosis and demyelination.'®

Resting-state functional MRI (fMRI) can be used to detect anatomically distinct,
but functionally related brain regions with temporally correlated patterns of brain
activation at rest, together constituting functional networks.!® These functional
networks closely match the networks found to activate or deactivate during
task-related fMRI.*" Resting-state fMRI has major advantages over task-related
fMRI, since no complicated design is needed, and results are not influenced
by task compliance and performance, which is especially important for FTD
patients exhibiting behavioral problems. Patients can simply be instructed to
lie still, with their eyes open or closed and not to fall asleep. Moreover, resting-
state fMRI provides more detailed information about interactions between brain
regions, which have been shown to be crucial for brain function.*®® The functional
networks show great similarity with the distinct atrophy patterns in the various
neurodegenerative syndromes.’®® The spatial distribution of atrophy in bvFTD
closely resembles the so-called salience network (SN), which is anchored by the
anterior and midcingulate cortex and frontoinsula, and is involved in processing
emotional stimuli.’® Several resting-state fMRI studies have indeed shown



reduced functional connectivity within this network, 88 115 which was found
to correlate with disease severity on the clinical dementia rating scale,’? and
with behavioral disturbances.** The default mode network (DMN), involving the
anterior and posterior cingulate cortex, precuneus, bilateral parietal cortex, and
medial prefrontal cortex, is typically affected in Alzheimer’s disease,** and several
studies demonstrated enhanced connectivity within this network in patients
with FTD.8 8 1L 12 14 15 1t has therefore been suggested that the reduced SN
connectivity leads to an increase in DMN connectivity.!** However, one study also
reported increased DMN connectivity without SN alterations in FTD patients,*®
whereas others reported decreased DMN connectivity.® 1 113 Several small
resting-state fMRI studies have been conducted in presymptomatic FTD, showing
both increased and decreased DMN connectivity, without SN alterations, in MAPT
mutation carriers,” and a large variation in results across three studies in GRN
mutation carriers.8:84 1 This |arge diversity in exact resting-state fMRI results may
reflect differences in analytical techniques, including seed-based analyses, graph
theory, and independent component analysis, and differences in which networks
are investigated 8. &85 111115, 118

ArterialspinlabelingMRI (ASL) is a non-invasive method to measure brain perfusion
by magnetically labeling arterial water protons using radiofrequency pulses as an
endogenous tracer for cerebral blood flow (CBF).*** Blood is labeled when passing
through the carotid and vertebral arteries, and after a short delay ‘tag’ images are
acquired and compared with controlimages without prior labeling. The difference
between control and tag images reflects the flow of labeled arterial blood and
thereby represents brain perfusion. Direct comparison of ASL with positron
emission tomography with 18F-fluorodeoxyglucose (FDG-PET), which is often
used to diagnose dementia in clinical practice, have shown highly comparable
results in patients with AD.*% 2t However, ASL has several major advantages over
FDG-PET, including that ASL is less expensive, less invasive for patients, does
not require exposure to a radioactive tracer, and MRI scanners are more widely
available compared with PET-scanners. Moreover, ASL can be easily combined
with other MRI techniques in one single session.

Hypoperfusion in bilateral frontal lobes, including prefrontal, inferior, middle, and



superior frontal cortex, and the anterior cingulate cortex, insula and thalamus was
demonstrated in FTD patients compared to controls using ASL.% 22125 One study
also found regions of hyperperfusion, including medial parietal cortex, precuneus,
and PCC.** No studies have performed a comparison of hypoperfusion patterns
between bvFTD and PPA using ASL thus far. Alterations in perfusion can still be
identified after correction for grey matter volume, indicating that hypoperfusion
can be seen independent of volume loss.***® Conversely, two studies have
shown more widespread grey matter atrophy compared to hypoperfusion, and
suggested that loss of brain tissue other than neurons contributed to grey matter
atrophy and that the surviving neurons were able to maintain brain function as
reflected by normal brain perfusion.®®*22 A correlation between hypoperfusion and
judgment and problem solving on the clinical dementia rating scale suggested
an association with disease severity, however longitudinal studies are lacking.'*
Thus far, only one study has investigated brain perfusion in presymptomatic FTLD,
in carriers of CHMP2B mutations, by means of spin-echo, and found widespread
hypoperfusion in hippocampus, temporal, parietal, and occipital lobes.*#

To conclude, genetic forms of FTLD have provided abundant information
about the pathophysiological process, which is crucial for the development of
disease-modifying therapies. Further exploration of the clinical and pathological
characteristics of each genetic subtype of FTLD can increase our insight into the
disease process. Moreover, for the evaluation of disease-modifying therapies in
clinical trials, the development of sensitive biomarkers for the earliest stages of
FTLD is crucial.

The aim of the current study was twofold:

1) To expand current knowledge on phenotypical characteristics in the clinical
stage of genetic FTLD.
Chapter 2.1 describes an atypical corticobasal syndrome presentation in a
patient with a novel GRN mutation and FTLD-TDP pathology. In Chapter 2.2
we investigated the clinicopathological characteristics of the C9orf72 repeat
expansion in a Dutch FTD cohort. In Chapter 2.3 we estimated the global
frequency of this repeat expansion.
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2) To investigate presymptomatic changes in familial FTLD using
neuropsychological assessment and MRI.
Chapter 3.1 describes findings on neuropsychological investigation,
volumetric MRI, DTl and resting-state fMRI in a large group of presymptomatic
carriers of GRN and MAPT mutations. Chapter 3.2 reports longitudinal findings
over two years follow-up in this same group of subjects. In Chapter 3.3 we
investigated presymptomatic alterations in CBF using ASL in the same
population.

In Chapter 4 the main findings and implications of the current study are discussed
in light of literature and suggestions for future research are given.
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Corticobasal syndrome (CBS) is characterized by asymmetrical Parkinsonism and
cognitive impairment. The underlying pathology varies between corticobasal
degeneration, progressive supranuclear palsy, Alzheimer’s disease, Creutzfeldt-
Jakob disease, and frontotemporal lobar degeneration sometimes in association
with GRN mutations. A 61-year-old male underwent neurological examination,
neuropsychological assessment, MRI, and HMPAO-SPECT at our medical
Centre. After his death at the age of 63, brain autopsy, genetic screening and
mMRNA expression analysis were performed. The patient presented with slowly
progressive walking disabilities, non-fluent language problems, behavioral
changes and forgetfulness. His family history was negative. He had primitive
reflexes, rigidity of his arms and postural instability. Later in the disease course
he developed dystonia of his left leg, pathological crying, mutism and dysphagia.
Neuropsychological assessment revealed prominent ideomotor and ideational
apraxia, executive dysfunction, non-fluent aphasia and memory deficits.
Neuroimaging showed symmetrical predominant frontoparietal atrophy and
hypoperfusion. Frontotemporal lobar degeneration (FTLD)-TDP type 3 pathology
was found at autopsy. GRN sequencing revealed a novel frameshift mutation
c.314dup, p.Cys105fs and GRN mRNA levels showed a 50% decrease. We found a
novel GRN mutation in a patient with an atypical CBS presentation with symmetric
neuroimaging findings. GRN mutations are an important cause of CBS associated
with FTLD-TDP type 3 pathology, sometimes in sporadic cases. Screening for GRN
mutations should be considered in CBS patients without a positive family history.

Corticobasal syndrome (CBS) is characterized by progressive asymmetric rigidity
and apraxia, accompanied by additional signs of cortical and extrapyramidal
dysfunction such as alien limb phenomenon, cortical sensory loss, myoclonus,
bradykinesia, and focal dystonia unresponsive to dopaminergic treatment.!
Although corticobasal degeneration (CBD) is the most frequent underlying
pathology of CBS, other neuropathological causes including frontotemporal lobar
degeneration (FTLD), Alzheimer’s disease (AD), progressive supranuclear palsy
(PSP), and Creutzfeldt-Jakob disease (CJD) have been reported.?*
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Although family history is usually negative in CBS,> a familial form has been
described which can be caused by progranulin (GRN) mutations.*® GRN mutations
show a high phenotypic variability reflected by diagnoses of frontotemporal
dementia (FTD), progressive non-fluent aphasia (PNFA), or AD within the same
families.**® The underlying pathology of GRN mutations is FTLD with TAR DNA-
binding protein of 43 kDA (TDP-43) positive neuronal cytoplasmic and intranuclear
inclusions,”* which is known as FTLD-TDP type 3.*2

In this report we describe the clinical, radiological, pathological, and genetic
features of a 61-year-old patient with an initial presentation of symmetric CBS
caused by a novel GRN c.314dup mutation in the absence of a positive family
history.

MATERIALS ANDMETHODS

Subjects

A 61-year-old male was referred to the outpatient clinic of our neurology
department. On the basis of neurological examination, neuropsychological
assessment, brain MRI, and single photon emission computed tomography with
#mTc-hexamethyl propyleneamine oxine (HMPAO-SPECT) he was diagnosed with
atypical Parkinsonism with dementia. He died from bronchopneumonia at the
age of 63.

Neuropathological analysis

Brain autopsy was performed by the Netherlands Brain Bank according to their
legal and ethical code of conduct. Paraffin-embedded sections from all brain
regions were stained with haematoxylin and eosin, Bodian, methenamine silver,
and Congo Red. Immunostaining with antibodies for tau (Innogenetics), ubiquitin
(DAKO), B-amyloid (DAKO), a-synuclein (Zymed Laboratories), p62 (BD Biosciences
Pharmingen), FUS (Sigma-Aldrich anti-FUS) and TDP-43 (Biotech) was performed.
Neuropathological diagnosis was made by a neuropathologist (A.J.M.R.).

Genetic analysis
DNA was extracted from peripheral blood using the DNA Blood Kit Special
(Chemagen, Baesweiler), which is based on DNA extraction and purification with
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magnetic beads.”* All coding exons (2-13) and exon/intron boundaries of GRN
(NM_002087.2) were amplified from genomic DNA by PCR and directly sequenced
in both strands using the ABI 3730XL automated sequencer (Applied Biosystems,
Foster City, CA). Data was analyzed using SeqScape software (version 2.6; Applied
Biosystems).

Total RNA was extracted from cerebellar brain tissue using the RNeasy Plus Mini
Kit (Qiagen, Valencia, CA), and quality and quantity was assessed on the 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNAsamples were normalized
to 50 ng/ul and using 200 ng as the template a reverse transcription reaction
was performed using a 1:1 mix of random hexamers and oligo(dT) primers, and
the SuperScript Il system (Invitrogen, Carlsbad, CA). Gene expression assays
were ordered from Applied Biosystems for GRN (Hs00963703_g1), and GAPDH
(Hs00266705_g1) as an endogenous control. Real-time PCR was performed on an
ABI 7900 using the TagMan method. Reactions contained 1 pl of cDNA amplified
with 0.25 ul primer/probe mix and 2.5 pl TagMan 2x Universal PCR Master Mix
(Applied Biosystems, Foster City, CA). The cycling parameters recommended by
the manufacturer were followed. All samples were run in triplicate and normalized
to GAPDH. The carboxyfluorescein (FAM)-fluorescent signal was analyzed using
SDS2.2.2 software, and relative quantities of GRN mRNA were determined using
the AAct method.

A 61-year-old male barber presented with two-year duration of progressive
walking disability, frequent falls, and difficulty with rising from a chair. This motor
decline was later followed by loss of initiative, emotional lability, more compliant
behavior, and increasing forgetfulness. He made inappropriate sexual remarks,
and his speech became non-fluent with perseverations, word-finding difficulties
and comprehension deficits. Financial matters were taken over by his wife.
Furthermore, he needed assistance for dressing and personal hygiene, and was
occasionally incontinent of urine and faeces. His symptoms were unresponsive
to galantamine and levodopa. The patient’s family history was negative for



neurodegenerative disorders. His father died at the age of 72 from a stroke and his
mother at the age of 53 due to liver cancer.

Initial neurological examination showed normal eye movements, a mask-like
facial expression, hypokinetic dysarthria, positive primitive reflexes, subtle axial
rigidity, hypokinetic-rigid syndrome with cog-wheeling of the upper extremities,
mildly increased tone of the lower extremities, postural instability and impaired
tandem gait.

Neuropsychological testing revealed a Mini-Mental State Examination (MMSE)
score of 24/30 with intact orientation in time and place. The patient was highly
distractible, and exhibited sparse spontaneous speech with stuttering and
perseverations. Ideomotor and ideational apraxia were prominent, the patient
did not succeed in imitation, constructional tasks, and rapid alternating hand
movements. Furthermore, he had severely impaired executive and memory
functions, poorsemantic word fluency, and naming deficits, but intact visuospatial
functions. Neuroimaging revealed mild symmetrical cerebral atrophy, most
prominent frontoparietal and perisylvian on MRI and symmetrical frontoparietal
hypoperfusion on SPECT, which is shown in Figure 1.

The patient’s condition further declined over the subsequent years. Neurological
examination at a follow-up visit one year later revealed slowed saccadic eye
movements, severe symmetrical rigidity of the upper extremities, an increased
tone with dystonic flexion posturing of the left leg and pathological crying. Finally,
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he developed mutism and dysphagia, which did not respond to amitriptyline
treatment, and he died from bronchopneumonia at the age of 63 years.

Neuropathological examination

Gross brain (1,327 g) examination showed mild generalized atrophy of the cortex
with atrophy of caudate nucleus and putamen and normal pigmentation of the
substantia nigra. Microscopic examination revealed moderate to severe neuronal
loss, gliosis, and spongiosis in the frontal and parietal cortices, but mild changes
in the temporal cortex, hippocampus, and basal ganglia. Immunohistochemistry
showed TDP-43-positive  dystrophic  neurites, neurocytoplasmatic, and
intranuclearinclusions most prominentin the second superficial layer of the frontal
and parietal cortices, and to a lesser extent in the temporal cortex, hippocampus
and basal ganglia, consistent with a diagnosis of FTLD-TDP type 3 (Figure 2).?

Figure 2. TDP-43 positive dystrophic neurites in the frontal cortex (A) a TDP-43 positive neuronal
intranuclear inclusion in the parietal cortex (B), and TDP-43 positive neuronal cytoplasmatic
inclusions in hippocampus (C) and caudate nucleus and putamen (D). Scale bar =20 um

Genetic analysis

After receiving autopsy results, we screened GRN and identified a novel c.314dup,
p.Cys105fs mutation. This frameshift mutation causes premature termination of
the coding sequence, which is likely to result in loss of function of Granulin.

38
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mRNA expression analysis

GRN mRNA expression analysis in cerebellar tissue from this patient showed a 50%
decrease in GRN mRNA levels compared to a pathologically-confirmed normal
control, confirming the pathogenicity of the mutation.

DISCUSSION

We described a patient with an atypical CBS presentation with symmetrical
neuroimaging findings with FTLD-TDP type 3 pathology due to a novel c.314dup,
p.Cys105fs mutation in the absence of a positive family history.

The clinical presentation of our case showed strong similarities with the
symmetric CBD described by Hassan et al, except for the presence of ideomotor
and ideational apraxia.** The symmetric rigidity and the absence of alien hand
phenomenon and myoclonus did not fit with the clinical diagnosis CBS in the
initial phase of the disease.! Moreover, the symmetric pattern of frontoparietal
atrophy on MRI and parietal hypoperfusion on SPECT scan was inconsistent with
the typical asymmetric distribution in CBS, but was in line with the observations
in symmetric CBD.* % |n a later stage of disease, our patient developed dystonia
in the left leg, which made the clinical diagnosis CBS more likely.! However, we
did not have the opportunity to visualize an asymmetric pattern of atrophy, as an
attempt to obtain additional neuroimaging was unsuccessful.

The neuropathological findings of the present case were similar to those in the
case by Spina et al, which showed TDP-43 pathology most prominent in parietal
and frontal cortex and to a lesser extent in the temporal cortex, with involvement
of basal ganglia.® Their patient had a more typical CBS presentation with an alien
limb phenomenon and marked asymmetry of symptoms as well as neuroimaging
findings, which is more often seen in CBS patients with GRN mutations.>*** The
combination of parkinsonism, apraxia, behavioral changes, non-fluent speech,
and memory impairment in our patient could retrospectively have indicated a
GRN mutation, because these symptoms have been more frequently observed in
FTLD patients with GRN mutations.” >

The absence of a positive family history in the current case emphasizes the
possibility of reduced penetrance of GRN mutations or concealed family history




due to the wide range in onset age of GRN mutations.® - &1 We only screened for
GRN mutations after the observation of FTLD-TDP type 3 pathology at autopsy.
This case therefore underlines that genetic screening should be considered even
when family history appears to be negative. The novel GRN frameshift mutation
in this patient led to a premature stopcodon and thereby to loss of function of
Granulin, which was confirmed by reduced mRNA expression levels in cerebellar
tissue. Recent studies have shown reduced Granulin levels in serum in patients
with GRN mutations.?>?* We could not confirm this in our patient however, since
his serum was not available.

Based on the clinical presentation of this patient, we did not predict FTLD-TDP
pathology. Although non-fluent aphasia and parkinsonism can be seen in FTLD-
TDP, an asymmetric presentation and pattern of atrophy is associated with all
underlying pathologies of CBS, including CBD, PSP, FTLD and AD.* In addition,
the extension of atrophy into the frontal cortex is typically asymmetric in patients
with CBS with FTLD-TDP pathology, including those with GRN mutations.*; & "
10.25.26 Therefore the present case is unique by its atypical CBS presentation and
symmetric atrophy pattern associated with FTLD-TDP type 3 pathology with a
novel GRN mutation.

To conclude, we found a novel GRN mutation in a patient with an atypical CBS
presentation with symmetric neuroimaging findings without a positive family
history. GRN mutations are an important cause of CBS associated with FTLD-TDP
pathology. Genetic screening should also be considered in CBS patients with a
negative or concealed family history.

This work was supported by Stichting Dioraphte grant 09-02-03-00 (to J.C.v.S.) and
NIH grant R0O1 NS065782-01 (to R.R.).
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There is increasing evidence that frontotemporal dementia and amyotrophic
lateral sclerosis are part of a disease continuum. Recently, a hexanucleotide
repeat expansion in C9orf72 was identified as a major cause of both sporadic and
familial frontotemporal dementia and amyotrophic lateral sclerosis. The aim of
this study was to investigate clinical and neuropathological characteristics of
hexanucleotide repeat expansions in C9orf72 in a large cohort of Dutch patients
with frontotemporal dementia. Repeat expansions were successfully determined
in a cohort of 353 patients with sporadic or familial frontotemporal dementia
with or without amyotrophic lateral sclerosis, and 522 neurologically normal
controls. Immunohistochemistry was performed in a series of 10 brains from
patients carrying expanded repeats using a panel of antibodies. In addition, the
presence of RNA containing GGGGCC repeats in paraffin-embedded sections of
post-mortem brain tissue was investigated using fluorescence in situ hybridization
with a locked nucleic acid probe targeting the GGGGCC repeat. Hexanucleotide
repeat expansions in C9orf72 were found in 37 patients with familial (28.7%) and
five with sporadic frontotemporal dementia (2.2%). The mean age at onset was
56.9 + 8.3 years (range 39 - 76), and disease duration 7.6 + 4.6 years (range 1 - 22).
The clinical phenotype of these patients varied between the behavioral variant
of frontotemporal dementia (n = 34) and primary progressive aphasia (n = 8),
with concomitant amyotrophic lateral sclerosis in seven patients. Predominant
temporal atrophy on neuroimaging was present in 13 of 32 patients. Pathological
examination of the 10 brains from patients carrying expanded repeats revealed
frontotemporal lobar degeneration with neuronal transactive response DNA
binding protein-positive inclusions of variable type, size and morphology in all
brains. Fluorescence in situ hybridization analysis of brain material from patients
with the repeat expansion, a microtubule-associated protein tau or a progranulin
mutation, and controls did notshow RNA-positive inclusions specific for brains with
the GGGGCC repeat expansion. The hexanucleotide repeat expansion in C9orf72 s
an important cause of frontotemporal dementia with and without amyotrophic
lateral sclerosis, and is sometimes associated with primary progressive aphasia.
Neuropathological hallmarksinclude neuronaland glialinclusions, and dystrophic
neurites containing transactive response DNA binding protein. Future studies are
needed to explain the wide variation in clinical presentation.



Frontotemporal dementia (FTD) is the second most common type of presenile
dementia and is characterized by behavioral changes, executive and language
dysfunctions due to neurodegeneration of the frontal and temporal cortex.”?
Amyotrophic lateral sclerosis (ALS) is the most common type of motor neuron
disease, characterized by rapidly progressive paralysis due to degeneration of
upper and lower motor neurons leading to death within a few years.® There is
increasing clinical, pathological and genetic evidence for the hypothesis that
FTD and ALS are part of a disease continuum. First of all, FTD patients frequently
develop symptoms of motor neuron disease, and cognitive dysfunction is often
seen in patients with ALS.” Secondly, the transactive response DNA binding protein
of 43 kDa (TDP-43), an RNA binding protein, is the major pathological protein in
FTD and ALS, with neuronal and glial TDP-43 positive inclusionsin neocortex, basal
ganglia and/or spinal cord.>® Thirdly, the two disorders have been shown to share
genetic etiology, apart from the genetic defects distinctive for each. Microtubule-
associated protein tau (MAPT) and progranulin (GRN) mutations are exclusively
associated with FTD; the same is true for superoxide dismutase 1 and optineurin
mutations in ALS, but fused in sarcoma, valosin-containing protein, and TDP
mutations are also occasionally found in patients with FTD."** Families in which
affected members present with FTD, ALS, or both have shown significant linkage
to chromosome 9p21.3.2% Moreover, genome-wide association studies of both
ALS and FTD have shown a significant association with the same chromosomal
locus.?% These findings indicate that this locus has a major genetic contribution
to FTD and ALS. The associated risk haplotype appears to be the same for most
chromosome 9p-linked families of European ancestry, suggesting a common
founder.®

In September 2011, we and others simultaneously identified a (GGGGCC), repeat
expansion in a non-coding region of C9orf72 on chromosome 9 in FTD and ALS.**
! Pathogenic expanded repeats were found in 30 - 50% of cases with familial ALS
and FTD, and in 4 - 10% of sporadic cases.®*

Quantitative messenger RNA analysis has shown that the presence of the expanded
repeats leads to reduced expression of one of the transcripts of C9orf72 encoding a



protein with an unknown function, suggesting a (partial) loss-of-function disease
mechanism.® However, a toxic gain of function of abnormal messenger RNA has
been hypothesized as well, based on the discovery of multiple nuclear RNA foci in
brain tissue from patients carrying the expanded repeats using fluorescence in situ
hybridization experiments with a probe targeting the GGGGCC repeat.*®

As the clinical and pathological phenotype has only been studied in a few families
with FTD+ALS so far, it is important to investigate the phenotypical variation
of the repeat expansion in more detail in a larger cohort. In the present study,
we investigated the clinical and pathological characteristics of the GGGGCC
hexanucleotide repeat expansion in C9orf72in a large Dutch cohort of familial and
sporadic FTD patients with and without ALS.

The Dutch FTD series comprises 458 FTD patients, ascertained in an on-going
genetic-epidemiological study conducted in the Netherlands since 1994, including
patients that were referred to Neurology departments of the Erasmus Medical
Centre or the VU University Medical Centre, or that were ascertained by research
physicians visiting nursing homes and psychogeriatric hospitals. The diagnosis of
FTD was based on international consensus criteria,* and concomitant ALS was
diagnosed when patients also met El Escorial criteria.® Pathological confirmation
of frontotemporal lobar degeneration (FTLD) was obtained in 94 patients.*

The study was approved by the Medical Ethical Committee of the Erasmus Medical
Centre and VU University Medical Centre. Following receipt of informed consent,
DNA samples were obtained from each patient.

We excluded all patients with MAPT or GRN mutations (46 and 30 patients,
respectively), or with tau-positive FTLD (19 patients). The remaining cohort to be
screened for the repeat expansion in C9orf72 consisted of 363 patients with FTD,
including 38 patients with concomitant ALS. The mean age at onset was 58.0 + 8.3
years (range 28 - 76). The mean age at death in patients that died during follow-
up (n=208) was 66.3 + 9.7 years (range 35 - 89), with mean disease duration of 8.2
+ 4.4 years (range 1 - 23) (Table 1). The most common clinical presentation was
the behavioral variant of FTD (bvFTD) (n = 262), followed by primary progressive
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aphasia (PPA) (n=101). Family history was positive for dementia (n=130), ALS (n =
25) or Parkinson’s disease (n=19) in at least one first-degree relative in 133 patients
from 120 families. In two families, a relative with a pure ALS presentation was also
genotyped. Our control group consisted of 564 neurologically normal subjects
(269 men and 295 women) from the Longitudinal Aging Study Amsterdam (LASA,
http://www.lasa-vu.nl/). The mean age at clinical examination for this group was
67.8+ 6.0 years (range 60 - 81).

Table 1. Demographic features of the Dutch FTD Cohort.

FTD cohort (n=363)

Female (%)
Age at onset, years (range)
Age at death (n=208), years (range)
Disease duration (n=208), years (range)
FTD Subtype
bvFTD (%)
PPA (%)
ALS
Family history

Positive for dementia (%, no. of families)

Positive for ALS (%, no. of families)
Positive for PD (%, no. of families)
Negative (%)
Neuropathological examination (n=51)
FTLD-TDP
FTLD-FUS
FTLD-ni

FTLD (subtype unknown)

178 (49.0)
58.0+8.3 (28-76)
66.3+9.7 (35-89)
8.244.4 (1-23)

262 (72.2)
101(27.8)
38(10.5)

130 (35.8,117)

25(6.9,17)
19(5.2,16)
230 (63.4)

FUS, fused in sarcoma; ni, no inclusions

Clinical data

Detailed clinical history and family history were obtained for all patients by
interviewing their relatives and collecting data from medical records. We carried
out a neurological examination of all patients and, when possible, patients
underwent neuropsychological evaluation and neuroimaging (MRl or CT).



Neuropsychological evaluation consisted of testsforlanguage (e.g. Boston Naming
Test, Semantic Association Test, word fluency), memory (e.g. Rey Auditory Verbal
Learning Test, Visual Association Test), attention and concentration and executive
functions (e.g. Trail Making Test, Stroop color-word test, modified Wisconsin
Card Sorting Test, Similarities and Proverbs of the Wechsler Adult Intelligence
Scale), and visuospatial abilities (e.g. Clock drawing, Block Design of the Wechsler
Adult Intelligence Scale). The presence and severity of frontal, temporal, parietal,
occipital and cerebellar atrophy were review by a neurologist (J.C.v.S.) and a
radiologist (M.S.). Patients with signs suggestive of ALS, such as muscle weakness,
atrophy, or fasciculations, underwent EMG. The age at onset was defined as
the moment partners or other relatives noticed the first symptoms attributable
to the disease. Three classes of family history were distinguished: 1) autosomal
dominant: patients with at least two first-degree relatives with dementia or ALS; 2)
patients with only a single affected first-degree relative with dementia or ALS; and
3) patients without affected relatives or an unknown family history.

For the repeat-primed polymerase chain reaction (PCR) 50ng of genomic DNA
from each patient, was mixed with FastStart Tag DNA polymerase PCR buffer
(Roche Applied Science), 7-deaza-dGTP (New England Biolabs), Q-Solution
(Qiagen Inc.), dimethylsulfoxide Hybri-Max (Sigma-Aldrich), MgCl2 (Roche Applied
Science), reverse primer consisting of four GGGGCC repeats with an anchor tail,
6FAM™-fluorescent labeled forward primer located 128-bp telomeric to the repeat
sequence, and an anchor primer corresponding to the anchor tail of the reverse
primer, as described in our previous article.*! Primer sequences are available upon
request.®* Fragment length analysis was performed on an ABI 3730x| genetic
analyzer (Applied Biosystems), and data analyzed using Peak Scanner software
version 1.0 (Applied Biosystems). Repeat expansions produce a characteristic
saw tooth pattern with a 6-bp periodicity (Supplementary figure 1). We obtained
hexanucleotide repeat lengths based on the repeat-primed PCR assay by
successful genotyping in 353 cases and 522 controls (94.4% of the total cohort). To
note, the repeat-primed PCR assay used for these experiments does not determine
the actual number of repeats in a large pathogenic expansion. This technique only
allows for testing whether a given sample carries a large pathogenic expansion
or not. A cut-off value of 30 repeats was used to define expanded repeats, as



previously described.®

Brain autopsy was carried out within four hours of death according to the legal
and ethical code of conduct of the Netherlands Brain Bank. Tissue blocks taken
from all cortical areas, hippocampus, amygdala, basal ganglia, substantia nigra,
pons, medulla oblongata, cerebellum, and cervical spinal cord were embedded
in paraffin blocks, and underwent routine staining with haematoxylin-eosin,
Bodian, methenamine-silver, and Congo red. Tissue blocks were taken from the
right hemisphere in each case. Immunohistochemistry was performed using
primary antibodies against hyperphosphorylated tau (AT8, Innogenetics; 1:40),
ubiquitin (anti-ubiquitin, DAKO; 1:500, following 80 ° C antigen retrieval), B-amyloid
protein (anti-beta amyloid, DAKO; 1:100, following formic acid pretreatment),
a-synuclein (anti-a-synuclein, Zymed Laboratories; undiluted, following formic
acid pretreatment), p62 (BD Biosciences Pharmingen; 1:200, following 80°C
antigen retrieval), TDP-43 (Biotech; 1:100, following pressure cooking), TDP-43
phosphorylated at serine 409/410 (Cosmo Bio; 1:8000), fused in sarcoma (Sigma-
Aldrich anti-fused in sarcoma; 1:25-1:200 with initial overnight incubation at
room temperature, following pressure cooking) and C9orf72 (GeneTex; 1:200) and
stained as previously described.*” Primary antibodies were incubated overnight
at 4°C. Endogenous peroxidase activity was inhibited by incubation in phosphate
buffered saline-hydrogen peroxide-sodium azide solution (100ml 0.1 M phosphate
buffered saline+2ml[30%H,0, + 1 mlnatriumazide) for 30 minutes. The Histostain-
Plus broad-spectrum kit DAB (Zymed) was used, and slides were counterstained
with Mayer’s haematoxylin and mounted in Entellan. The pathological diagnosis
was made by a neuropathologist (A.J.M.R.). Brain autopsy performed in 51 out of
the total cohort of 363 patients revealed TDP-43 positive pathology (FTLD-TDP) in
45 patients, FTLD with fused in sarcoma positive pathology in five, FTLD with no
inclusions in one, and FTLD (subtype unknown) in one.

The pattern of FTLD-TDP pathology was classified into the four following subtypes:
type Ais characterized by numerous short dystrophic neurites and crescentic or
oval neuronal cytoplasmic inclusions, concentrated primarily in neocortical layer
2. Moderate numbers of lentiform neuronal intranuclear inclusions are also a
common but inconsistent feature of this subtype; type B by moderate numbers



of neuronal cytoplasmic inclusions, throughout all cortical layers, but very few
dystrophic neurites; type C by a predominance of elongated dystrophic neurites
in upper cortical layers, with very few neuronal cytoplasmatic inclusions; type D by
numerous short dystrophic neurites and frequent lentiform neuronal intranuclear
inclusions.™

The hypothesis of a toxic RNA gain-of-function mechanism for FTD/ALS suggests
that RNA containing expanded non-coding hexanucleotide repeats accumulates
in affected cells. To test this hypothesis, we examined paraffin-embedded sections
of post-mortem temporal cortex and hippocampal tissue for the presence of RNA
containing GGGGCC repeats using fluorescence in situ hybridization. For RNA-
fluorescence in situ hybridization, brain sections were hybridized either with an
oligonucleotide probe (GGCCCC), 5’ TYES63 or a CCCCGGCCCC 5’ TYE563 labeled
locked nucleic acid oligonucleotide probe (both Exicon), which differs from the
method used by DeJesus-Hernandez et al. * After the RNA-fluorescence in situ
hybridization protocol the slides were incubated with Hoechst in PBS (1:15000)
and washed two times for 5 min with phosphate-buffered saline, followed by one
wash in de-ionized water, before mounting in Mowiol. Slides were examined using
a confocal fluorescence microscope (Leica).

Fisher's Exact Test was used to test for association between the presence of
C9orf72 repeat expansion and both familial and sporadic FTD using the PLINK
v1.07 toolset. Since presence of individuals from the same family could bias our
association results, only one affected individual was included per family in this
analysis. Independent samples t-tests to compare continuous variables between
patients with the C9orf72 repeat expansion and patients with MAPT or GRN
mutations were performed using SPSS 17.0 for windows (SPSS). A significance
level of p <0.05 was used.

A total of 353 cases with FTD and 522 controls were successfully genotyped with



the described repeat-primed PCR assay. Histograms of repeat lengths based on the
repeat-primed PCR assay are shown for both cases and controls (Supplementary
figure 2). The average repeat length in the control population was 9.1 + 6.8 (range
2 - 35 repeats), and for the cases with FTD, the average repeat length was 13.9 +
14.0 (range 1 - 64 repeats). A total of 42 cases from our cohort (11.9%) and three
controls (0.6%) carried the expansion (Fisher’s test p-value =4.39 x 10"*%; odds ratio
=19.22, 95% confidence interval = 5.89 - 62.66 after removal of cases belonging
to the same family). Thirty-seven FTD patients with the expansion had a positive
family history (28.7% of genotyped FTD patients with positive family history), with
an autosomal dominant mode of inheritance was in 25 patients (19 families, four
of which are shown in Figure 1), including four families where reduced penetrance
was observed (family 3 in Figure 1). Obligate carriers in two of the latter families
died after the age of 70 without any signs of dementia or ALS. The remaining 12
patients with a positive family history had only one first-degree family member
with either dementia or ALS (11 families) (Table 2). Fisher association analysis of
familial FTD cases versus controls (individuals belonging to the same family were
removed for this analysis) gave the following results: Fisher’s test p-value = 1.76
x 10%°, odds ratio = 51.47, 95% confidence interval = 15.95 - 169.90. There was a
wide phenotypic variability within families with diagnoses of both FTD, ALS and
FTD+ALS in 12 families. Furthermore three families included individuals with
Parkinson’s disease, however we cannot be certain that this is also caused by the
repeat expansion, since these individuals were not genotyped.

In one family with autosomal dominant FTD+ALS the proband included in our
clinical FTD cohort had a repeat length of 26 and was therefore assumed not to
carry the repeat expansion. However, sequencing in family members revealed the
repeat expansion in a so far unaffected person (age 42 years) and repeat length
varying from eight to 29 in affected persons. Therefore we are uncertain about the
pathogenicity of the repeats in this family, especially as it is not yet possible to
determine exact repeat lengths. Moreover, in three of the families with the repeat
expansion, there was one affected individual with a repeat length of 29.

The repeat expansion in C9orf72 was found in five of the 224 genotyped patients
with sporadic FTD (2.2%), which was not significantly different from healthy
controls (Fisher’s test p-value = 0.0569, odds ratio = 3.93, 95% confidence interval
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=0.93-16.53).

Oftheremaining 311 patients in the cohort without the repeat expansion, 92 had a
positive family history for dementia (89 families), with ALS in six families. Moreover,
31 of the patients with FTD without the repeat expansion had concomitant ALS.

In an effort to investigate whether the expansion carriers in our cohort carry the
recently identified risk haplotype on chromosome 9,% genotyping data from
a parallel project in our lab was extracted for 20 of the 42 expansion carriers
(Figure 2). Genotypes of 12 of these samples (60.0%) were concordant with the
reported risk haplotype. Interestingly, all other samples shared the same core risk
haplotype, differing from it only in the most distal positions. These results suggest
that all Dutch C9orf72 carriers derive from a common mutated ancestor.

The mean age at onset in the 42 patients with FTD with the repeat expansion
was 56.9 £ 8.3 years (range 39 - 76), mean age at death (n = 31) was 64.7 + 8.6
years (range 42 - 78) and mean disease duration from onset till death was 7.6 +
4.6 years (range 1 - 22). BvFTD was the initial clinical presentation in 34 patients
(apathy in 18, disinhibition in 11, obsessive-compulsive behavior in five), and PPA
in eight patients (Figure 3). Concomitant ALS was present in seven patients (bulbar
onset in five, limb onset in two). Furthermore, we found the repeat expansion in
two relatives of FTD patients with pure limb onset ALS. Mean score at the Mini-
mental state examination was 25.9+3.4 (n=19, range 17 - 30). Memory complaints
were reported in 21 patients at clinical presentation. Six patients showed signs
of Parkinsonism and apraxia was present in seven patients. Visual or auditory
hallucinations were reported in two patients and delusionsin none. Mean duration
of follow-up from disease onset in patients with the repeat expansion was 5.2 + 3.3
years (range 0.8 - 13.4).

Ofthe eight patients with PPA, two showed fluent speech, anomia, and single-word
comprehension deficits at neuropsychological evaluation compatible with the
diagnosis semantic dementia (SD), supported by atrophy of the anterior temporal
lobes (Figure 4). Classification into one of the PPA variants was not possible in
the remaining six patients due to lack of information. Four of them had fluent
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A Sporadic bvFTD (n = 155) B Familial bvFTD (n = 101)
2% ™ No Expansion ‘ % No Expansion
® Expansion ® Expansion
c Sporadic PPA (n = 68) D Familial PPA (n = 29)

3% ® No Expansion ® No Expansion

™ Expansion ® Expansion

C90rf72 expansion carriers (n = 42)

5%

¥ Sporadic bvFTD

® Familial bvFTD
Sporadic PPA

¥ Familial PPA

Figure 3. Clinical features of C9orf72 expansion carriers. C9orf72 expansion distribution
depending on the clinical phenotype (bvFTD or PPA) and family history for FTD or ALS (A-D).
Clinical distribution of all 42 expansion carriers (E).

speech, anomia and impaired language comprehension according to the history,
but extensive neuropsychological evaluation was not available or possible at the
time of out-clinic visits. The other two had non-fluent speech with anomia and
comprehension deficits in one. All patients with bvFTD who underwent extensive
neuropsychological evaluation had executive dysfunctions, and 10 of them had
severe language deficits on initial presentation.

Neuroimaging was available for 32 patients with the repeat expansion. The pattern
of cerebral atrophy was predominantly anterior temporal in 13 patients, frontal
in four and frontotemporal in seven patients. In all patients with PPA, atrophy
was most prominent in the temporal cortex. In four patients, the atrophy was
generalized, and four patients (including a patient with pure ALS) had no atrophy.
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Atrophy was extended into the parietal cortex in 10 patients, and into the occipital
cortex in one. Mild cerebellar atrophy was found in eight patients.

Brain autopsy was carried out by the Netherlands Brain Bankin 10 patients carrying
the pathogenic repeat expansion and in the patient with a repeat length of 26 with
an unaffected family member with the expansion (Table 3). The brain weight was
reduced (mean 1112 g, range 886 - 1297). Macroscopy showed moderate to severe
frontal and temporal atrophy in all except one brain. Hypopigmentation of the
substantia nigra was found in three brains.

Routine staining showed variable neuronal loss in the frontal and/or temporal
cortex in all, except for two cases with FTD+ALS. In the PPA case, atrophy and
neuronal loss was most severe in the temporal cortex. Mild neuronal loss in the
substantia nigra was seen in seven cases and in the caudate nucleus and putamen
in two.

Immunohistochemistry with ubiquitin, p62 and TDP-43 antibodies revealed TDP-
43 type B pathology in all brains.* Many neuronal cytoplasmatic inclusions of
variable size (round, crescent, granular) and morphology (diffuse, dense) were
seen, most abundant in the dentate gyrus of the hippocampus (Figure 5A), in
superficial and deeper layers of the temporal, frontal and parietal cortex (Figure
5B), and with less density in the basal ganglia. Irregular-shaped aggregates were
seen in many pyramidal cells of cornu ammonis 3 and 4. Many short, thin or
swollen dystrophic neurites were seen in cortical areas in most cases, with the
presence of long dystrophic neurites in the parietal cortex of three brains, and
in the temporal cortex in only the PPA case (Figure 5C). Three brains showed
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a variable number of neuronal intranuclear inclusions in neocortex or basal
ganglia (Figure 5D). A few irregular shaped or skein-like TDP-43- and p62-positive
inclusions were found in the substantia nigra (Figure 5E) and brain stem (Figure
5F) of four brains. Small dense neuronal p62-positive inclusions and short neurites
in the granular layer if the cerebellum were seen in nine out of 11 brains (Figure
5G). Some p62- and TDP-43-positive glial inclusions (oligodendroglia-like) were
found in the subcortical white matter in a number of brains (Figure 5H). These
glial inclusions did not stain with ubiquitin antibody. In one brain, many p62-, and
TDP-43-positive glial inclusions of astrocytic nature were seen in the parietal and
temporal cortex and the neostriatum (Figure 5I). TDP-pathology was not more
abundant in areas of atrophy. The p62 staining of inclusions was more intense
than TDP-43 staining in all cases. Immunohistochemistry with AT8 and B-amyloid
antibodies showed abundant neurofibrillary tangles and g-amyloid plaques in the
temporal cortex in two brains (Braak stage 2C) *. Corticospinal tract degeneration
was found in three brains. Immunohistochemistry with C9orf72 antibody shows
that C9orf72 is a largely cytoplasmatic protein in neurons. Immunostaining with
the antibody against C9orf72 protein showed a granular staining of the cytoplasm
into the dendritic arborizations of neurons in cornu ammonis 3 and 4, but this was
observed in FTD both with and without the repeat expansion.

Of another five brains from patients with the pathogenic repeat expansion from
other academic centers, the pathological diagnosis was FTLD with ubiquitin
pathology. However, brain tissue was not available for extensive assessment using
TDP-43 and p62 antibodies.

The RNA-fluorescence in situ hybridization results with the locked nucleic acid
probe were inconsistent, that is, we analyzed post-mortem tissue of three patients
with the expanded GGGGCC repeat, three patients with a GRN mutation, three
patients with MAPT mutations, one patient with fragile X-associated tremor/ataxia
syndrome (CGG,, repeat expansion) and three non-demented controls for the
presence of RNA foci. With the locked nucleic acid probe we did find RNA-positive
inclusions in brains with GGGGCC repeat expansions, but also in three cases with
MAPT mutations and in a non-demented control. The specificity of the staining
observed with the locked nucleic acid probe remains to be determined. Using the
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Figure 5. Immunohistochemistry with p62 and TDP-43 antibodies in bra
the GGGGCC repeat expansion in C9orf72. Many dense neuronal cytoplasmatic inclusions were
presentin the granular cells of the dentate gyrus (A). Dense or granular cytoplasmatic inclusions
of variable size, and short dystrophic neurites were visible in the deep and superficial layers of
the frontal and temporal cortex (B). Long dystrophic neurites were seen in the cortical areas
of a few brains (C). The temporal and parietal cortex showed a number of TDP-43 positive
neuronal intranuclear inclusions (D). Some skein-like or filamentous TDP-43-positive inclusions
were found in neurons of the substantia nigra (E) and lower motor neurons in the brainstem
(F). Abundant small cytoplasmatic p62-positive, TDP-43-negative inclusions and short neurites
were seen in the granular layer of the cerebellum (G). Abundant p62-positive cytoplasmatic glial
inclusions were present in white matter of the striatum (H). Several p62-positive inclusions in
the cytoplasm and dendritic processes of glial (probably astrocytic) cells in the temporal cortex
of one brain from a patient with FTD+ALS (I), TDP-43 antibody also has a positive, although
weaker, staining of these inclusions (inset).

oligonucleotide probe (GGCCCC), 5" TYES63 no RNA foci could be detected in any
of the samples studied.

Comparison with MAPT and GRN mutation carriers

Whereas the MAPT and GRN mutation carriers in the Dutch cohort came from 12
and six large families, respectively, the carriers of the repeat expansions in C9orf72
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came from 35 apparently unrelated families. There was no significant difference in
age at onset, age at death or disease duration between repeat expansion carriers
and MAPT or GRN mutation carriers (Table 4). The C9orf72 repeat expansions are
associated with a wider phenotypic variability than MAPT and GRN mutations.
In contrast to patients with MAPT and GRN mutations, concomitant ALS was a
frequent finding in patients with the C9orf72 repeat expansion. The frequent
finding of predominant temporal atrophy contrasts to the imaging features in
MAPT and GRN mutations, where predominant frontal atrophy was more common.

Table 4. Clinical features in FTD patients with a repeat expansion in C90rf72 compared with
patients with MAPT and GRN mutations.

Repeat expansionin  MAPT mutation GRN mutation
C9orf72 (n=42) (n=46) (n=30)
No. of families 35 12 6
Female (%) 22(52.4) 24(52.2) 19 (63.3)
Age at onset, years (range) 56.9+8.3 (39-76) 52.346.0 (39-65) 60.6+9.3 (45-79)
Age at death, years (range) 64.7+8.6 (42-78) 61.247.7 (44-76) 69.4+10.2 (52-87)
Duration of illness, years (range) | 7.6+4.6 (1-22) 9.244.5 (3-20) 7.442.8(2-13)
Clinical subtype
BVFTD (%) 34 (81..0) 45(97.8) 28(93.3)
PPA (%) 8(19.0) 1(2.2) 2(6.7)
ALS (%) 7(16.7) 0 0
Imaging”
No atrophy (%) 3(9.7) 0 0
Frontal (%) 4(12.9) 23(53.5) 23(85.2)
Temporal (%) 13 (41.9) 15 (34.9) 1(3.7)
Frontotemporal (%) 7(22.6) 4(9.3) 1(3.7)
Generalized (%) 4(12.9) 1(2.3) 2(7.4)

*Area of predominant atrophy.

DISCUSSION

The present study shows that the pathogenic hexanucleotide expansion in C9orf72
is one of the most common genetic causes of familial FTD in the Netherlands, and
that the repeat expansion is associated with a wide variation in clinical phenotype
(bvFTD, PPA, ALS) and with predominant temporal atrophy on neuroimaging.
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The percentage of the repeat expansion in the present series of familial FTD is
higher than in the study by DeJesus-Hernandez et al. (28.7% versus 11.7%), which
can be explained by the exclusion of patients with MAPT and GRN mutations in
this study *. In this regard, if the whole population of screened FTD patients and
patients with MAPT and GRN mutations or tau-positive FTLD (n =448)) is accounted
for, the C9orf72 hexanucleotide expansion accounts for 17.8% of familial and 9.4%
of total FTD in the Netherlands. Of the total population of FTD patients in the
Netherlands 26.3% is explained by mutations in GRN (6.7%), MAPT (10.3%) and
the hexanucleotide repeat expansion in C9orf72 (9.4%). Considering only familial
FTD, we can now explain up to 53.8% cases in the Netherlands (GRN: 13.9%, MAPT:
22.1% and C9orfr72: 17.8%).

The frequency of the repeat expansion in the present series of sporadic FTD is in
line with the findingsin the study by DeJesus et al.*° Although a larger proportion of
sporadic FTD cases carry the expansion in comparison to controls, this difference
was not statistically significant (p = 0.0569). A larger cohort of sporadic patients
has to be screened to unveil the role of this expansion in the sporadic form of the
disease.

Genetic analysis of a subset of cases carrying this expansion showed that patients
from apparently unrelated families carry the same risk haplotype, indicating that
thereisacommon ancestor for all patients with expanded alleles of C9orf72. As this
risk haplotype was also found in the five apparently sporadic cases, this indicates
that these cases are in fact, cryptically related familial cases. The negative family
history for these patients could be explained by early death of affected family
members, non-paternity or a lack of medical information in previous generations.
Another possible explanation of the occurrence of the repeat expansion in
apparently sporadic cases in this and other studies, could be reduced penetrance
of the repeat expansion in C9orf72.3%3 This reduced penetrance is evident in at
least two of the families, in which unaffected obligate carriers lived long enough to
develop the disease, although the possibility of non-paternity cannot be ruled out.
Thereduced penetranceis in line with previous reports on chromosome 9p-linked
FTD, in which the repeat expansion has yet to be confirmed #°. Another explanation
may be that additional genetic and/or environmental factors may determine the



wide inter- and intra-familial variation in age at onset and clinical presentation
in the present and other chromosome 9p-linked families.? 212324 |f reliable
measurement of the exact length of the expanded repeats becomes possible
in the future, further studies are needed to investigate the correlation between
age at onset and repeat expansion length, and the possibility of anticipation, as
observed in other repeat expansion disorders.

The observed clinical heterogeneity within families, including bvFTD, PPA, ALS,
and Parkinsonism in the present study, is in line with previous observations in
chromosome 9p-linked families. Concomitant ALS was a frequent finding (seven
patients) in patients with FTD with the repeat expansion, and this frequency
may even be an underestimation, since follow-up duration from disease onset
was highly variable. PPA, defined as a prominent, isolated language deficit
during the initial phase,* also frequently occurred in the present series (eight
patients) and in a Finnish series of FTD patients,* but not in previously reported
chromosome 9p-linked families.?* 222 An association between PPA and ALS is
further supported by a the high frequency of a language-dominant presentation
in patients with FTD+ALS,” which suggests a common cortical degenerative
process for the language abnormalities in PPA, and tongue and bulbar muscle
weakness in ALS. Two of the present patients with PPA with the pathogenic repeat
expansion, without ALS symptoms, were classified as SD, which was supported
by the presence of severe anomia and single-word comprehension deficits, and
by atrophy of the anterior temporal lobes on neuroimaging.®® The occurrence of
SD was unexpected, as the association of SD and ALS has only been described in
a few cases in a recent report.“®“ Furthermore, patients with SD usually have a
negative family history, which diminishes the likelihood of a genetic factor with
a dominant effect in SD.*>*%% Therefore, further clinical studies of patients with
the repeat expansion are needed to confirm our observation and to elucidate
the genetic contribution in SD. In contrast to a study by Lillo et al. that reported
that psychotic symptoms are a common feature in FTD+ALS, hallucinations were
reported in only two patients with the repeat expansion in the present series and
delusionsin none.*

Predominant temporal atrophy on neuroimaging is a frequent (40.6%) finding in
the present series of patients carrying the repeat expansion, especially in those



with PPA. This clearly contrasts with the frontal or frontotemporal pattern of
atrophy in chromosome 9p-linked families, and with the absence of a specific
atrophy pattern for FTD+ALS in a correlative voxel-based morphometry study.?
21254 However, Coon et al. also found a trend towards more temporal atrophy
in patients with language-dominant FTD+ALS than in those with behavioral-
dominant FTD+ALS,” and severe and circumscribed atrophy of the anterior
temporal lobes has also been described in a case report of FTD+ALS.* Therefore,
a voxel-based morphometry study in a large series of patients carrying the
pathogenic repeat expansion is required to confirm our observation of temporal
involvement.

The neuropathological findings were consistent with type B FTLD-TDP pathology,
with characteristic ubiquitin- and p62-pathology in the granular layer of the
cerebellar cortex, in all except for two brains. This cerebellar pathology has been
found in other families with FTD+ALS with the pathogenic repeat expansion,®
30.3L47 and in a series of patients with FTD+ALS or FTLD-TDP.“® Qur observation
confirms its strong association with the pathogenic repeat expansion, but it is
not an absolute requisite for this disorder. Whether the cerebellar pathology is
pathognomic for the repeat expansion has to be investigated in future studies.
The TDP-43-negative staining probably indicates that the involvement of the TDP-
43 protein is more downstream in the formation of these inclusions, whereas the
p62 protein as a non-specific protein reflects the degradation of ubiquitinated
proteins via the ubiquitin proteasome system.*

In contrast to ubiquitin staining of neuronal inclusions, TDP-43-, p62-positive glial
inclusions in the subcortical white matter found in several of the present brains
did not stain with ubiquitin antibody, which is in accordance with the observations
in other studies.**® TDP-43- and p62-positive astrocytic inclusions in a single
brain from our youngest patient with FTD+ALS were ubiquitin negative as well,
as also mentioned by Zhang et al.**° Perhaps, these lesions merely reflect that
glial abnormalities are associated with a faster progression of the same disease
process, instead of a different underlying pathophysiology. Gliebus et al. reported
asymmetric TDP-pathology in a PPA case, we could not confirm this in our PPA
patient, as only the right hemisphere was available forimmunohistochemistry.>



Neuronal intranuclear inclusions are found in several of our patients with the
pathogenic repeat expansion, as has previously been found in familial FTD+ALS.3"
52 The prediction of Bigio et al. that these inclusions might be associated with a
repeat expansion disorder has been confirmed.>? Using a different method, we
could not confirm the results from DeJesus et al., who demonstrated the specific
presence of RNA-positive foci in the nucleus of frontal cortex neurons using
a (GGCCCC), Cy3-labeled oligonucleotide probe.*® Nevertheless, the nuclear
localization of the disease process was already suggested by the presence of
TDP-43 positive intranuclear inclusions in a few of the present brains, and the
absence of cytoplasmic abnormalities of C9orf72 protein in brains carrying the
pathogenic repeat expansions. However, it is known from other non-coding
expanded repeat disorders that repeat expansions in the transcripts may result
in cellular toxicity and the formation of RNA foci of distinct morphology and size.>
The mutant messenger RNA may interact with specific RNA-binding proteins,
and sequestration of RNA-splicing factors and RNA binding proteins may lead to
disruption of nuclear processes, including transcription, splicing or messenger
RNA processing.>* Another possible pathogenic mechanism underlying disease
is loss-of-function, which is supported by reduced expression in one of the three
transcripts of C9orf72, as demonstrated in the study of DeJesus et al.** However,
their findings have to be confirmed in future studies. Further studies to clarify
these mechanisms may hopefully provide a pharmacological target for preventing
or delaying the disease.

A few limitations of this study have to be addressed. First of all, our observations
on the frequency and phenotype of the repeat expansion are confined to FTD,
as patients with ALS were not included in this study. Secondly, the finding
of predominant temporal atrophy in a subset of patients carrying the repeat
expansion was semi-quantitatively assessed, and should be confirmed by voxel-
based morphometry in another cohort.

In conclusion, the hexanucleotide repeat expansion in C9orf72 is an important
genetic cause of FTD and FTD+ALS. It will be a challenge to explain the wide
variation in clinical phenotype of this genetic defect, including bvFTD, ALS and
PPA. In addition, it would be interesting to determine whether the severe glial
involvement upon the uniform TDP-43 pathology found in some cases has



a pathophysiological significance or is just an epiphenomenon. Hopefully,
revealing these underlying mechanisms of the repeat expansions will lead to the
development of therapeutic interventions for this devastating disease.
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APPENDIX

A. Affected case B. Unaffected control
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Supplementary figure 1. Capillary-based sequence traces of the repeat-primed PCR assay are
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shown. Vertical axis represents fluorescence intensity. A typical saw tooth tail pattern with a
6bp periodicity is observed in the cases carrying the GGGGCC repeat expansion (panel A). Panel
B shows the results obtained for a control individual not carrying the repeat expansion.
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Supplementary figure 2. Frequency distribution of GGGGCC hexanucleotide repeat lengths in
FTLD cases and control based on the repeat-primed PCR assay. A) Histogram of repeat length
observed in 522 successfully genotyped Dutch controls. B) Histogram of repeat length observed
in 353 successfully genotyped Dutch FTLD cases both with and without positive family history. A
bimodal distribution is evident for the FTLD cases.
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Background: We aimed to accurately estimate the frequency of a hexanucleotide
repeat expansion in C9orf72 that has been associated with a large proportion of
cases of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD).
Methods: We screened 4,448 patients diagnosed with ALS (El Escorial criteria) and
1,425 patients with FTD (Lund-Manchester criteria) from 17 regions worldwide
for the GGGGCC hexanucleotide expansion using a repeat-primed PCR assay.
We assessed familial disease status on the basis of self-reported family history of
similar neurodegenerative diseases at the time of sample collection. We compared
haplotype data of 262 patients carrying the expansion with the known Finnish
founder risk haplotype across the chromosomal locus. We calculated age-related
penetrance using the Kaplan-Meier method with data for 603 individuals with the
expansion.

Findings: In patients with sporadic ALS, we identified the repeat expansion in 236
(7.0%) of 3,377 white individuals from the USA, Europe, and Australia, two (4.1%)
of 49 black individuals from the USA, and six (8.3%) of 72 Hispanic individuals
from the USA. The mutation was present in 217 (39.3%) of 552 white individuals
with familial ALS from Europe and the USA. 59 (6.0%) of 981 white Europeans with
sporadic FTD had the mutation, as did 99 (24.8%) of 400 white Europeans with
familial FTD. Data for other ethnic groups were sparse, but we identified one Asian
patient with familial ALS (from 20 assessed) and two with familial FTD (from three
assessed) who carried the mutation. The mutation was not carried by the three
Native Americans or 360 patients from Asia or the Pacific Islands with sporadic ALS
who were tested, or by 41 Asian patients with sporadic FTD. All patients with the
repeat expansion had (partly or fully) the founder haplotype, suggesting a one-off
expansion occurring about 1500 years ago. The pathogenic expansion was non-
penetrant in individuals younger than 35 years, 50% penetrant by 58 years, and
almost fully penetrant by 80 years.

Interpretation: A common Mendelian genetic lesion in C9orf72 is implicated in
many cases of sporadic and familial ALS and FTD. Testing for this pathogenic
expansion should be considered in the management and genetic counselling of
patients with these fatal neurodegenerative diseases.



FREQUENCY OF THE C9ORF72 HEXANUCLEOTIDE REPEAT EXPANSION

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease
characterized by rapidly progressive paralysis and death from respiratory failure,
typically within three years of symptom onset. The diseaseisinherited in about 5%
of cases, following a clear Mendelian pattern, whereas most cases are classified as
sporadic because they seem to arise at random.* Substantial progress has been
madein understanding the genetic underpinnings of familial ALS.? By contrast, the
causes of sporadic or idiopathic ALS are far less well understood. Mutations in the
known familial ALS genes -SOD1, FUS, and TDP-43- occur only rarely in sporadic
cases (each accounting for less than 1.0% of cases);*® genome-wide association
studies have identified few risk loci, and these have proven difficult to replicate.®

Frontotemporal dementia (FTD) is a degenerative disorder of the frontal and
anterior temporal lobes, and is a common form of dementia affecting individuals
younger than 65 years. The syndrome is characterized clinically by initial
behavioral disturbances, followed by cognitive decline leading to dementia and
death within a median of seven years from symptom onset. Akin to ALS and
other neurodegenerative diseases, a large proportion (~60.0%) of these cases
are categorized as sporadic, and the causes of this idiopathic form of disease are
largely unknown.” A growing consensus suggests that ALS and FTD form part of a
continuum of neurological disease that share acommon pathological background,
consisting of TAR DNA-binding protein 43 (TDP-43)-positive inclusions within the
central nervous system.®

We recently reported that a large hexanucleotide repeat expansion located within
the non-coding portion of C9orf72 is the cause of chromosome 9-linked ALS and
FTD.> This genetic lesion accounted for a large proportion (~40.0%) of familial
cases of ALS and FTD. The same mutation was present in nearly a quarter of
apparently sporadic cases of ALS and FTD in the genetically homogeneous Finnish
population,andin 4.1% of sporadic cases of ALS and 3.0% of sporadic cases of FTD
from the USA. However, these estimates were based on relatively small cohorts
drawn from a limited number of institutions.

These findings prompted us to aim to estimate the frequency of this C9orf72




hexanucleotide repeat expansion more accurately, in a large cohort of European
and US patients with sporadic ALS and sporadic FTD. We also examined the
occurrence of this mutation in diverse non-white populations around the world.

In this cross-sectional study, we screened 4,448 patients diagnosed with ALS
and 1,425 patients diagnosed with FTD from 17 distinct regions worldwide. The
Appendix shows ethnic origin and clinical features of the patients. 3,860 patients
had sporadic ALS, 1,022 had sporadic FTD,

588 had familial ALS, and 403 had familial FTD. Data for 401 Finnish patients with
ALS, 233 other Europeans with familial ALS, 75 Finnish patients with FTD, 340
Dutch patients with FTD, and 420 English patients with FTD have been published
previously.'**? All these cohorts were analyzed to provide a comprehensive
assessment of the global frequency of the expansion.

Patients with ALS were diagnosed according to the El Escorial diagnostic criteria*?,
and patientswith FTD were diagnosed according to the Lund-Manchester criteria.'
We classified patients’ disease as familial in nature on the basis of a diagnosis of
ALS or FTD in any other family member (irrespective of relationship), as reported
at the time of sample collection. We based ethnic and racial classification on self-
reports from patients at the time of sample collection. Case numbers listed for
European countries and Australia and the Middle East refer to self-reported white
individuals from that region. Italian are from a population-based cohort that had
been collected through the Piemonte ALS Registry, an ongoing population-based
epidemiological study of ALS based in north-western Italy.** The remaining cohorts
were recruited through medical centers and from repositories in various countries.

We also screened 2,585 neurologically healthy control individuals from Australia
(n =213), Finland (n = 478), Germany (n = 309), the Human Gene Diversity Panel
(n=300), mainland Italy (n = 354), Sardinia (n = 87), and the USA (n = 844) for the
presence of the pathogenic repeat expansion. 1,167 of these individuals have been
reported elsewhere.** None of the control individuals had been diagnosed with
ALS, FTD, dementia, or any other neurodegenerative disease. Ethics committees
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of the respective institutions approved the study, and written informed consent
was obtained from all patients and control individuals.

Procedures

We used our previously described® repeat-primed PCR assay to screen patients
and control individuals for the presence of the chromosome 9p21 GGGGCC
hexanucleotide repeat expansion (see Appendix for technical details). The assay
allows samples to be categorized into those that carry a pathogenic repeat
expansion (> 30 repeats) and those that carry only wild-type alleles (< 20 repeats).

For haplotype analysis, we analyzed genome-wide single-nucleotide
polymorphism (SNP) data from 262 patients who carried the repeat expansion.
We previously reported the identification in the Finnish population of a 42-SNP
founder haplotype across the 232 kb block of chromosome 9p21 where the
pathogenic hexanucleotide expansion was ultimately established.**!" In this study,
we used a custom perl software script to compare unphased sample genotype
data with the 42-SNP founder risk haplotype.*®

We estimated mutation ages for all populations separately with the DMLE+
version 2.3 Bayesian linkage disequilibrium gene mapping package.® Mutation
ages were iterated for 10,000 burn-in iterations and a further 10,000 iterations of
the maximum-likelihood model. To obtain generalizable estimates of age of the
repeat per population, we used median values of binned estimates passing the a
threshold of 0.05 per iteration.

Statistical analysis

We calculated 95% confidence intervals (Cis) for proportions with the Clopper-
Pearson exact method. We estimated penetrance of the GGGGCC hexanucleotide
repeat expansion in relation to the patients’ age on the basis of data available
for 603 mutant-gene carriers with the Kaplan-Meier method using the survival
package within R statistical software (version 2.9.0), but substituting patient age at
symptom onset for survival time.** We assessed differences between

groups with the x* test for discrete variables such as sex, family history, and site of
onset.




The sponsors of the study had no role in study design, data collection, analysis,
interpretation, writing of the report, or in the decision to submit the paper for
publication. All authors had full access to all of the data in the study and had final
responsibility for the decision to submit for publication.

Table 1 and the Appendix show the frequency of the C9orf72 hexanucleotide
repeat expansion in patients diagnosed with sporadic ALS and sporadic FTD from
different geographical regions. Data for 289 patients with sporadic ALS and 605
with sporadic FTD have been reported elsewhere.’**? The pathogenic expansion
was identified in 236 (7.0%) of 3,337 white patients from the USA, Europe, the
Middle East, and Australia, two (4.1%) of 49 black patients from USA, and six
(8.3%) of 72 Hispanic patients from the USA who were diagnosed with sporadic
ALS. The rate of the pathogenic expansion was lower in sporadic FTD: 59 (6.0%)
of 981 white patients from Europe carried the mutation. By contrast, the GGGGCC
repeat expansion was not present in patients of Native American, Asian, or Pacific
Islander origin who had sporadic disease (Table 1), although this might reflect the
smaller size of the cohorts screened in these populations.

In addition to the sporadic cases, we screened 588 familial cases of ALS and 403
familial cases of FTD for the presence of the C9orf72 repeat expansion (Table 2
and Appendix). Of these, 345 patients with familial ALS and 230 with familial
FTD have been reported elsewhere.’12 Qverall, 221 (37.6%) of 588 patients with
familial ALS and 101 (25.1%) of 403 patients with familial FTD carried the genetic
lesion, reinforcing our previous findings that this mutation was responsible for an
unparalleled proportion of cases of these diseases.* We identified one Japanese
individual diagnosed with familial ALS, who carried the hexanucleotide repeat
expansion. We also showed that one patient with familial FTD from Lund, Sweden,
carried the expansion, suggesting that the chromosome 9p21 genetic lesion might
be responsible for the geographical cluster of patients with FTD patients noted in
that region.?

Of 2,585 neurologically healthy control samples screened for the C9orf72 repeat
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Table 1. Frequency of the pathogenic GGGGCC hexanucleotide repeat expansion of C90rf72 in
patients diagnosed with sporadic ALS or sporadic FTD classified by region.

Sporadic ALS Sporadic FTD
Origin n Carriers 9% (95% Cl) n Carriers 9% (95% Cl)
Europe*
Finnish 289 61 21.1(16.5-26.3) 48 9 18.8 (8.9-32.6)
Swedish - - - 6 0 0(0.0-45.9)
English 916 62 6.8 (5.2-8.6) 543 31 5.7 (3.9-8.0)
German 421 22 52(3.3-7.8) - - -
Dutch - - - 224 5 2.2(0.7-5.1)
French - - - 150 14 9.3(5.2-15.2)
Italian 465 19 4.1(2.5-6.3) - - -
Sardinian 129 10 7.8(3.8-13.8) 10 0 0(0.0-30.8)
Moldovan 3 0 0(0.0-70.8) - - -
Total (Europe) 2.223 174 7.8 (6.7-9.0) 981 59 6.0 (4.6-7.7)
USA
White 890 48 5.4 (4.0-7.1) - - -
Hispanic 72 6 8.3(3.1-17.3) - - -
African American 49 2 4.1(0.5-14.0) - - -
Native American 3 0 0(0.0-70.8) - - -
Total (USA) 1.014 56 5.5(4.2-7.1) - - -
Rest of the world
Middle Eastern® 1 0 0(0.0-97.5) - - -
Indian 31 0 0(0.0-11.2) 31 0 0(0.0-11.2)
Asian 238 0 0(0.0-1.5) 10 0 0(0.0-30.8)
Pacific Islander/Guam 90 0 0(0.0-4.0) - - -
Australian® 263 14 5.3(2.9-8.8) - - -
Overall 3860 244 63(5.6-7.1)  1.022 59 5.8 (4.4-7.4)

Data for Finnish (289 with ALS and 48 with FTD), English (333 with FTD), and Dutch (224 with FTD)
patients were previously published,’**? but are included here to establish global frequencies.
*All self-reported as white.

expansion, five (0.2%) were carriers: two were previously reported elderly
individuals from Finland,** and the other three were individuals younger than 40
years from Germany and the USA (Appendix).
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Familial ALS Familial FTD
Origin n Carriers % (95% Cl) n Carriers 9% (95% Cl)
Europe*
Finnish 112 52 46.4 (37.0-56.1) 27 13 48.1(28.7-68.0)
Swedish - - - 1 1 100 (2.5-100.0)
English 98 45 45.9% (35.8-56.3) 170 28 16.5(11.2-22.9)
Irish 1 1 100 (2.5-100.0)
German 69 15 21.7(12.7-33.3) 29 4 13.8(3.9-31.7)
Dutch - - - 116 30 25.9(18.2-34.8)
French - - - 50 22 44.0 (30.0-58.7)
Italian 90 34 37.8(27.8-48.6) - - -
Sardinian 19 11 57.9(33.5-79.7) 7 1 14.3(0.4-57.9)
Total (Europe) 389 158 40.6 (35.7-45.7) 400 99 24.8(20.6-29.3)
USA* 163 59 36.2 (28.8-44.1) - - -
Rest of the world
Middle Eastern® 2 0 0(0.0-84.2) - - -
Israeli* 14 3 21.4(4.7-50.8) - - -
Asian 20 1 5.0(0.1-24.9) 3 2 66.7(9.4-99.2)
Overall 588 221 37.6(33.7-41.6) 403 101 25.1(20.9-29.6)

Data for Finnish (112 with ALS and 27 with FTD), English (87 with FTD), German (41 with ALS), Italian (29
with ALS), US (163 with ALS), and Dutch (116 with FTD) patients were previously published, 2 but are
included here to establish global frequencies.

*All self-reported as white.

Within Europe, the highest mutation frequency was noted in the Finnish population
(21.1% of patients with sporadic ALS and 18.8% of patients with sporadic FTD).*
About 6% of patients with sporadic ALS from Germany and England carried
the expansion, whereas Italian patients with ALS had a lower rate (4.1%). 7.8%
of patients with sporadic ALS from the genetically isolated island population of
Sardinia had the mutation and the Dutch population had the lowest detected rate
observed in European countries (2.2% of sporadic cases of FTD). White populations
from Australia and the USA had an intermediate rate, with about 5.0% of patients
with sporadic ALS carrying the pathogenic repeat expansion, perhaps because of
the population and immigration histories of these continents.
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Haplotype analysis suggested that every patient carrying the pathogenic GGGGCC
repeat expansion also shared the Finnish founder risk haplotype, at least in
part (Figure 1). Furthermore, patients with sporadic and familial disease carried
the same founder risk haplotype. These findings suggest that the pathogenic
hexanucleotide repeat expansion in C9orf72 might have occurred on one occasion
in human history and subsequently disseminated throughout these populations.
Analysis of haplotype sharing between these cases estimated the age of the
C9orf72 repeat expansion to be about 1,500 years old (representing a median of
100.5 generations (interquartile range = 57.6 - 127.6), assuming a generation is 15
years old).
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Figure 1. Finnish risk haplotypes across the chromosome 9p21 region in 262 patients with ALS
and the C9orf72 mutations. The previously identified Finnish risk haplotype is shown below the
graph (27,357,278 - 27,589,746 bp; NCBI build 36; 42 single-nucleotide polymorphisms (SNPs)).¢
Underneath the haplotype is a binary representation of the same data, with red circles at SNP
positions where the haplotype has the less common allele at that site. In the graph, individual
patients are shown as horizontal lines showing the extent to which they share the risk haplotype.
Blue =Finnish (n=107), orange = US (n=97), red = Italian (n = 34), violet = Australian cases (n =9),
grey = German (n=7), yellow = Israeli (n = 7), green = Japanese patient (n = 1). The vertical black
dashed line shows the location of the C90rf72 hexanucleotide repeat expansion. Recombination
rates (centimorgans per megabase (cM/Mb)) from phase 2 Centre d’Etude du Polymorphisme
Humain (CEPH) samples of HapMap are shown with a grey line.
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CHAPTER 2.3

In analysis of age-related penetrance (Figure 2), the pathogenic expansion was non-
penetrant in carriers younger than 35 years of age, increasing to 50% penetrance
by 58 years, and to almost full penetrance by 80 years. We noted no difference in
disease penetrance according to familial status, ALS or FTD diagnosis, sex, or age
of symptom onset in patients with ALS or FTD (Appendix).
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Figure 2. Age-related penetrance of the GGGGCC hexanucleotide repeat expansion C9orf72.
Kaplan-Meier analysis of 603 mutant-gene carriers (212 patients with familial ALS, 234 with
sporadic ALS, 99 with familial FTD, 53 with sporadic FTD and five neurologically healthy controls).
Age-related penetrance (ie, the proportion of mutant-gene carriers with manifestations of the
disease by a given age) rose steadily, from 10% in patients younger than 45 years, to almost
100% by the age of 80 years. The dotted lines show the age at which 50% of the cohort developed
symptoms. Vertical blue lines show censored events.

Table 3 shows clinical details of patients carrying the hexanucleotide repeat
expansion. Patients with ALS with the pathogenic repeat expansion were more
likely to be female (p = 0.0008), have a family history of disease (p <0.0001), and to
have bulbar-onset disease (p = 0.0011) than were patients who did not carry the
expansion. Patients with FTD carrying the repeat expansion were also more likely
to have a family history of disease (p < 0.0001), and to present with behavioral
variant FTD (p < 0.0001).

DISCUSSION

Our data show that the C9orf72 hexanucleotide repeat expansion is the most
frequent cause of sporadic ALS and sporadic FTD identified thus far, accounting
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Table 3. Demographic and clinical features of patients classified by diagnosis and by carrier
status for the GGGGCC hexanucleotide repeat expansion in C9orf72.

ALS FTD
) ) Without ) ) Without
With expansion } With expansion )
(1=465)" expansion (=160}t expansion
(n=3,983)1 (n=1,265)$
Mean age at onset 56.8 58.7 57.5 60.0
(27.0-80.0;9.1)  (4.0-93.0;12.8) (30.0-76.3;8.3)  (23.0-87.0;8.8)
Sex, male 232 (50.1) 2,251 (58.4) 87 (54.4) 683 (55.4)
Positive family history 221 (47.5) 367(9.2) 101 (63.1) 302 (23.9)
Presentation
Bulbar 139(33.1) 933(26.0) - -
Limb 281 (66.9) 2,655 (74.0) - -
Behavioral variant - - 106 (85.5) 685 (65.6)
Progressive non-fluent - - 11(8.9) 165 (15.8)
aphasia
Semantic dementia - - 7(5.6) 195 (18.6)

Data are mean (range; SD) or n (%). *Data not available for age at onset for 19 patients and site of onset
for 45 patients. tData not available for age at onset for 305 patients, sex for 130 patients, and site of
onset for 395 patients. tData not available for age at onset for eight patients and site of onset for 36
patients. §Data not available for age at onset for 71 patients, sex for32 patients, and site of onset for
220 patients.

for 5.0 - 7.0% of cases in white Europeans, Americans, and Australians in our large
cohort. Thesefrequency rates wereslightly higherthan were estimates from smaller
cohorts obtained from at one institution.” Before the identification of the genetic
lesion underlying chromosome 9-linked ALS and FTD, mutations in the SODI gene
were the most common known genetic cause of sporadic ALS (accounting for 0.7%
of cases in a population-based cohort),* whereas mutations in GRN were the most
common known cause of sporadic FTD (3.0 - 4.0% in clinic referral series).?* The
high frequency of the pathogenic expansionin our patient cohortis consistent with
previous genome-wide association studies that identified the association signal
on chromosome 9p21 as the only replicable locus in the sporadic form of ALS and
FTD.*222¢ Qur findings confirm the importance of genetics in the pathogenesis of
the idiopathic form of these fatal neurodegenerative diseases.

Our haplotype data suggest that the pathogenic GGGGCC hexanucleotide repeat
expansion in C9orf72 arose from a one-off mutational event®!’ that occurred
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about 1,500 years ago. The geographical distribution of the mutation suggests that
the mutation appeared in northern Europe and spread from there. Alternatively,
the high frequencies in Finland and other isolated populations could be explained
by the history of these communities. Finland and Sardinia are comparatively
isolated areas, and have genetically homogeneous populations that originated
from a small number of founders.? Genetic drift has had a large influence on allele
frequencies in these populations and could explain the high occurrence of the
mutation in these geographical isolates.

Recognizing that all cases carrying the C9orf72 repeat expansion share a common
ancestor has important implications for the interpretation of global frequency
data for this mutation. Although the hexanucleotide repeat expansion is common
in white Europeans, it is also present in black and Hispanic populations in the
USA and individuals from Israel. This finding probably reflects the scale and nature
of past human migration and inter-marriage between ethnic groups. Similarly,
the relative absence of the pathogenic hexanucleotide repeat in India, Asia,
and the Pacific Islands might be explained by the greater physical distances of
these regions from Europe, and the consequent lack of admixture between these
populations. Notably, the one Japanese patient who we identified as a carrier of
the C9orf72 expansion carried the Finnish risk haplotype, reinforcing the notion
that the expansion occurred on one occasion in the past.

The sharing of a common risk haplotype in the C9orf72 region of chromosome
9p21 in patients with sporadic and familial ALS suggests that these apparently
sporadic cases are actually cryptically related familial cases. This scenario might
have occurred for several reasons, including unfamiliarity with the pedigree on the
part of the patient or neurologist or because previous generations might have died
atayoungage before onset of neurological symptoms. The median age at onsetin
patients with the expansion was 57 years, and life expectancy in the USA began to
exceed this pointonlyin the early 1940s.¢ Furthermore, the incomplete penetrance
of the mutation, in which not all individuals carrying the expansion manifest a
clinical phenotype, might be a contributing factor in apparently sporadic disease.
Indeed, we have reported symptom onset in the ninth decade of life in patients
carrying the expansion and also encountered two elderly, neurologically healthy
individuals with the expansion. Thus, the penetrance of this mutation seems to
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be complete only at a late stage of life, which is an observation that is particular
relevance for genetic counselling of healthy individuals carrying the expansion.
The molecular biological substrate underlying this variability in age at onset is
unclear: it might be driven by differences in expansion lengths between patients,
by age-related methylation across the locus, or by genetic factors elsewhere in the
genome.

We compared our results with those of previous studies that reported the
frequency of the C9orf72 hexanucleotide repeat expansion in the pathogenesis
of ALS and FTD (panel). Data were available from seven studies (Appendix). Our
study screened one of the largest cohort of cases with ALS and FTD assessed to
date, and also provides an initial report of the frequency of the pathogenic repeat
expansion in non-white patients, a detailed examination of the haplotype across
the locus, and an initial estimate of age-related disease penetrance in a large
group of individuals carrying the expansion.

Panel: Research in context

Systematic review

We searched Medline up to December, 2011, without language restrictions for relevant
publications and selected studies that reported the GGGGCC hexanucleotide repeat expansion
in C9orf72 in pathogenesis of amyotrophic lateral sclerosis (ALS) or frontotemporal dementia
(FTD). On the basis of these criteria, seven studies were

identified for further assessment (Appendix). The number of patients screened for the
pathogenic repeat expansion and the phenotype and ethnic origin reported by these studies
are summarized in the Appendix.

Interpretation

We report the frequency of the C9orf72 repeat expansion in a large cohort of patients with
sporadic ALS and sporadic FTD. We also screened a large number of non-white patients for the
expansion, and present frequency data for the mutation in these populations. We confirmed
that the C9orf72 repeat expansion explains a substantial proportion of sporadic ALS (~7.0%)
and sporadic FTD (~6.0%) cases in white populations. We also noted that patients with sporadic
and familial disease carrying the expansion share a founder risk haplotype, suggesting that
these patients have a common ancestor and that the original mutational event that led to the
repeat expansion occurred only once in the past. We provide initial estimates of age-related
penetrance, showing that

50% of carriers manifest disease by 58 years of age, and that the mutation is fully penetrant by
80 years of age.




Our data have implications for the clinical care of patients diagnosed with ALS
and FTD. The clinical standard care is to offer genetic testing to patients reporting
a family history of ALS or FTD,?" and to reassure patients classified as having
sporadic disease thattheir relatives are not atincreased risk of neurodegeneration.
On the basis of an analysis of 191 Irish patients with ALS, Byrne and colleagues®
suggested that genetic testing for the C9orf72 repeat expansion is unnecessary in
affected individuals without a family history of disease or substantial cognitive
impairment. By contrast, we believe that genetic testing is a valuable technique
foraccurate diagnosis of the two disorders and in the decision-making process for
patients and their families. The discrepancy between these two views might stem
from differences in how sporadic and familial disease were defined in the two
studies. Accumulating of sufficient data is an important step towards answering
this key question for management of patients. In view of the large number of
patients who carry the repeat expansion, investigators and clinicians should at
least consider a focused debate on this issue.

Our paper has some limitations. First, the number of patients from some
geographical regions was small and the mutational frequencies may change for
those ethnic groups as additional cases are screened. Nevertheless, our data on
more than 5,000 patients with ALS or FTD provide a reasonable estimation of
C9orf72 global frequency. Second, although we have examined the chromosome
9p21 haplotypeinalarge and diverse cohort of individuals carrying the pathogenic
expansion, additional testing of carriers might reveal other haplotypes, thereby
indicating that the expansion arose on more than one occasion. Nevertheless,
our data suggest that most expansion carriers share a common ancestor.***’
Third, we generated age-related penetrance estimates on the basis of data from
retrospective cohorts, which potentially leads to over-estimation of penetrance.
Additional prospective studies examining family kindreds are needed to confirm
these estimates. Finally, case classification as familial or sporadic was done on
the basis of clinical questioning at sample collection. The level of scrutiny might
have varied between centers and countries, but re-collection of this information
was not feasible.
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Briefly, 100ng of genomic DNA were used as template in a final volume of
28ul containing 14ul of FastStart PCR Master Mix (Roche Applied Science,
Indianapolis, IN, USA), and a final concentration of 0.18mM 7-deaza-dGTP
(New England Biolabs Inc., Ipswich, MA, USA), 1x Q-Solution (Qiagen Inc,,
Valencia, CA, USA), 7% DMSO (Qiagen), 0.9mM MgCl2 (Qiagen), 0.7uM
reverse primer consisting of ~four GGGGCC repeats with an anchor tail
(TACGCATCCCAGTTTGAGACGGGGGCCGGGGCCGGGGLLGGGEG),  1.4uM  6FAM-
fluorescent labeled forward primer located 280bp telomeric to the repeat
sequence (AGTCGCTAGAGGCGAAAGC), and 1.4uM anchor primer corresponding to
the anchortail of the reverse primer (TACGCATCCCAGTTTGAGACG).** Atouchdown
PCR cycling program was used where the annealing temperature was gradually
lowered from 70°C to 56°C in 2°C increments with a 3-minute extension time for
each cycle. Fragment length analysis was performed on an ABI 3730xl genetic
analyzer (Applied Biosystems Inc., Foster City, CA, USA), and data analyzed using
GeneScan software (version 4, ABI). Repeat expansions produce a characteristic
sawtooth pattern with a 6-bp periodicity when fragment lengths are analyzed on
a capillary-based sequencer.?
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SUPPLEMENTARY TABLES

Supplementary table 1. Demographics and clinical features of patients screened for the GGGGCC
hexanucleotide repeat expansion of C90rfF72 classified by diagnosis and familial status.

(A) Demographic and clinical features of patients diagnosed with sporadic ALS screened for the
GGGGCC hexanucleotide repeat expansion in C9orf72.

Site of symptom onset
Origin N Ageatonset(range)  Male (%)  Bulbar-onset(%) Spinal-onset (%)
Europe
Finnish 289 582 (30-0-85-0) 149 74 (31-2%) 163 (68-8%)
(51-6%)
English 916 60-1 (16:0-86:0) 534 237 (29:9%) 555 (70-1%)
(589%)
German 421 57-3 (16:0 - 85-0) 263 87 (20-7%) 334 (79:3%)
(62:5%)
Italian 465 61-7 (20-5-87-3) 258 127 (27-3%) 338 (72:7%)
(55:5%)
Sardinian 129 597(27:0-82:0) 80 (62:0%) 27 (20-9%) 102 (79-1%)
Moldovan 3 MD 3(100-0%) MD MD
USA
White 890 565 (19:0 - 93:0) 514 179 (21-2%) 666 (78:8%)
(57-8%)
Hispanic 72 588 (15:0 - 83-0) 44 (61-1%) 37 (52:9%) 33 (47-1%)
African 49 55-2 (14-0 - 82-0) 20 (40-8%) 17 (34-7%) 32 (65:3%)
American
Native American 3 610 (56:0 - 66-0) 1 (33:3%) 0 (0-0%) 3(100:0%)
Rest of the world
Middle Eastern 1 73:0 1 (100:0%) 0 (0-0%) 1 (100:0%)
Indian 31 MD MD MD MD
Asian 238 59-2 (24-0 - 89-0) 148 61 (28:6%) 152 (71-4%)
(62:2%)
Pacific Islander/ 90 53-7 (43:0-70-0) 3(100:0%) 2 (66:7%) 1 (33-3%)
Guam
Australian 263 64-0 (25:0 - 90-0) 171 78 (29:7%) 185 (70-3%)
(65-0%)

MD = missing data; data was not available for age at onset (n = 12 Finnish patients; n = 134 English;
n =3 Moldovan; n =1 US white; n = 31 Indian; n = 3 Asians; n = 87 Pacific Islanders), for gender (n = 10
English patients; n = 31 Indian; n = 87 Pacific Islanders), and for site of onset (n = 52 Finnish patients;
n =124 English; n =3 Moldovan, n = 34 US white; n =2 US Hispanic; n = 31 Indian; n = 25 Asians; n = 87
Pacific Islanders).
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Supplementary table 1 (B). Demographic and clinical features of patients diagnosed with
familial ALS screened for the GGGGCC hexanucleotide repeat expansion in C9orf72.

Site of symptom onset

Age at onset

Origin (range) Male (%)  Bulbar-onset (%) Spinal-onset (%)
Europe
Finnish 112 52.8(18.0-81.0) 49(43.8) 19 (20.7) 73(79.3)
English 98 56.5(27.0-88.0) 47 (48.5) 25(30.1) 58 (69.9)
Irish 1 45 1(100.0) 0(0.0) 1(100.0)
German 69 52.0(23.0-90.0) 35(50.7) 11(37.9) 18 (62.1)
[talian 90  589(18.0-79.0) 49(54.4) 32(35.6) 58 (64.4)
Sardinian 19 58.7(33.0-78.0) 10(52.6) 7(36.8) 12 (63.2)
USA
White 163 54.8(15.0-80.0) 87(53.3) 40 (25.2) 119 (74.8)
Rest of the world
Middle Eastern 2 32.5(29.0-36.0) 1(50.0) 0(0.0) 1(100.0)
Israeli 14 49.4(22.0-74.0) 5(35.7) 2(14.3) 12 (85.7)
Asian 20 47.3(4.0-77.0) 11(57.9) 4(22.2) 14 (77.8)

Data was not available for age at onset (n = 17 Finnish patients; n = 10 English; n = 1 US White; n =
1 Asian), for gender (n = 1 English patient; n = 1 Asian patient), and for site of onset (n = 20 Finnish

patients; n =15 English; n =40 Germans; n =4 US White; n = 1 Middle Eastern; n =2 Asians).



FREQUENCY OF THE C90ORF72 HEXANUCLEOTIDE REPEAT EXPANSION

Supplementary table 1 (C). Demographic and clinical features of patients diagnosed with
sporadic FTD screened for the GGGGCC hexanucleotide repeat expansion in C9orf72.

Site of symptom onset
Origin Ageatonset ~ Male  Behavioral variant ~ PNFA Semantic
(range) (%) FTD (%) (%) dementia (%)
Europe
Finnish 48 58.0 19 30(62.5) 14 4(8.3)
(38.0-73.0) (39.6) (29.2)
Swedisch 6 60.2 4 5(100.0) 0(0.0) 0(0.0)
(32.0-75.0)  (66.7)
English 543 60.8 306 284 (57.0) 102 112 (22.5)
(23.0-87.0) (56.5) (20.5)
Dutch 224 57.6 111 156 (69.6) 19 49 (21.9)
(28.6-76.0) (49.6) (8.5)
French 150 62.4 92 93(97.8) 1(1.1) 1(1.1)
(40.0-79.0) (61.3)
Sardinian 10 68.4 6 7(70.0) 3 0(0.0)
(59.0-79.0) (60.0) (30.0)
Rest of the world
Indian 31 MD MD MD MD MD
Asian 10 57.8 3 9(81.8) 1(9.2) 0(0.0)
(44.0 - 80.0) (30.0)

PNFA, progressive non-fluent aphasia; MD = missing data; Data was not available for age at onset (n =
16 English patients; n = 14 French; n =31 Indians; n = 2 Sardinians), for gender (n = 1 English patients; n
=31Indians), and for type of FTD at onset (n = 1 Swedish patient; n =45 English patients; n =55 French;
n=231Indian patients).
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Supplementary table 1 (D). Demographic and clinical features of patients diagnosed with
familial FTD screened for the GGGGCC hexanucleotide repeat expansion in C9orf72.

Type of FTD at presentation
Origin Age at onset Male Behavioral variant ~ PNFA Semantic
(range) (%) FTD (%) (%) dementia (%)
Europe
Finnish 27 59.0 15 18 (66.7) 6 3(11.1)
(46.0-79.0) (55.6) (22.2)
Swedish 1 68 0(0.0) 1(100.0) 0 0(0.0)
(0.0)
English 170 58.1 95 50 (69.4) 11 11(15.3)
(39.0-83.0) (55.9) (15.3)
German 29 MD MD MD MD MD
Dutch 116 58.6 61 87 (75.0) 13 16 (13.9)
(36.2-76.3) (52.6) (11.2)
French 50 59.0 33 24 (100.0) 0 0(0.0)
(30.0-75.0) (66.0) (0.0)
Sardinian 7 63.3 5(71.4) 6 (85.7) 1 0(0.0)
(49.0 - 74.0) (14.3)
Global:
Asian 3 51.7 1(33.3) 3(100.0) 0 0(0.0)
(45.0 - 56.0) (0.0)

PNFA, progressive non-fluent aphasia; MD = missing data; Data was not available for age at onset (n =
6 English patients; n =29 Germans; n = 10 French), for gender (n =29 Germans), and for type of FTD at
onset (n =98 English patients; n =29 Germans; n = 26 French).
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Supplementary table 2. Demographics and clinical features of neurologically healthy individuals
carrying the GGGGCC hexanucleotide repeat expansion in C9orf72.

o Country of
) Gender Race  Ethnicity o Comment
collection origin

Vantaal | 85-90 years M W Non-Hispanic  Finland Deceased without

Age at reported

personal history of

neurological disease
Vantaa2 | 90-95 years F W Non-Hispanic  Finland Deceased without
personal history of
neurological disease
Germanl | 35-40 years F W Non-Hispanic ~ German No reported history
of neurological
disease at time of
sample collection
German2 | 25-30 years F W Non-Hispanic ~ German No reported history
of neurological
disease at time of
sample collection
ND15567 |36 F W Non-Hispanic ~ US No reported
personal or

family history

of neurological

diseases
Additional details are available for ND15567 at www.coriell.org; To protect privacy, the sample IDs of

the other samples has been modified, and their age at collection has been provided as a 5 year range.
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Supplementary table 3. Systematic review of relevant publications that reported the GGGGCC
hexanucleotide repeat expansion of the C90rf72 gene relevant to the pathogenesis of ALS or FTD.

Study Reference# N Phenotype Race
Renton et al 3 112 Familial ALS Finnish
Renton et al 3 290  Sporadic ALS Finnish
Renton et al 3 27 Familial FTD Finnish
Renton et al 3 48  Sporadic FTD Finnish
Renton et al 3 268 Familial ALS Outbred European-
ancestry
DeJesus-Hernandez et al 4 34 Familial ALS us
DeJesus-Hernandez et al 4 195  Sporadic ALS us
DeJesus-Hernandez et al 4 171 Familial FTD us
DelJesus-Hernandez et al 4 203 Sporadic FTD us
Byrne et al 5 49 Familial ALS Irish
Byrne et al 5 386  Sporadic ALS Irish
Simon-Sanchez et al 6 353 FTD Dutch
Snowden et al 7 398 FTD English
Stewart et al 8 231 ALS us
Gijselinck et al 9 328 FTD Belgian
Gijselinck et al 9 137 ALS Belgian
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SUPPLEMENTARY FIGURES

EUROPE ASIA

sporadic ALS:

Indian, 0/31 (0.0%)

Asian, 0/238 (0.0%)
poradic FTD:

Indian, 0/31 (0.0%)

Asian, 0/10 (0.0%)

UNITED STATES

MIDDLE EAST
sporadic ALS:
Middle Eastern, 0/1 (0.0%)

AUSTRALIA

sporadic ALS:
White, 14/263 (5.3%)

L

Supplementary figure 1. Geographical distribution of the pathogenic GGGGCC hexanucleotide
repeat expansion in C90rf72 in patients diagnosed with sporadic ALS and FTD.

EUROPE _ASIA
familial ALS: familial ALS:
European, 158/389 (40.6%) Asian, 1/20 (5.0%)
familial FTD: familial FTD:
European, 97/410 (24.8% Asian, 2/3 (66.6%)

MIDDLE EAST
familial ALS:

Israeli, 3/14 (21.4%)
Middle Eastern, 0/2 (0.0%)

Supplementary figure 2. Geographical distribution of the pathogenic GGGGCC hexanucleotide
repeat expansion of the C9orf72 gene in patients diagnosed with familial ALS and FTD.
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Supplementary figure 3. Age-related penetrance of the GGGGCC hexanucleotide repeat
expansion in the C9orf72 gene. (A) Age-related penetrance of patients presenting with ALS (n
=441) and FTD (n = 157). (B) Age related penetrance of male (n = 296) and female (n = 307) ALS
and FTD patients. (C) Age-related penetrance of ALS patients presenting with bulbar-onset (n
=140) and limb-onset (n = 276) disease. (D) Age-related penetrance of FTD patients presenting
with behavioral type (n=73) and progressive non-fluent aphasia (PNFA, n =9). Crosses represent
censored-events (n = 5 neurologically normal individuals carrying the expansion). The dotted
lines represent the age at which 50-0% of the cohort developed symptoms.

102



FREQUENCY OF THE C9ORF72 HEXANUCLEOTIDE REPEAT EXPANSION

SUPPLEMENTARY REFERENCES

1.

Kobayashi H, Abe K, Matsuura T, et al. Expansion of Intronic GGCCTG Hexanucleotide Repeat
in NOP56 Causes SCA36, a Type of Spinocerebellar Ataxia Accompanied by Motor Neuron
Involvement. Am J Hum Genet 2011; 89: 121-30.

Warner JP, Barron LH, Goudie D, et al. A general method for the detection of large CAG repeat
expansions by fluorescent PCR. J Med Genet 1996; 33: 1022-6.

Renton AE, Majounie E, Waite A, et al. A Hexanucleotide Repeat Expansion in C9ORF72 Is the
Cause of Chromosome 9p21-Linked ALS-FTD. Neuron 2011; 72: 257-68.

Dejesus-Hernandez M, Mackenzie IR, Boeve BF, et al. Expanded GGGGCC Hexanucleotide
Repeat in Noncoding Region of C9ORF72 Causes Chromosome 9p-Linked FTD and ALS. Neuron
2011;72: 245-56.

Byrne S, Elamin M, Bede P, et al. Cognitive and clinical characteristics of patients with
amyotrophic lateral sclerosis carrying a C9orf72 repeat expansion: a population-based cohort
study. Lancet Neurol 2012 DOI:10.1016/S1474-4422(12)70014-5.

Simon-Sanchez J, Dopper EG, Cohn-Hokke PE, et al. The clinical and pathological phenotype of
C90rf72 hexanucleotide repeat expansions. Brain 2012 Feb 1. [Epub ahead of print]

Snowden JS, Rollinson S, Thompson JC, et al. Distinct clinical and pathological characteristics
of frontotemporal dementia associated with C9ORF72 mutations. Brain 2012 Feb 2. [Epub
ahead of print]

Stewart H, Rutherford NJ, Briemberg H, et al. Clinical and pathological features of amyotrophic

lateral sclerosis caused by mutation in the C9ORF72 gene on chromosome 9p. Acta Neuropathol
2012 Jan 7. [Epub ahead of print]

Gijselinck I, Van Langenhove T, van der Zee J, et al. A C9orf72 promoter repeat expansion in a
Flanders-Belgian cohort with disorders of the frontotemporal lobar degeneration-amyotrophic
lateral sclerosis spectrum: a gene identification study. Lancet Neurol 2012; 11: 54-65.

103







CHAPTER 3.1

Structural and functional brain
connectivity in presymptomatic
familial frontotemporal
dementia

Elise G.P. Dopper, Serge A.R.B. Rombouts, Lize C. Jiskoot, Tom den Heijer,
J.Roos A. de Graaf, Inge de Koning, Anke R. Hammerschlag, Harro Seelaar,
William W. Seeley, llya M. Veer, Mark A. van Buchem, Patrizia Rizzu,
John C.van Swieten

Neurology 2014;83:e19-26.



Objective: We aimed to investigate whether cognitive deficits and structural and
functional connectivity changes can be detected before symptom onsetin a large
cohort of carriers of microtubule-associated protein tau (MAPT) or progranulin
(GRN) mutations.

Methods: In this case-control study 75 healthy individuals (aged 20 - 70 years)
with 50% risk of frontotemporal dementia (FTD) underwent DNA screening,
neuropsychological assessment, structural and functional MRI. We used voxel-
based morphometry and tract-based spatial statistics for voxel-wise analyses of
grey matter volume and diffusion tensor imaging measures. Using resting-state
fMRI scans, we assessed whole-brain functional connectivity to frontoinsular,
anterior midcingulate and posterior cingulate cortices.

Results: Carriers (n =39) and non-carriers (n = 36) had similar neuropsychological
performance, except for lower Letter Digit Substitution Test scores in carriers.
Worse performance on Stroop Ill, Rivermead Behavioral Memory Test and
Happé cartoons correlated with higher age in carriers, but not controls. Reduced
fractional anisotropy in the right uncinate fasciculus was found in carriers
compared with controls. Reductions in functional connectivity between anterior
midcingulate cortex and frontoinsula and several other brain regions were found
in carriers compared with controls and correlated with higher age in carriers, but
not controls. We found no significant differences or age correlations in posterior
cingulate cortex connectivity. No differences in regional grey matter volume were
found, exceptforasmall cluster of highervolumein the precentral gyrusin carriers.
Conclusions: This study demonstrates that alterations in structural and functional
connectivity develop before the first symptoms of FTD arise. These findings suggest
that diffusion tensor imaging and resting-state fMRI may have the potential to
become sensitive biomarkers for early FTD in future clinical trials.



STRUCTURAL AND FUNCTIONAL BRAIN CONNECTIVITY INPRESYMPTOMATIC FTD

INTRODUCTION

Frontotemporal dementia (FTD) is characterized by behavioral and language
disorders, executive dysfunction, and impaired social cognition.** The
frontoinsula, anterior cingulate (ACC) and anterior midcingulate cortex (aMCC) are
among the first affected brain regions in FTD.*>However, in early disease atrophy
may be subtle or difficult to detect.® " With current research focusing on potential
disease-modifying treatments, the identification of appropriate biomarkers to
detect early FTD and track disease progression is crucial.#® Microtubule-associated
protein tau (MAPT), progranulin (GRN), and chromosome 9 open reading frame 72
(C9orf72) mutations are the major genetic causes of autosomal dominant FTD.10+2
Asymptomatic carriers of these mutations provide the ideal study population to
investigate the first alterations in FTD.*

Several diffusion tensor imaging (DTI) studies in patients with FTD have reported
reduced white matter (WM) integrity, most prominent in the frontotemporal
cortex,’*? corresponding to WM pathology.* A small study in presymptomatic
GRN carriers indicated reduced integrity of the left uncinate and inferior fronto-
occipital fasciculus.?

Resting-state fMRI studies in FTD demonstrated reduced functional connectivity
within the salience network (SN), which is involved in emotional processing, and
is anchored by the frontoinsula, ACC, and aMCC, spatially corresponding to the
specific atrophy pattern in FTD." %2 Conflicting results were found in two small
series of presymptomatic MAPT and GRN carriers.®’

In the current study of a large cohort of presymptomatic MAPT and GRN carriers,
we investigated whether cognitive and structural or functional imaging changes
occur before symptom onset.

METHODS

Subjects
From December 2009 through March 2011 we recruited participants for this
case-control study from a pool of 160 healthy first-degree relatives (aged




20 - 70 years) of patients with FTD due to GRN or MAPT mutations. We defined
subjects as asymptomatic when participant and spouse denied cognitive or
behavioral disturbances. We contacted the first 105 subjects, of whom 86 were
willing to participate. Reasons for nonparticipation were nonrelated illness,
lack of motivation, claustrophobia, and disinterest in disease confrontation.
We excluded subjects with MRI contraindications (n = 4), history of drug abuse
(n =2), or neurological or psychiatric disorders (n = 2). DNA of the remaining 78
participants was screened for GRN and MAPT mutations, as previously described.*?
Family members without a mutation constituted the control group. Researchers
remained blinded to the genetic status of participants. Participants underwent
neuropsychological assessment, structural MRI, DTI, and resting-state fMRI. We
excluded three individuals from analyses because of a cerebellar cyst (n = 1) or
technical failure during scanning (n = 2), and one additional participant from
DTl analyses due to motion artefacts. For all measures, we performed both
between-group comparisons and age correlation analyses, to investigate whether
alterations arise as carriers approach their estimated onset age.

All participants provided written informed consent. The local ethics committee
approved the study.

We screened all subjects with the Mini-Mental state examination (MMSE),*! Beck
Depression Inventory (BDI),*> and State-Trait Anxiety Inventory (STAI).2 The
neuropsychological test battery included the Dutch version of the Rey Auditory
Verbal Learning Test (RAVLT),* stories of the Rivermead Behavioral Memory Test
(RBMT),® Visual Association Test (VAT),®® Wechsler Adult Intelligence Scale Il
subtests digit span, proverbs, similarities, and block design®"®, Trailmaking Test
(TMT),® Stroop color-word test,®® categorical and letter fluency,®** modified
Wisconsin Card Sorting Test (WCST),**? Letter Digit Substitution Test (LDST),***
Boston Naming Test (BNT),*** Semantic Association Test (SAT),*** ScreeLing,®®
clock drawing (Royall),**" cube copying,®® and social cognition tests: Ekman
faces®?, Happé Cartoons,*® short Faux pas.c



We acquired whole brain anatomical, DTI, and resting-state fMRI scans on a Philips
3.0-T Achieva MRI scanner (Philips Medical Systems, Best, The Netherlands) using
an eight-channel SENSE head coil (see Appendix). We used FSL (FMRIB’s Software
Library, www.fmrib.ox.ac.uk) for all imaging analyses.?

We used FSL-VBM, a voxel-based morphometry style analysis giving individual
images of grey matter concentration, for T1-weighted scans (see Appendix).c##
We performed permutation-based testing using 5,000 permutations, applying a
two-sample t-test model with confound regressors for age and sex, to compare
regional grey matter and to investigate correlations with age (see www.fmrib.ox.ac.
uk/fsl/randomise/index). We set the statistical threshold at p <0.05, corrected for
multiple comparisons using threshold-free cluster enhancement (TFCE).©*

For voxel-wise comparisons of multiple DTl measures, including fractional
anisotropy (FA) and mean (MD), axial (DA) and radial (DR) diffusivity we used tract-
based spatial statistics (see Appendix).c 2.0 \We ysed permutation testing with
5,000 permutations, applying a two-sample t-test, with age and sex as confound
regressors, for between-group and age correlation analyses. We thresholded
the resulting statistical maps at p < 0.05, corrected for multiple comparisons
using TFCE.®® Subsequently, we reran analyses using templates of the uncinate
fasciculi and the forceps minor®, tracts most consistently affected in FTD,}"%%" as
prethreshold masks to investigate these WM tracts specifically.

For resting-state fMRI data we used a seed-based approach in the FMRI Expert
Analysis Tool. After standard preprocessing (see Appendix)®?* ¢4% we carried
out within-subject analyses to determine whole-brain regional connectivity
with three bilateral seed regions of interest: left and right frontoinsula (36-voxel
clusters around Montreal Neurological Institutie (MNI) coordinates x = + 38,y =
26,z =-10) and aMCC (4 mm spheres around x =+ 5; y = 19; z = 28) to define the
SN and left and right posterior cingulate cortex (PCC) (4 mm spheres around x =
+2;y=-51;z=27) to define the default mode network (DMN).? %29 \We extracted
mean time-series for each seed for each subject in native space by applying the
inverse transform from MNI space to fMRI. For each individual, we carried out time-
series statistical analyses per seed with local autocorrelation correction using the



(Maximum scores)

Total study group (n=75) - age range 22.2-68.6 years

Mutation carriers

Controls (n=36) (1=39) p-value
Age, years 50.3(11.2) 51.0 (10.0) 0.770
Female 50% 59% 0.435
GRN mutationt - 2% -
Level of educationt 51(L1) 5.6 (1.0) 0.047
MMSE score (30) 29.0 (1.3) 29.2 (1.4) 0.572
BDI (63) 3.7(4.2) 3.4 (4.6) 0.740
STAI DY1 (80) 32.9(6.5) 34.7(9.9) 0.378
STAI DY2 (80) 32.5(6.9) 34.1(10.7) 0.463
Attention and executive functions
Digit span (30) 14.8(3.6) 15.7(3.5) 0.800
Proverbs (8) 6.1(1.7) 6.6 (1.3) 0.307
Similarities (33) 24.5(4.8) 259 (4.8) 0.784
TMT A® 31.7(14.4) 30.8(11.7) 0.731
TMT BS 67.9(29.8) 70.8 (40.2) 0211
Stroop I* 46.5(7.9) 45.1(8.6) 0.735
Stroop II° 58.0(10.8) 59.7(12.2) 0.227
Stroop I11° 92.3(22.7) 94.8 (24.9) 0.279
Categorical fluency" 41.6(8.1) 41.4(10.4) 0.501
Letter fluency" 32.7(9.9) 36.3(12.3) 0.554
WCST concepts (6) 5.5(0.8) 5.7(0.8) 0.445
LDST! 34.6(7.2) 33.2(6.7) 0.024
Memory
Orientation (10) 9.9 (0.4) 9.8 (0.6) 0.235
RAVLT total (75) 42.0 (9.8) 46.4 (10.3) 0.158
RAVLT recall (15) 84 (3.3) 9.3(3.5) 0.482
RAVLT recognition (30) 285 (2.1) 29.1(1.5) 0.455
RBMT immediate (42) 19.3(5.5) 20.8(6.1) 0.487
RBMT delayed (42) 15.8(6.1) 17.3(6.1) 0.620
VAT (12) 11.8(0.6) 11.4(1.2) 0.157
Language
BNT (60) 534 (4.3) 54.6(4.1) 0.626
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SAT verbal (30) 279(1.3) 27.5(1.8) 0.319

SAT nonverbal (30) 28.8 (1.5) 29.0 (1.0) 0.537

Screeling (72) 70.7 (1.5) 71.4(0.7) 0.083
Visuospatial

Royall clock (14) 12.5(1.4) 12.3(1.5) 0.470

Cube copying (8) 7.8(0.5) 7.9(0.5) 0.650

Block design (68) 35.8(13.9) 34.8(14.9) 0.433

Social cognition

Ekman faces (60) 456 (6.7) 47.0(5.8) 0.561
Happé Cartoons (36) 23.1(5.6) 25.7(5.1) 0.074
Faux pas (10) 9.0 (1.1) 9.1(1.1) 0.739

Values denote mean (SD) or percentage of subjects.

Scores on SAT nonverbal were missing in three individuals, and scores on Block design in two.
fRemaining mutation carriers have a MAPT mutation

fLevel of education was determined on a Dutch seven-point scale ranging from one (less than
elementary school) to seven (university or technical college)®

STime in seconds

‘‘Number of correct responses in one minute

General Linear Model, which included time series for WM, cerebrospinal fluid and
the global signal, and six motion parameters as confound regressors. We acquired
parameter estimates for each regressor. Contrasts of interest were the left and right
seed separately and the left and right seeds together, for all regions of interest
(frontoinsula, aMCC, and PCC). We transformed subject-level contrast images and
correspondingimages of variance to MNI space using the combined transformation
matrix, for group analysis. For group analyses we used a two sample t-test, with
age, sex and voxel-wise grey matter volume included as additional regressors
to investigate between-group differences and age correlations. We thresholded
Z-statisticimages using clusters determined by an initial cluster-forming threshold
7>2.3and a corrected cluster significance threshold of p <0.05. Age correlation
analyses were Bonferroni-corrected for multiple testing.

Statistical analyses

We performed statistical analyses in SPSS 17.0 for Windows (SPSS, Chicago, IL). We
analyzed demographic features using independent samples t-tests and Pearson ¥
tests, and neuropsychological data using analyses of covariance controlling for
age, sex, and education. We applied a significance level of p < 0.05 (two-tailed)
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across all analyses.

RESULTS

Demographic features

Genetic screening revealed 39 mutation carriers (GRN mutation in 28, MAPT in
11) and 36 noncarriers. Age, sex, and MMSE, BDI, and STAI scores of carriers and
controls were similar, but carriers had a slightly higher education level** compared
with controls (Table 1). The current age of MAPT carriers (43.7 + 11.5 years) was 6.2
+10.2 years younger than the mean onset age in their families; the current age of
GRN carriers (53.9 + 7.9 years) was 7.7 + 7.4 years younger than their mean onset
ages (p=0.619).

Neuropsychological assessment

Carriers and controls performed similarly on all cognitive tests, except for worse
performance on the LDST in carriers (Table 1). Worse performances on Stroop Il
RBMT and Happé Cartoons significantly correlated with higher age in carriers,
but not controls (Supplementary table 1, Figure 1A). Conversely, scores on
proverbs increased with higher age in carriers, with a trend for a similar age-effect
in controls. Performances on TMT A, and RAVLT total and recall decreased with
higher age in both groups, whereas Block design and faux pas scores decreased
only in controls. The age effect in Faux pas performance is probably a result of
ceiling effects, due to the limited range in test scores.

A Neuropsychological assessment B Resting-state fMRI

O Controls
O Carriers
6.0+ B ~ Controls

~ Carriers
1504

Stroop Ill score

Mean z-value functional connectivity

Age Age
Figure 1. Relationship between age and performance on Stroop Il (higher scores represent
worse performance) (A), and mean bilateral frontoinsula connectivity with aMCC cluster from
correlation analysis (Supplementary table 3) (B).



VBM analysis revealed no significant differences in regional grey matter volume
between controls and carriers, except for a small cluster of higher grey matter
volume in the right precentral gyrus in carriers. A decline in grey matter volume
with higher age was found in widespread regions in both groups, whereas there

were no areas showing an increase in grey matter volume in either group.

TBSS analyses revealed no significant differences between carriers and controls.
Restricting the analyses to templates of the uncinate fasciculi and the forceps
minor, however, we found significantly reduced FA in the right uncinate fasciculus
in carriers compared with controls (Figure 2). Both carriers and controls showed
a negative age correlation with FA and a positive age correlation with MD and DR
in widespread regions, but only carriers showed a significant correlation between

higher age and DA increase (Supplementary table 2).

Separate analysis of GRN carriers (n = 27) versus non-carriers (n = 28) revealed no
significant differences. MAPT carriers (n = 11) showed significantly decreased FA
and increased DR in bilateral uncinate fasciculi and reduced FA in the forceps

minor compared with controls (n = 8) (Figure 3).

Carriersshowed significantly reduced functional connectivity between frontoinsula
seeds and left temporal and right occipital regions compared with controls (Figure



4A, Supplementary table 3). Moreover, lower functional connectivity between

frontoinsula seeds and aMCC and several other cortical regions correlated with
higher age in carriers, but not in controls (Figure 1B and 4B, Supplementary table
3).

Carriers showed significantly lower functional connectivity between the left aMCC
seed and left insula and surrounding structures and between the right aMCC seed
and parietal regions compared with controls (Figure 4C, Supplementary table 3).
Connectivity between the aMCC seeds and several, mainly posterior, brain regions
showed both positive and negative age correlations in carriers (Supplementary
table 3).

PCC connectivity did not differ between carriers and controls, except for
increased out-of-network connectivity of the right PCC seed with the cerebellum
and decreased connectivity of the left PCC seed with the cerebellum in carriers
(Supplementary table 3). PCC connectivity was not correlated with age.



GRN carriers showed lower functional connectivity between the frontoinsula seeds

and frontal medial cortex, paracingulate gyrus, occipital pole and lateral occipital
cortex compared with controls. Using the aMCC seeds, GRN carriers showed
a largely similar pattern of decreased connectivity as the total carrier group,
although increased aMCC connectivity with several other cortical regions was
also found. In contrast to the total carriers group, reduced connectivity between
the PCC seeds and paracingulate, middle and inferior frontal gyri, frontal orbital
cortex, and frontal pole was found in GRN carriers compared with controls.

MAPT carriers showed no significant differences in connectivity of the frontoinsula,
aMCC, and PCC seeds compared with controls.



This study demonstrates that alterations in structural and functional brain
connectivity emerge in FTD mutation carriers before the first symptoms of
dementia arise. Our findings have important implications for future clinical trials,
suggesting that DTI and resting-state fMRI could possibly be developed into
quantitative biomarkers for detecting FTD presymptomatically.

Our finding of a decline in performances on Stroop Ill, and Happé cartoons with
increasing age in carriers, but not controls, suggests that impairment on these
tasks is associated with disease activity prior to symptom onset. This is further
supported by previous observations that social cognition and executive deficits
are the earliest neuropsychological characteristics of FTD.: %3 The executive
dysfunction in carriers decades before the estimated disease onset in a previous
small study, suggesting a developmental origin of these deficits,* could not be
confirmed in the current and another® study, as we found no between-group
differences, except for lower performance on the Letter Digit Substitution Test in
carriers. Decreasing performances on TMT A and RAVLT in carriers and controls
probably reflect normal aging effects, whereas increasing scores on proverbs with
higherage are probably explained by greater familiarity with proverbs amongolder
participants. Previous studies have shown an age-related decline in Block design
performance in healthy individuals, as observed in the current control group.¢”
3 The lack of such age-related decline in the mutation carriers is in line with the
hypothesis that visuospatial functions are preserved or even enhanced in FTD.%

The FA reduction within the uncinate fasciculus in carriers compared with
controls support the hypothesis that WM damage is an early feature in the FTD
disease process, which is in line with a previous study in presymptomatic GRN
carriers.”? Reduced integrity of the uncinate fasciculus is a consistent finding in
FTD patientst™2%2" and correlates with disinhibition,? which is an early feature of
FTD.:® The lack of significant differences in MD, DA, and DR may be explained by
the lower sensitivity of these parameters compared with FA in early dementia.*

The more widespread WM changes in MAPT carriers, with involvement of bilateral
uncinate fasciculi and forceps minor, compared with the lack of DTI changes in



the GRN analysis may suggest a mutation-specific distribution of WM damage, as
the time till estimated disease onset was similar in MAPT and GRN carriers. One
previous study investigated WM changes in FTD patients with MAPT and GRN
mutations using VBM, and revealed more widespread WM changes and a faster
rate of whole-brain atrophy in GRN than MAPT carriers.®*® This may suggest that
the onset of WM degeneration is earlier in MAPT carriers, but that the progression
is faster in GRN carriers. However, the current results should be interpreted with
caution, due to the relatively small MAPT group.

The finding of lower connectivity between aMCC and frontoinsula in carriers
compared with controls and declining frontoinsula connectivity with aMCC with
higher age in carriers but not in controls corroborates findings of SN impairment
in FTD patients, since these regions are central nodes of this network.?#? The SN
plays an important role in social-emotional processing, and failing connectivity
between its central nodes may relate to the impaired social behavior typically
seen in early FTD.? The hypothesis that decreasing frontoinsula connectivity with
higher age in carriers probably reflects the disease process is further supported
by previous observations of reducing frontoinsula connectivity within the SN
with advancing disease severity in symptomatic FTD.? The lower connectivity of
FI and aMCC with posterior regions is remarkable, but corresponds to the more
generalized pattern of atrophy in GRN mutations,* " and may therefore relate to
the high proportion of GRN carriers, which is further supported by similar findings
in the separate GRN analysis.

The increased connectivity within the DMN found in symptomatic FTD probably
arises around the time of symptom onset, as this was not found in the current
and a previous study in presymptomatic FTD.®% The reduced DMN connectivity
in MAPT carriers in a recent study may be mutation-specific,” but we could not
confirm these findings. However, larger studies of MAPT carriers are needed to
further elucidate the specific alterations within this group.

The relationship between structural and functional connectivity is still subject of
discussion. Several studies have indicated a general correspondence between
the two, but functional connectivity has also been observed between regions
without direct structural connections.* Although functional connectivity changes



appeared to be more widespread than structural alterationsin the current carriers,
a direct comparison between these measures remains difficult due to large
differences in analytical methods. More studies combining these MRI techniques
are needed to further elucidate this relationship.

The observed connectivity changes in the presymptomatic stage of FTD highlight
the potential of MRI to detect disease-related changes. The starting point of
decrease in functional connectivity may represent an ideal moment to begin
future therapeuticinterventions. DTl and resting-state fMRI may have the potential
to become diagnostic tools in future clinical trials. The wide availability of MRI
scanners, lack of exposure to radioactivity and independence of task performance
are major advantages of these techniques for implementation in clinical trials.
Correlation of connectivity changes with age indicates that these tools might
also be useful in tracking disease progression. Longitudinal studies are needed
to explore these possibilities. Moreover, additional work is required to investigate
how pharmacological interventions impact functional connectivity.

Strengths of our study included the large number of participating at-risk
individuals, the extensive neuropsychological battery, and the combination of
functional and structural imaging. The major limitation was the limited number
of MAPT carriers and larger studies are needed to further investigate early changes
in this subgroup. Furthermore, it would be interesting to investigate connectivity
alterations in carriers of the recently discovered C9orf72 repeat expansion, and
compare these with MAPT and GRN carriers. Finally, cognitive and connectivity
changes with higher age are based on cross-sectional data and should be
confirmed in follow-up studies.

This study provides evidence that brain pathophysiology is disrupted in FTD
years before symptom onset and these alterations in presymptomatic FTD can be
measured with DTl and resting-state fMRI. Structural and functional connectivity
may have the potential to be developed into sensitive biomarkers in clinical trials
in presymptomatic individuals. These measures may also be sensitive to disease
progression, a hypothesis we hope to pursue in follow-up studies.
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APPENDIX
SUPPLEMENTARY METHODS

Image acquisition

T1-weighted images were acquired using the following scanning parameters:
repetition time (TR) = 9.8ms, echo time (TE) = 4.6ms, flip angle = 8°, 140 slices,
voxel size = 0.88x0.88x1.20mm. DTl was performed by means of single-shot echo
planar images with gradients applied along 60 non-collinear directions (TR =
8250ms, TE =80ms, flip angle =90°, 70 axial slices, voxel size = 2x2x2mm, total scan
time =9 minutes). For resting-state fMRI T2*-weighted images were acquired using
whole brain multislice gradient echo planar imaging: 200 volumes, TR = 2200ms,
TE =30ms, flip angle = 80°, 38 axial slices, voxel size =2.75 x 2.75 x 2.72mm + 10%
interslice gap, total scan time = 8 minutes. Participants were instructed to lie still
with their eyes closed and not to fall asleep. Finally, for registration purposes a
high-resolution echo planar imaging scan (TR = 2200ms, TE = 30ms, flip angle =
80°, 84 slices, voxel size = 1.96 x 1.96 x 2.00mm) was acquired.

Imaging analysis

For VBM analyses Tl-weighted images were brain-extracted,* tissue-type
segmented,® aligned to MNI-152 (T1 standard brain averaged over 152 subjects;
Montreal Neurological Institute, Montreal, QC, Canada) standard space,®*# and
nonlinearly registered to each other.#2" A study-specific template was created
and native grey matterimages were non-linearly re-registered to this template. The
registered partial volume images were modulated to correct for local expansion
or contraction by dividing by the Jacobian of the warp field. These images were
smoothed with an isotropic Gaussian kernel with a sigma of 3 mm. 5%

DTl scans were corrected for movement and eddy currents correction by aligning
images to the b0 volume using FMRIB Diffusion Toolbox. The diffusion tensor
model was fitted at each voxel using DTIFIT to create fractional anisotropy (FA)
images. These image were subsequently brain-extracted.®?? Voxelwise statistical
analysis of the FA data was carried out using tract-based spatial statistics.= All
FA images were nonlinearly aligned to MNI-152 standard space, using the most
representative “target” image.*?’" The mean FA image was created from these




individual FAimages, which was thinned to create a mean FAskeleton, representing
the centres of all white matter tracts common to the group. Individual FA data
were then projected onto this skeleton, resulting in skeletonised FA data for each
subject, which were fed into voxelwise statistics. Applying spatial transformation
parameters that were estimated in the FA analysis similar analyses were run on
mean (MD), axial (DA) and radial (DR) diffusivity images.

The following pre-processing steps were applied to resting-state fMRI scans:
motion correction using MCFLIRT,** removal of non-brain structures,® spatial
smoothing using a Gaussian kernel of 6 mm full-width at half-maximum, grand-
mean intensity normalization of the entire 4D dataset by a single multiplicative
factor, and high pass temporal filtering (0.01Hz cut-off). The fMRI volumes were
registered to the individual’s high resolution echo planar images, which were
registered to the corresponding T1-weighted images, which in turn were registered
to MNI-152 standard space images and subsequently registration matrices were
combined to transfer fMRI results to MNI space.®+%



STRUCTURAL AND FUNCTIONAL BRAIN CONNECTIVITY INPRESYMPTOMATIC FTD

SUPPLEMENTARY TABLES

Supplementary table 1. Correlation between neuropsychological performance and age in
controls and mutation carriers.

Neuropsychological test Controls Mutation carriers
Adjusted Adjusted

R B p-value R p-value
Attention and executive functions
Digit span -0.027 0.044 0.798 -0.005 -0.145 0377
Proverbs 0.067 0.306 0.069 0.121 0.380  0.017
Similarities -0.021 -0.090 0.602 -0.016 -0.101  0.539
TMT A" 0.085 0.334 0.047 0.280 0.547  <0.001
TMT B* 0.014 0.205 0.230 0.040 0.256 0.115
Stroop I* 0.024 0.227 0.182 -0.001 0.160 0.330
Stroop II* 0.025 0.231 0.176 0.036 0.247 0.129
Stroop III* 0.007 0.188 0.271 0.255 0.524  0.001
Categorical fluency -0.028 0.039 0.820 0.069 -0.305  0.059
Letter fluency -0.029 0.017 0.920 -0.027 0.006 0.972
WCST concepts -0.028 0.040 0.817 0.061 -0.292  0.071
LDST 0.044 -0.268 0.114 0.073 -0.312  0.053
Memory
Orientation 0.018 0.215 0.207 -0.016 -0.101  0.540
RAVLT total 0.100 -0.354 0.034 0.187 -0.457  0.003
RAVLT recall 0.128 -0.391 0.018 0.110 -0.365  0.022
RAVLT recognition -0.015 -0.119 0.490 -0.012 -0.119 0470
RBMT immediate -0.005 -0.155 0.366 0.118 -0.376  0.018
RBMT delayed 0.031 -0.242 0.155 0.115 -0.372  0.020
VAT 0.036 -0.251 0.139 0.004 -0.173  0.292
Language
BNT -0.028 -0.031 0.856 -0.026 -0.027  0.872
SAT verbal 0.047 -0.273 0.108 0.051 -0.276  0.089
SAT nonverbal -0.022 -0.088 0.615 0.039 -0.256  0.126
Screeling -0.029 -0.014 0.935 -0.025 0.044 0.790
Visuospatial
Royall clock -0.002 -0.163 0.342 -0.026 -0.023  0.889
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Cube copying -0.023 -0.079 0.649 0.070 0.308 0.057
Block design 0.113 -0.372 0.026 -0.004 -0.154  0.362
Social cognition
Ekman faces 0.049 -0.276 0.103 0.060 -0.292  0.072
Happé Cartoons 0.044 -0.266 0.116 0.104 -0.358  0.025
Faux pas 0.104 -0.360 0.031 0.048 -0.271  0.095
*Higher test scores represent worse performance.
Para- . Size Minimum
Region XV, Z
meter (voxels) p-value
FA Negative Forceps minor 24167 -9,48,-15 0.001
age
correlation | Uncinate fasciculus L
in
controls Inferior fronto-occipital fasciculus
L+R
Anterior thalamic radiation L+R
Forceps major
Superior longitudinal fasciculus
L+R
Body corpus callosum
Splenium corpus callosum
Cingulum L+R
Inferior longitudinal fasciculus L+R
Corticospinal tract L+R
Superior longitudinal fasciculus R 827 33,11,2 0.034
Inferior fronto-occipital fasciculus
R
Inferior longitudinal fasciculus R
Uncinate fasciculus R
Inferior longitudinal fasciculus L 637 -108 0.043
Inferior fronto-occipital fasciculus L
Forceps major
Inferior fronto-occipital fasciculus L 427 -36,-38, 3 0.039

Inferior longitudinal fasciculus L

Superior longitudinal fasciculus L
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MD

Negative
age
correlation
in

carriers

Positive age
correlation
in

controls

Positive age
correlation
in

carriers

Inferior longitudinal fasciculus L 163 -34,-73,19

Inferior fronto-occipital fasciculus L

Superior longitudinal fasciculus L 107 -42,-53,7
Inferior longitudinal fasciculus R 57 54,-22,-15
Inferior longitudinal fasciculus R 47 28,-18, -6
Inferior fronto-occipital fasciculus L 31 -48

Superior longitudinal fasciculus L 11 -41,-41,28
Inferior longitudinal fasciculus R 3 43,-22,-16
Forceps minor 49417 -9,54,-13

Superior longitudinal fasciculus
L+R
Inferior longitudinal fasciculus L+R

Cingulum L+R
Corticospinal tract L+R
Uncinate fasciculus L+R

Inferior fronto-occipital fasciculus
L+R
Anterior thalamic radiation L+R

Forceps major

Fornix

Body corpus callosum

Splenium corpus callosum

Forceps minor 2032 11,22,20

Body corpus callosum

Anterior thalamic radiation L
Inferior fronto-occipital fasciculus L
Forceps minor 43853 12,34,4

Superior longitudinal fasciculus
L+R
Inferior longitudinal fasciculus L+R

Cingulum L+R
Corticospinal tract L+R
Uncinate fasciculus L+R

Inferior fronto-occipital fasciculus
L+R

0.046

0.046
0.047
0.047
0.048
0.048
0.050
<0.001

0.024

<0.001
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DA

DR

Positive age
correlation
in

carriers

Positive age
correlation
in

controls

Anterior thalamic radiation L+R

Forceps major

Fornix

Body corpus callosum

Splenium corpus callosum

Superior longitudinal fasciculus L 30 -41,-58,17
Superior corona radiate L+R 16507 25,6,29

Superior longitudinal fasciculus
L+R
Corticospinal tract L+R

Forceps minor

Body corpus callosum
Splenium corpus callosum
Fornix

Cingulum L+R

Anterior thalamic radiation L+R

Inferior fronto-occipital fasciculus
L+R
Inferior longitudinal fasciculus R

Uncinate fasciculus R
Forceps minor 12951 4,26,13

Uncinate fasciculus L

Inferior fronto-occipital fasciculus
L+R
Cingulum L

Anterior thalamic radiation L+R

Superior longitudinal fasciculus
L+R
Body corpus callosum

Splenium Corpus callosum
Corticospinal tract R
Superior longitudinal fasciculus R 1904 53,2,16

Inferior fronto-occipital fasciculus
R
Anterior thalamic radiation R

0.048
0.002

0.004

0.030
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Inferior fronto-occipital fasciculus 8 50,27, 10 0.050
R
Positive age | Forceps minor 54685 -28,27,-14 <0.001
correlation | Superior longitudinal fasciculus
in L+R
carriers Inferior longitudinal fasciculus L+R
Cingulum L+R

Corticospinal tract L+R
Uncinate fasciculus L+R

Inferior fronto-occipital fasciculus
[+R
Anterior thalamic radiation L+R

Forceps major
Fornix
Body corpus callosum

Splenium corpus callosum

Supplementary table 3. Clusters of significant differences in functional FI, aMCC, and PCC
connectivity between mutation carriers and controls and clusters of significant correlation
between Fl, aMCC, and PCC connectivity and age in mutation carriers.

Region Size XY,z Z-max
(voxels)
Right Fl seed Carriers < Lingual gyrus R 715 12,-82,-6 3.84
controls

Occipital fusiform gyrus R

Lateral occipital cortex R
Bilateral FI Carriers < Middle temporal gyrus L 546 -106 3.77
seeds controls

Temporal fusiform

cortex L

Parahippocampal gyrus L

Hippocampus L

Negative age Frontal pole 1005 -18,48,28 3.78
correlation in Paracingulate gyrus

carriers Anterior midcingulate

gyrus
Lateral occipital cortex R 742 28, -64, 30 4.43

Precuneus
Superior parietal lobe R
Posterior cingulate cortex
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Left aMCC seed

Right aMCC seed

Bilateral aMCC
seeds

Left PPC seed

Right PCC seed

Carriers <
controls

Positive age
correlation in
carriers
Carriers <
controls

Negative age
correlation in

carriers

Negative age

correlation in
controls

Negative age
correlation in

carriers

Carriers <
controls
Carriers >
controls

Inferior frontal gyrus L

Insula L

Frontal orbital cortex L
Frontal operculum
cortex L

Middle frontal gyrus L
Lateral occipital cortex L
Postcentral gyrus L
Supramarginal gyrus L
Superior parietal lobe R

Precuneus

Angular gyrus R

Lateral occipital cortex R
Supramarginal gyrus R
Lateral occipital cortex L
Postcentral gyrus L
Superior parietal lobe L
Temporal fusiform
cortex L

Lingual gyrus L
Occipital fusiform cortex
L

Putamen L

Putamen L

Brainstem

Lingual gyrus L
Superior frontal gyrus R
Precentral gyrus
Supplementary motor
cortex

Cerebellum

Cerebellum

683

1889

553

1287

1110

832

1305

449

491

-42,26,12

-16, -68, 46

28,-24,32

-14,-74,50

-86

-58

22,-2,68

-78

-78

4.0

4.14

3.45

447

4.17

4.0

4.94

3.7

L, left; R, right
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Objective: Frontotemporal dementia (FTD) can be caused by mutations in
microtubule-associated protein tau (MAPT), progranulin (GRN), or C9orf72. In
light of upcoming trials with disease-modifying agents, sensitive biomarkers to
detect early FTD and track disease progression are crucial. Here we investigated
neuropsychological and imaging alterations over two years in a cohort of
presymptomatic mutation carriers.

Methods: Healthy carriers of MAPT or GRN mutations and related non-carriers
underwentneuropsychological assessmentand MRl at baselineand twoyears later
in this longitudinal case-control study. Grey matter volume, white matter integrity,
and functional connectivity were analyzed using voxel-based morphometry, tract-
based spatial statistics, and seed-based analyses, respectively.

Results: Longitudinal analyses revealed a significant decline in executive and
social cognition tasks, stronger right insular atrophy, and stronger white matter
impairment in the uncinate fasciculus over time in carriers within five years
before estimated symptom onset compared to controls. Two mutation carriers
converted to clinical FTD during follow-up, and showed the strongest white
matter impairment already at baseline and the most severe grey matter atrophy
over time. Carriers differed from controls regarding longitudinal alterations in
frontoinsula and posterior cingulate functional connectivity.

Conclusions: We demonstrated longitudinal changes in neuropsychological
test performance, grey matter volume, white matter integrity, and functional
connectivity in presymptomatic FTD. This study suggests that DTI might provide
a baseline predictor for disease conversion, and that the first DTI changes might
serve as a sensitive biomarker for future therapeutic trials.
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INTRODUCTION

Frontotemporal dementia (FTD) is a neurodegenerative disorder, characterized
by behavioral and language problems.t Autosomal dominant forms are caused
by mutations in the microtubule-associated protein tau (MAPT), progranulin (GRN),
and C9orfr2 genes.** Improved insight into the disease process enables the
development of disease-modifying agents.® The presymptomatic stage offers a
unique time window to evaluate such agents at a time of minimal brain damage.®
Therefore, sensitive biomarkers for presymptomatic FTD are crucial.

Various MRI techniques are increasingly recognized as potential biomarkers in the
earliest stage of FTD. First, a recent international cross-sectional study of familial
FTD showed grey matter (GM) atrophy approximately ten years before expected
symptom onset.® Second, frontotemporal white matter (WM) impairment is
consistently detected in clinical and presymptomatic FTD using diffusion tensor
imaging (DTI),”** and was shown to be more widespread than GM atrophy.” & *2
Third, reduced functional connectivity within the salience network was found using
resting-state fMRI in FTD*% and presymptomatic mutation carriers.® Therefore,
these imaging techniques might provide sensitive biomarkers for future clinical
trials. However, longitudinal studies of these MRI techniques in presymptomatic
FTD are lacking to date.

In the current study we examine longitudinal alterations in neuropsychological
performance, GM volume, WM integrity, and functional connectivity in
presymptomatic MAPT or GRN mutation carriers. The objectives of the study are
twofold: (1) to determine the predictive value of baseline measures for conversion
to clinical FTD, and (2) to investigate longitudinal alterations in mutation carriers
compared to controls and their relationship with expected symptom onset.

METHODS

Subjects

Healthy first-degree relatives of patients with FTD due to a MAPT or GRN mutation
underwent extensive neuropsychological assessment (see Appendix) and MRI at
baseline (May 2011-March 2011) and two-year follow-up (June 2012-April 2013).
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DNA of all subjects was screened for MAPT and GRN mutations at baseline,*
resulting in a group of presymptomatic mutation carriers and a control group. We
had longitudinal neuropsychological data for 77, T1-weighted images for 74, DT
for 64, and resting-state fMRI for 70 participants (see Appendix). For all measures
we investigated differences between carriers and controls in change over time,
group differences in association with expected onset age, and we evaluated
single-subject data. Expected onset age (AAO) was defined as the mean AAO of
all affected persons per family (Figure 1). Participants were categorized into four
groups: less than five (n =32), five to ten (n = 17), ten to fifteen (n = 14), or more than
fifteen (n=15) years younger than their expected AAO. Conversion to symptomatic
FTD was defined as the presence of behavioral or language symptoms as reported
by informants in combination with cognitive deficits in at least two cognitive
domains at neuropsychological assessment.

Standard protocol approvals, registrations, and patient consents
All participants provided written informed consent. Approval for the study was
obtained from the local ethics committee.
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Figure 1. Age of symptom onset in MAPT and GRN mutation carriers. Age of symptom onset for
affected family members of the current study participants per family. MAPT mutations: G272V,
L315R, P301L, S320F; GRN mutations: GIn125X, Ser82fs, Val411fs.



We acquired baseline and follow-up whole-brain anatomical, DTI, and resting-
state fMRI scans.” We used FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk)
for all imaging analyses.®* T1-weighted scans were preprocessed using FSL-VBM.?
Individual maps of DTl measures fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (DA), and radial diffusivity (DR) were acquired using tract-based
spatial statistics.” Follow-up GM volume images and DTl maps were subtracted
from their baseline maps, yieldingimages of change over time for each participant.
Longitudinal comparisons between carriers and controls were performed by
means of permutation-based testing using 5,000 permutations, applying a two-
sample t-test with age and gender as covariates (statistical threshold p < 0.05,
corrected for multiple comparisons using family-wise error corrected threshold-
free clusterenhancement).2 Subsequently, we extracted GM volume per subject for
the bilateral insula, anterior (ACC) and posterior cingulate cortex (PCC), according
to the Harvard-Oxford cortical structural atlas, and mean individual DTl values for
the bilateral uncinate fasciculus and forceps minor and major using the JHU DTI-
based WM atlas to investigate group differences in association with expected AAO,
and to explore individual data.®** For resting-state fMRI analyses, we used a seed-
based approach in FMRI expert analysis tool (FEAT) using seeds in the anterior
midcingulate cortex (aMCC), frontoinsula and PCC.° For group comparisons of
functional connectivity change over time, we used a full paired t-test design with
age, gender, and voxel-wise GM volume as covariates. Z-statistic images were
thresholded using clusters determined by an initial cluster-forming threshold Z
>2.3 and a corrected cluster significance threshold of p < 0.05.¢° Subsequently,
we investigated group differences in association with estimated AAO, and at the
individual level.

We analyzed demographicfeaturesusingindependentsamples t-testsand Pearson
X’ tests in SPSS 21.0 for Windows (SPSS, Chicago, IL), applying a significance level
of p < 0.05. Raw baseline and follow-up neuropsychological test results were
analyzed using analyses of covariance, with age, gender, and level of education®!
as covariates. Repeated measures analyses of covariance, with similar covariates,
were used forthe longitudinal neuropsychological assessments. Group differences
with regard to estimated AAO were analyzed using independent samples t-tests.



Mutation carriers (n =40) and controls (n = 37) did not differ in age, gender, interval
between baseline and follow-up visits, level of education, and scores on Mini-
Mental State Examination and Beck Depression Inventory (Table 1). The mean
baseline age was 53.6 years for GRN, and 43.5 years for MAPT carriers, which was
respectively 7.2 + 7.5 and 6.7 £ 10.0 years younger than their expected AAO. Nine
mutation carriers (six GRN, three MAPT) were already older (range 0.4 - 14.8 years)
than their expected AAO at baseline.

Supplementary table 1 shows raw baseline and follow-up neuropsychological
results. At both baseline (p = 0.047) and follow-up (p = 0.007), carriers performed
worse on the LDST than controls. According to their relatives, one MAPT and one
GRN carrier converted into symptomatic FTD during follow-up. The MAPT carrier
presented with disinhibition, and the GRN carrier with apathy and loss of initiative.
Their follow-up neuropsychological assessments confirmed the diagnosis of
behavioral variant of FTD. The MAPT converter declined significantly on tests for
divided attention, emotion recognition (all = 2 standard deviations (SD) below
the group mean), executive function, theory-of-mind, fluency, and abstract
reasoning (all= 1 SD below mean). The GRN converter showed a significant decline
concerning tests for divided attention, executive function, emotion recognition (all
>2 SD below mean), fluency, abstract reasoning, and perceptual organization (all
>1 SD below mean).

Longitudinal group differences between carriers and controls were found for
Happé cartoons total (p = 0.047) and non-theory of mind (p = 0.025). Carriers <
5 years to their expected AAO showed a significant decline over time on WCST
concepts (p =0.044), Ekman faces ‘fear’ (p = 0.019) and Happé non-theory of mind
(p=0.022), whereas controls significantly improved. This remained significant for
Ekman ‘fear’ (p = 0.045) after excluding the two converters. The other subgroups
showed no significant longitudinal differences between carriers and controls.



LONGITUDINALBRAIN CHANGES INPRESYMPTOMATICFTD

‘109[gns suo

Ul SUISSIW aJe $21005 |dg PUB SN 1= (989]]00 |e21uyDa) 10 AYSIaAlUN) J 0} (Jooyds Aleyuswale ueyy ssa)) T woij Suidues s)eds jujod-/ yoIng e uo paujwisidp sem

UOIIBINP? JO |9ASTE "UOREINW (W) NDI Uj210Jd Pa3nId0SSD-9]NGNI0IIIW € dARY SIa1lied uofeInw Suluieway | 's3algns jo aSejusdiad Jo S F Ueaw a10Uap sanjep

9L 0 TEFe0 8CF0°0 610 6°¢+9°0 €CFE0- 8160 sI'EFE0 e 0 9.,°0 TEFe0 9¢FT0 a-nviag
1180 TVv+CE 9EFE 90 Tv+0°€ 9'e€Fq'E SeL0 sIVFTE SEFrE 9.0 0V+T'E 0¥+L'E 2121035 g9
9600 9T+50 y1+1°0- LyT0 ST+70 ¥ T+1°0- 8900 §9'TFS0 ET+C0- €9T°0 8T+E0 STFT0- a1V IS
75€°0 8T+8'8C  €T+C6C 6¢S°0 8T+6'8C ¥ IFT'6C G9GeE0 8’ TF88C  €TFC6C 8C0 8T¥8'8C  €T+C6C C12J02S IS
tuonpoNpa
910 0'T¥9°9 0'T+¢'S ¢ST0 TT+99 0'T+¢'S 8,00 0'T+9°9 TT+¢S 8070 0'T¥9'9 TT+CS JO 29T
- %89 - - %EL - - %0L - - %0, - Luonoinw Ny9
€50 %19 %¢ES €90 %8S %¢S 880 %09 %05 1920 %8S %S SojbwaH
A “T1195U0
wodwiAs pardadxa
¥88°0 8¥0.L 8'8¥¢L ¥59°0 9'/¥0'8 8'8¥T'L 0060 T8¥¢L 6'8%GL ¥€G0 '8¥89 7'6¥1'8 o) SIDSA
000 T0¥CC T0¥EC 6610 T0¥CC T0¥EC 06€°0 T0¥CC T0FEC 8¢6°0 €0Fr'C [Aa A A71-13 Jorisu)
01,0 0'0T#7°0S €0TF¥FETS | 9050 6'6¥L'6v ¥OTFF'IS | 85980 86705 E€TTIFL0S| TI80 €0T+9°0G GTIF¥00S ATy 9by
(ge=u) (ce=u) (ee=u) (re=u) (0p=u) (pe=u) (0r=u) (2€=u)
anjpA-d anjpA-d anjpA-d anjoA-d
SILUD)  S]0U0D SIS1UD)  S]0.U0D) SI31UD)  S]0SU0D) SI3LUDD)  S]0S3U0D)
3]qDJIDAD

3]GDJIDAD SUDIS [y 2101S-DuIsay

3]qDJIDAD SUDIS (1]

3]GDJIDAD SUDIS [YW PaIYDIM-T |

p30p |031b0jOYIASdo.IN3N

sainjesj oiydes3owaq ‘T 9)qeL

141



Mutation carriers < 5 years prior to their expected AAO showed a significantly
stronger longitudinal decline in right insula volume (p = 0.025), and a significantly
smaller right insular volume at follow-up (p = 0.025) than age-matched controls.
Unexpectedly, carriers < 15 years prior to expected AAO had larger ACC volumes
than controls at baseline and follow-up (p = 0.06 and p = 0.023, respectively), and
PCCvolumewas largerin carriers 5- 10 and < 15 years younger than their estimated
AAO than controls (p = 0.039 and p = 0.032) at baseline. There were no significant
longitudinal differences between the total group of carriers and controls.

The two converted carriers, together with one asymptomatic carrier, showed the
lowest right insula volume at baseline (= 2 SD below mean), and one also had the
lowest ACC volume (> 3 SD below mean) (Figure 2A). Moreover, both converters
showed the strongest GM volume decline in the right insula, ACC, and PCC during
follow-up (=2 SD above mean), and the lowest volumes in these areas at follow-up
(= 2 SD below mean). Without the two converters, the stronger longitudinal right
insular atrophy was still significant (p = 0.033), with a trend for smaller right insula
volume at follow-up (p =0.066).

DR within the left uncinate fasciculus increased significantly more in carriers <5
years of their estimated AAO than controls (p = 0.039), whereas the total group of
carriers showed no longitudinal difference compared to controls. Carriers <5years
prior to their estimated AAO also showed significantly lower FA (p = 0.043) and
higher DR (p = 0.040) in the right uncinate fasciculus at baseline and significantly
higher DA (p =0.036) and MD (p = 0.035) in the forceps minor at follow-up.

The two converters showed the lowest FA measures at baseline in the bilateral
uncinate fasciculi and the forceps minor; this was most apparent for the right
uncinate fasciculus (>3 SD below mean) (Figure 2B). At follow-up, these differences
were even more pronounced (> 3 SD below mean for all abovementioned tracts)
for one of the converters (follow-up DTI missing for the other converter due to
premature termination of the scanning session). The other DTI measures showed
similar individual findings for the right uncinate fasciculus and forceps minor,
albeit less clear-cut than for FA. Without the two converters, the abovementioned
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group differences were no longer significant, although there were still trends for
stronger longitudinal DR increase in the left uncinate fasciculus and higher DA (p =
0.075) and MD (p = 0.092) in the forceps minor at follow-up (p = 0.080).

The total group of carriers showed a stronger longitudinal decrease in functional
right frontoinsula connectivity with the right dorsal insula and surrounding
structures compared with controls (Figure 3A, Table 2). This difference was
significant for all carriers < 15 years before their estimated AAO (< 5 years p =
0.003; 5 - 10 years p = 0.015, 10 - 15 years p = 0.018). Conversely, carriers showed
significantly less decrease in frontoinsula connectivity with left subcortical
structures compared with controls, which also was significant for all carriers < 15
years prior to estimated AAO (<5 years p=0.004; 5- 10 years p = 0.025, 10 - 15 years
p = 0.04). We found no group differences in longitudinal aMCC seed connectivity.
PCC connectivity with the right parietal cortex and frontoinsula connectivity with
left subcortical structures showed a significantly stronger longitudinal decline in

controls than carriers, (Figure 3B, Table 2), which was most significant for subjects
<5 years before their estimated AAO (p <0.001).

Separate analyses for MAPT and GRN mutation carriers revealed no significant
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differences compared to controls in grey matter volume, white matter integrity or
functional connectivity.

In this first longitudinal neuropsychological and MRI study in presymptomatic FTD
we found 1) a decline in complex executive functioning and social cognition in
carriers < 5 years before their estimated AAO; 2) a stronger right insular GM loss
over time in this same group, most pronounced in the two mutation carriers who
converted to clinical FTD during follow-up; 3) a stronger longitudinal WM integrity
reduction of the left uncinate fasciculus, and right uncinate fasciculus impairment
at baseline in carriers < 5 years prior to AAO, most severe in the two converters
already at baseline; 4) longitudinal frontoinsula and PCC functional connectivity
differences in the total group.

In line with previous research showing neuropsychometric changes before
clinical disease onset,”* #?5 the current presymptomatic carriers showed a
significant decline over time in social cognition and complex executive functions.
Impairments in these domains are consistent findings in symptomatic FTD, and
are thought to underlie core diagnostic behavioral features.”?" Our finding of the
most marked changes <5 years before clinical onset corresponds to recent results
from a large international study,® and underlines the notion that detection of
social and executive deficits is particularly useful for diagnosis during the earliest
disease stages,”® and that these tasks should be incorporated in the standard
neuropsychological battery. This is the first study investigating social cognitive
dysfunction in presymptomatic FTD. Evidence of early deficits in emotion
recognition has also been found in preclinical Huntington’s disease (HD), showing
disproportionate impairment in recognition of negative emotions.?? Consistent
with the present results, poorer recognition of fearful faces was found in HD gene
carriers, which has been associated with right insular atrophy, confirming the role
of the insula in emotion recognition.*3!

The finding of longitudinal atrophic changes in the right insula in carriers < 5 years
before AAO is in line with disease-specific atrophy in presymptomatic Alzheimer’s
disease and HD.*** The insula plays an important role in cognition, emotion



regulation and behavior, and serves as a major hub within the salience network,
which is affected in early FTD.**?° Moreover, the insula was recently found as the
first atrophied region in asymptomatic FTD carriers ten years before symptom
onset.® Interestingly, we found the strongest decline in insula volume in the two
converters, indicating that after very subtle insular atrophy occurring years before
symptom onset, atrophy strongly accelerates shortly before clinical disease
manifestation, in line with findings in presymptomatic HD.*

The finding of the strongest ACC and PCC atrophy in the converters is in line with
the study by Rohrer et al,* showing that cingulate atrophy starts around symptom
onset. The ACC has consistently been found to be affected early in FTD, whereas
PCC atrophy has mainly been associated with GRN and not MAPT mutations.*
However, our study shows very early PCC atrophy in both subgroups.

Our observation of longitudinal WM integrity loss in the left uncinate fasciculus
in carriers < 5 years before expected onset corresponds to previous findings that
uncinate fasciculus impairment most accurately differentiates FTD patients from
controls.” This tract connects the orbitofrontal cortex and anterior temporal lobe,
and is involved in several aspects of memory, language, and social-emotional
functioning.® The finding of the lowest FA values in bilateral uncinate fasciculi and
forceps minor at baseline in the two converters is of particular interest. As none
of the other carriers showed similar values, and subgroup differences were no
longer significant without the converters, these changes probably shortly precede
the onset of symptoms. This implies that DTl could provide an individual baseline
predictor of symptom onset.

Our baseline study revealed widespread WM impairment in MAPT carriers, and no
significant differences in GRN carriers, leading us to suggest possible mutation-
specific damage.” However, based on the lack of differences in the current
subgroup analyses, and the individual findings, we now assume that our baseline
results in the smaller MAPT subgroup were largely driven by the converted carrier.
Future studies are needed to define the mutation-specific distribution of DTl
changes.

The present DTl results are similar to findings of presymptomatic WM changes in
Alzheimer’s disease and HD,* %3 although DTI changes in AD and HD were not



foundto have predictive value regarding disease conversion, asin our study. Axonal
damage secondary to neuronal loss has been suggested to explain DTI changes
in FTD. However, strongly reduced WM integrity at baseline in our converters, in
absence of apparent GM atrophy suggests that WM is primarily involved in the
pathological process. Accordingly, WM impairment has consistently been shown
to exceed the distribution of GM atrophy in FTD."%* Therefore, it can be assumed
that DTl alterations directly reflect pathological changes within the WM, consistent
with previous pathological studies.”

Our finding of reduced longitudinal functional connectivity between the right
frontoinsula and temporal regions corroborates previous findings of salience
network impairment in FTD.*% This finding was significant for carriers < 15 years
before symptom onset, underlining that this network is affected at a very early
stage. Reduced salience network connectivity is highly consistent across sporadic
and genetic FTD and has been shown to correlate with disease severity.!> '
However, the fact that functional connectivity values of the two converters were not
distinct from the other carriers may indicate that the decline in salience network
connectivity starts long before symptom onset, but does not clearly accelerate
when approaching symptom onset. Increased connectivity between the PCC and
right parietal lobe corresponds to the finding of enhanced default mode network
connectivity in FTD patients, although this finding was less consistent across
studies. 1640

The question whether the FTD disease process has a gradual progression, or a
more explosive nature of neurodegeneration, is still subject to debate. The current
resting-state fMRI results favor the former, since differences were already found
fifteen years before expected symptom onset. However, the strong decline in WM
integrity and GM volume in the two converters is suggestive of a more explosive
disease acceleration when approaching symptom onset. This information is
important for future clinical trials, in which VBM and DTl could be used to measure
effects of therapy at the individual level in the earliest phase of FTD. Moreover,
DTl seems to provide a predictor of conversion into symptomatic disease.
Therefore, the time at which detectable DTI changes appear, might be the ideal
time point to start a therapy in presymptomatic carriers in order to halt further
neurodegeneration and thereby prevent clinical disease manifestation.
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Strengths of the current study include the longitudinal design and the multimodal
approach. Animportant methodologicalissueisthe use of mean onset age withina
family as expected AAO. One might question whether this provides more predictive
value with regards to symptom onset than current age, as AAO largely varies within
families: some children were even affected before their parents, and several of the
current healthy carriers are already older than expected AAO. A major drawback
of this study is the low number of converters, hampering sample-size estimation
for therapeutic trials. Our ongoing follow-up study will probably enable this and
allow us to draw firmer conclusions about the current findings. Finally, the current
subgroups were too small to define mutation-specific presymptomatic changes. It
will be interesting to investigate this in larger future studies, also including C9orf72
carriers.

To conclude, in this study we found presymptomatic brain changes using VBM,
DTI, and resting-state fMRI. Our data suggest that DTI might provide a sensitive
predictor for conversion into symptomatic FTD, and that VBM and DTI can detect
disease progression in the presymptomatic disease stage at the individual level,
thereby providing powerful biomarkers for therapy-effects in future clinical trials.
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APPENDIX
SUPPLEMENTARY METHODS

Subjects

At baseline 79 subjects were included, of whom one was unwilling to continue in
the study at follow-up, one was unable to undergo follow-up neuropsychological
assessment and two others refused the second MRI scan. Moreover, the follow-up
MRI session was terminated prematurely by two subjects, resulting in a missing
resting-state fMRI scan and two missing DTl scans. Furthermore, two subjects
had major motion artefacts on their baseline MRI scans, and three subjects were
excluded from resting-state fMRI analyses and eight from DTl analyses because of
large artefacts on the follow-up scans. This resulted in neuropsychological data
for 77 subjects, appropriate T1-weighted images for 74 participants, DTI for 64,
and resting-state fMRI for 70 participants.

Neuropsychological assessment

All participants were screened at baseline and follow-up with the Mini-Mental
State Examination (MMSE), the Beck Depression inventory (BDI), and an extensive
neuropsychological assessment including the Dutch version of the Rey Auditory
Verbal Learning Test (RAVLT), Visual Association Test (VAT), WAIS Il subtests digit
span, similarities, and block design, Trailmaking Test (TMT), Stroop colour-word
test, categorical and letter fluency, modified Wisconsin Card Sorting Test (WCST),
Letter Digit Substitution Test (LDST), Boston Naming Test (BNT), Semantic
Association Test (SAT), ScreeLing phonological, clock drawing (Royall), Ekman
faces, and Happé Cartoons.?
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SUPPLEMENTARY TABLE

Supplementary table 1. Neuropsychological performance

Controls (n=37)

Carriers (n=40)

Domain, test Baseline  Follow-up ~ Baseline  Follow-up
Language
BNT 53.5+4.2 55.5+3.7 54.6+4.0 55.6+4.4
SAT 27.8+1.4 28.3+1.3 27.5%1.9 28.1+1.6
Categorical fluency - animals 24.05.0 24.7+6.5 23.86.1 23.9+5.3
Categorical fluency -occupations 17.5+4.4 17.945.0 17.645.0 18.1+4.5
Letter fluency 32.589.8  39.8+14.1 36.1+12.2  40.8+14.9
Screeling phonological 23.5+0.8 23.7+.7 23.8+0.4 23.9+0.3
Memory
RAVLT learning 42.4+9.9 50.1+8.7 46.1+#10.3  51.6+10.0
RAVLT recall 8.413.2 10.4+2.6 9.3+35 10.9+3.2
RAVLT recognition 28.542.1 29.8+4.6 29.1£1.5 29.2+¢1.2
VAT 11.8+0.6 11.9+0.3 11.5¢1.2 11.6£1.0
Digit Span 14.7+3.5 15.3+3.3 15.6+3.6 15.8+4.1
Attention, mental speed and executive function
TMTA 32.0£15.3  30.9+13.0 31.24¢11.8  31.1#11.1
TMT Bf 68.5+29.7  70.6£35.0  70.9+39.6  71.2+38.0
Stroop card | 47.0+8.2 47.7+8.5 45.0+8.6 45.2+8.0
Stroop card Il 58.8+10.8  59.1#11.1  59.7+12.0  59.1+11.8
Stroop card Il 94.0£23.0  92.94245  94.8424.6  92.8424.4
WCST concepts 5.5+0.9 53%1.6 57+0.8 54+1.3
- perseverative errorst 1.0+1.6 0.9+1.5 1.442.5 8+1.5
- non-perseverative errorst 6.65.0 4.0£2.8 4.6£3.7 3.6£2.7
LDST 34.5£7.0 34.848.3 33.246.6 32.446.3
Visuospatial and -constructive function
Block Design 36.7£14.3  39.4+13.7  34.2+15.1  36.9+14.6
Clock drawing 12.5+1.4 12.9+1.1 12.2+1.6 12.9+0.8
Social cognition
Ekman faces (total) 45.6+6.6 46.6+6.4 47.045.7 47.5+45.8
-anger 7.8+2.1 8.1+2.1 8.6+1.7 8.3+1.8
- disgust 6.5+2.7 7.242.5 6.7+2.2 74422
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- fear 5.8+2.5 6.142.3 6.5+2.3 6.2+2.4
- happiness 9.9+0.3 9.9+0.3 9.9+0.3 9.9+0.3
-sadness 6.8+1.9 6.8+2.0 6.7£2.0 6.8+1.8
- surprise 8.8+1.6 8.4+1.3 8.6+1.3 8.9+1.2
Happé cartoons (total) 23.3+5.7 25.3+5.7 25.545.3 25.7+5.9
-TOM 11.7+3.4 12.6+3.2 12.7+3.4 13.1+3.5
-non-TOM 11.7+¢2.9 12.742.7 12.8+2.8 12.6+2.9
Similarities 24.7+4.8 25.145.2 25.9+4.7 26.1+4.8

Values denote mean + SD. tScores were log-transformed due to non-normality.
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Introduction: Frontotemporal dementia (FTD) is characterized by behavioral
disturbances and language problems. Familial forms can be caused by genetic
defects in microtubule-associated protein tau (MAPT), progranulin (GRN), and
C9orf72. In light of upcoming clinical trials with potential disease-modifying
agents, the development of sensitive biomarkers to evaluate such agentsis crucial.
Presymptomatic carriers of the abovementioned genetic defects provide an ideal
study population to investigate biomarkers in the earliest stage of the disease. In
the current study we used longitudinal arterial spin labeling in presymptomatic
carriers of MAPT and GRN mutations to investigate the earliest changes in cerebral
blood flow.

Methods: Healthy first-degree relatives of patients with a MAPT or GRN mutation
underwent arterial spin labeling MRI at baseline and follow-up after two years. We
investigated cross-sectional and longitudinal differences in cerebral blood flow
between mutation carriers (n = 34) and controls without a mutation (n =31).
Results: We found no cross-sectional group differences in cerebral blood flow
between mutation carriers and controls. However, mutation carriers showed a
significantly stronger decrease in cerebral blood flow in frontal, temporal, parietal,
and subcortical areas over time, which was most significant for mutation carriers
in close proximity to their estimated symptom onset. Moreover, when restricting
cross-sectional analyses to these areas, we found lower cerebral blood flow in
carriers compared with controls at follow-up.

Conclusion: We demonstrated longitudinal alterations in cerebral blood flow
in presymptomatic carriers of MAPT and GRN mutations, which was related to
approaching the estimated symptom onset. Therefore, arterial spin labeling could
have the potential to serve as a sensitive biomarker for disease progression in the
presymptomatic stage of FTD in future clinical trials.



Frontotemporal dementia (FTD) is the second most common form of presenile
dementia, characterized by behavioral disturbances and language disorders,
which is caused by neurodegeneration of the frontal and temporal lobes.
Mutations in the microtubule-associated protein tau (MAPT), progranulin (GRN)
and C9orf72, and, less frequently, CHMP2B and VCP genes can cause an autosomal
dominant form of FTD.%" There is currently no therapy available to prevent or cure
the disease, but knowledge on the pathophysiological disease process is rapidly
growing. Therefore, clinical trials with disease-modifying agents are upcoming,
urging the need for sensitive biomarkers to evaluate such therapies.® We have
previously shown changes in neuropsychological performance, grey matter
volume, white matter integrity and functional connectivity in the presymptomatic
stage of FTD.

Positron emission tomography with 18F-fluorodeoxyglucose (FDG-PET) is often
suggested as a useful biomarker for the earliest stages of FTD. Hypometabolism
in the frontal and anterior temporal lobes, and subcortical regions, is consistently
seen in FTD patients,®*? which progresses over time.*> Moreover, presymptomatic
GRN mutation carriers already showed regional hypometabolism on FDG-PET,
supporting its potential to detect functional brain changes at a very early stage.**
However, FDG-PET has several serious disadvantages to be used as a biomarker
for FTD, including the high costs, limited availability of PET-scanners and the need
for exposure to a radioactive tracer.*

Arterial spin labeling MRI (ASL) provides a non-invasive measure of brain perfusion
by magnetically labeling water protons in arterial blood and thereby creating an
endogenous tracer of cerebral blood flow (CBF), which is assumed to be tightly
coupled to brain metabolism.** ASL studies in patients with FTD have provided
highly similar results as FDG-PET studies, with hypoperfusion in bilateral frontal
lobes, the anterior cingulate cortex (ACC), insula, and thalamus compared with
controls.”*® Besides one small study in presymptomatic CHMP2B mutation
carriers showing widespread hypoperfusion in hippocampus, temporal, parietal,
and occipital lobes by means of spin echo,” no studies investigating CBF in the
presymptomatic stage of FTD have been performed thus far.



In the current study we used longitudinal ASL to investigate the earliest changes
in CBF in presymptomatic carriers of MAPT and GRN mutations and to explore
whether ASL has the potential to serve as a sensitive biomarker to detect FTD and
track disease progression in the earliest disease stage.

This study is part of a larger project investigating biomarkers in individuals at
risk for FTD. In- and exclusion criteria have previously been described.?* In short,
all participants had a 50% risk to carry either a MAPT or a GRN mutation, and
DNA of all subjects was screened for these mutations,? resulting in a group of
presymptomatic mutation carriers and a group of controls without a mutation.
All participants were studied at baseline and two-years follow-up. In total, 73
participants underwent baseline and follow-up ASL-MRI scans, however, eight
subjects had to be excluded from the analyses because of labeling errors or major
artefacts at baseline (n = 3) or follow-up (n = 5). We investigated cross-sectional
differences in CBF between mutation carriers and controls at baseline and
follow-up. Moreover, we investigated between-group differences in longitudinal
CBF changes. Subsequently, we examined group differences in association with
expected onset age, and we evaluated single-subject data. Expected onset age was
defined as the mean onset age of all affected persons per family. Participants were
categorized into four groups: less than five, five to ten, ten to fifteen, or more than
fifteen years younger than their expected onset age. The local ethics committee
approved the study and all participants provided written informed consent.

All participants were screened using the Mini-Mental State Examination (MMSE),
the Beck Depression inventory (BDI) and an extensive neuropsychological
assessment including the Dutch version of the Rey Auditory Verbal Learning Test
(RAVLT), Visual Association Test (VAT), WAIS Il subtests digit span, similarities,
and block design, Trailmaking Test (TMT), Stroop color-word test, categorical
and letter fluency, modified Wisconsin Card Sorting Test (WCST), Letter Digit
Substitution Test (LDST), Boston Naming Test (BNT), Semantic Association Test
(SAT), ScreeLing phonological, clock drawing (Royall), Ekman faces, and Happé
Cartoons.? Conversion to symptomatic FTD was defined as the presence of



behavioral or language symptoms as reported by informants in combination
with cognitive deficits in at least two cognitive domains at neuropsychological
assessment.

MRI scans were acquired using a Philips 3.0 Tesla Achieve MRI scanner (Philips
Medical Systems, Best, The Netherlands) using an eight-channel SENSE head
coil. We obtained pseudo-continuous ASL scans using single-shot echo-planar
imaging (EPI) with a background suppression scheme, consisting of a saturation
pulse directly before labeling and inversion pulses at 1680 and 2830 ms after the
saturation pulse. The following acquisition parameters were applied: repetition
time = 4020 ms, echo time = 14 ms, label duration = 1650 ms, postlabeling delay =
1525 ms, 17 slices, voxel size = 3 x 3 x 7 mm, 40 pairs of label and control images,
total scan duration = 5.5 minutes. The labeling plane was oriented perpendicular
to the carotid arteries. Furthermore, we acquired whole brain T1-weighted images,
as described previously.*

We used Matrix laboratory (MATLAB, http://www.mathworks.nl/products/matlab/)
to create perfusion-weighted images by pairwise subtraction of tag images from
control images. MRI analyses were carried out in FSL (FMRIB’s Software Library,
www.fmrib.ox.ac.uk).?

Perfusion-weighted images were motion corrected, brain-extracted, aligned to the
anatomical scans and to MNI-152 (T1 standard brain averaged over 152 subjects;
Montreal Neurological Institute, Montreal, QC, Canada) standard space, and
smoothed with an isotropic Gaussian kernel of 3.4 mm. The derived CBF images
were divided by the mean perfusion in the occipital pole, a region typically not
affected in FTD,*** to account for global variations in CBF independent of the
disease process. We subtracted follow-up CBF images from baseline maps per
subject in order to obtain maps of change in perfusion over time. We investigated
cross-sectional differences between mutation carriers and controls at baseline
and follow-up, and longitudinal group differences by means of permutation-based
testing using 5,000 permutations, applying a 2-sample t-test with age, gender and
voxel-wise grey matter volume as confound regressors, to compare regional CBF
between mutation carriers and controls. We thresholded the statistical images



at p < 0.05, corrected for multiple comparisons using threshold-free cluster
enhancement.?? The analyses were restricted to grey matter voxels that were
covered by the ASL scan in all participants.

We analyzed demographic features using independent samples t-tests and
Pearson’s ¥ tests in SPSS 21.0 for Windows (SPSS, Chicago, IL), applying a
significance level of p < 0.05. Group differences for the different age categories
based on estimated onset age were analyzed using independent samples t-tests.

The groups of mutation carriers (n = 34) and controls (n = 31) did not differ in
age, time between MRI scans, years till expected symptom onset, gender, level of
education, and scores on the MMSE and BDI (Table 1). Two mutation carriers, one
with a MAPT mutation and one with a GRN mutation have converted to the clinical
stage of FTD during the follow-up period, as described in more detail previously.

Controls (n=31) Carriers (n=34) p-value

Agetl,y 51.0(10.3) 50.1(9.7) 0.696
Interval t1-t2, y 2.3(0.1) 2.2(0.1) 0.460
Years till expected onset age t1, y -7.4(8.9) <14 (8.4) 0.988
Females 52% 62% 0.409
GRN mutationt - 68% -

Level of educationt 5.3(1.0) 5.7(0.8) 0.064
MMSE score t2 29.2(1.3) 28.7(1.9) 0.231
MMSE At1-t2 0.0(1.3) 0.6 (1.6) 0.109
BDI score t2 3.5(3.7) 2.9 (4.0) 0.592
BDIAt1-t2 0.1(2.8) 0.1(3.2) 0.943

Values denote mean (SD) or percentage of subjects.

TRemaining mutation carriers have a MAPT mutation.

fLevel of education was determined on a Dutch 7-point scale ranging from 1 (less than elementary
school) to 7 (university or technical college).**



Cross-sectional analyses revealed no significant differences in CBF between
mutation carriers and controls at baseline or follow-up. However, in longitudinal
analyses mutation carriers

showed a significantly stronger decrease in CBF over time compared with controls
in widespread frontal, temporal, parietal, and subcortical regions (Figure 1, Table
2). This finding was more significant for mutation carriers closer to their expected
onset age (> 15 years younger p=0.234; 10 - 15 years younger p = 0.089; 5 - 10 years
younger p = 0.041; < 5 years younger p = 0.013). Moreover, the GRN carrier who
converted to clinical FTD showed the strongest decline in CBF in all significant
clusters, with the second strongest decline in the converted MAPT carrier in three
out of five significant clusters including frontal and right medial temporal regions
(clusters 2, 3, and 5) (Figure 2). However, the abovementioned findings were not
solely driven by the converters, as excluding them from the analyses still resulted

in, albeit smaller, significant differences between carriers and controls.

Restricting the cross-sectional analyses to the significant clusters in the
longitudinal analyses revealed lower CBF in mutation carriers compared with
controls at follow-up in the superior frontal gyrus, left temporal pole, frontal
orbital cortex, middle and superior temporal gyrus, right temporal fusiform cortex,
parahippocampal gyrus, hippocampus, and thalamus (Figure 3, Table 3), whereas
we still found no group differences at baseline. Again, without the two converters,
these differences were smaller, but still significant.



Decrease over ) Sixe Minimum
) Cluster | Region XY,z
time (voxels) p-value
Controls > None
carriers
Carriers > 1 Temporal pole L 7417 -38, 20, 0.010
controls -24
Middle, superior temporal gyrus L
Insula L
Planum polare L
Frontal orbital cortex L
Frontal pole L
Inferior, middle, superior frontal
gyrus L
Frontal, central, parietal operculum
cortex L
Supramarginal gyrus L
Precentral gyrus L
Postcentral gyrus L
Angular gyrus L
Lateral occipital cortex L
2 Superior frontal gyrus L+R 1897 0,32,48 0.027
Frontal pole
Anterior cingulate cortex
Paracingulate gyrus
3 Thalamus L+R 1802 0,-6,-2 0.015
Parahippocampal gyrus L
Hippocampus L
Amygdala L
Putamen L
Pallidum L
4 Temporal fusiform cortex R 203 36, -20, 0.036
-22
Parahippocampal gyrus R
Hippocampus R
5 Frontal pole L 11 -16, 0.048
62,6

L, left; R, right
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CBF at follow- ) Sixe Minimum
Cluster | Region XY,z
up (voxels) p-value
Controls >
] 1 Temporal pole L 699 -38,8,-36 0.008
carriers
Frontal orbital cortex L
Middle, superior temporal
gyrus L
2 Temporal fusiform cortex R 155 36,-20,-22 0.013
Parahippocampal gyrus R
Hippocampus R
3 Superior frontal gyrus L 68 0,32,46 0.042
4 Thalamus R 55 0,-6,-6 0.045
5 Superior frontal gyrus R 41 22,32,48 0.046
6 Superior frontal gyrus 6 6,20, 52 0.048
Carriers >
None
controls
L, left; R, right

The present study is the first to show that a significant decrease in CBF in frontal,
temporal, parietal and subcortical regions during two years of follow-up can be
detected by ASLin presymptomatic carriers of GRN and MAPT mutations compared
with controls. These differences were most significant in the carriers that were
approaching their estimated symptom onset, and the two subjects that have
converted to clinically manifest FTD showed the strongest decline in perfusion in
these regions. While we found no cross-sectional group differences at baseline,
mutation carriers demonstrated significantly lower CBF in these regions at follow-
up. These findings underline the value of ASL in detecting early changes in brain
perfusion in FTD, which could be used to evaluate future therapies in clinical trials.

Our findings of a longitudinal CBF decline in frontal and subcortical regions in
mutation carriers compared with controls is in line with previous cross-sectional
ASL studies in patients with FTD, and an FDG-PET study in presymptomatic GRN
mutation carriers.’*** Frontal hypoperfusion has been correlated with behavioral
disturbances.”® In contrast to most previous studies, we also found longitudinal



decrease in temporal and parietal CBF in the current presymptomatic mutation
carriers. The discrepancy regarding temporal hypoperfusion between the present
and previous studies, might be explained by incomplete brain coverage in previous
ASL studies.’*** The present finding of temporal hypoperfusion in presymptomatic
carriers is supported by FDG-PET studies in patients with FTD, demonstrating
hypometabolism in the anterior temporal lobes.” 1 The posterior temporal and
parietal involvement is likely to be driven by the GRN mutation carriers, as GRN
mutations have consistently been shown to affect more posteriorly located brain
regions as well.?**® Not surprisingly, the GRN converter only, and not the converted
subject with a MAPT mutation, showed the strongest decline in these areas.
Conversely, no parietal hypometabolism was found in a previous FDG-PET study
in presymptomatic GRN mutation carriers, and the authors suggested that parietal
damage is a later phenomenon in the disease process than frontotemporal
involvement.** The lack of significant parietal hypoperfusion in the cross-sectional
analyses, in the presence of reduced frontotemporal perfusion, supports this
notion.

In contrast to the present study, a more widespread hypoperfusion pattern
including temporal, parietal, and occipital lobes was found using spin-echo MRI
in presymptomatic CHMP2B mutation carriers. However, this likely reflects grey
matter atrophy in this genetic group, as correction for grey matter volume was not
applied in these subjects, who were previously shown to have generalized atrophy
in the presymptomatic stage.

Our longitudinal analyses suggest that ASL is capable of measuring disease
progression, possibly even at the individual level. However, based on current
findings CBF does not provide an accurate predictor for disease conversion
at baseline, since values of the two converted subjects were within the normal
range at baseline. This contrasts findings in Alzheimer’s disease (AD) showing an
association between baseline perfusion and clinical conversion to dementia in
patients with mild cognitive impairment.?® The low number of converters in the
current study might have hampered the identification of baseline predictors.
However, it also possible that changes in CBF occur earlier in AD compared to
FTD, which has previously been suggested in a study showing hypoperfusion in
AD relative to FTD.*

Several major advantages of ASL over FDG-PET for the use in future clinical trials



were already mentioned, including the lower costs, its non-invasiveness, there
is no need for radiation exposure, and MRI scanners are more widely available
compared with PET-scanners. Moreover, ASL can be easily combined with other
MRI techniques in a single session. Other MRI studies in the present cohort have
demonstrated presymptomatic alterations in grey matter volume, white matter
integrity and functional connectivity, using T1-weighted images, DTI, and resting-
state fMRI, respectively. Perhaps a multimodal approach could further improve
their sensitivity for measuring therapy effects in future clinical trials. A drawback
of ASL is the huge diversity in acquisition methods. Recently, an international
consortium has published recommendations for the implementation of ASL,*
which will hopefully result in a more standardized use of ASL, which is crucial for
its use in clinical trials.

Limitations to our study include the small number of converted subjects and the
lack of participants with C9orf72 repeat expansions. Another important issue in
both ASL and FDG-PET is the choice of a reference region to correct for normal
global variations in cerebral perfusion. Mean global perfusion is often used for
normalization, however, this has been shown to result in regions of artefactual
hyperperfusion.’”3-32 Therefore, normalization to a non-affected reference region
seems to be more appropriate. In the current study we have used the occipital
pole as a reference region, since this region is typically spared in FTD,* ** although
it cannot be completely excluded that this choice of reference has influenced our
results. The cerebellum is also often used as a reference region,* but the field-of-
view in our ASL protocol did not cover the cerebellum.

To conclude, we demonstrated longitudinal alterations in CBF in presymptomatic
carriers of MAPT and GRN mutations over two years of time, which appear to be
related to approaching symptom onset. These findings suggest that ASL could
provide a sensitive biomarker of disease progression in the presymptomatic stage
of FTD, which can be useful for future clinical trials.
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Frontotemporal lobar degeneration (FTLD) is the second most common cause
of presenile dementia, characterized by behavioral disturbances and language
deficits, typically presenting before the age of 65 years. An autosomal dominant
familial form of FTLD exists in 10 - 30%, with mutations in microtubule-associated
protein tau (MAPT) and progranulin (GRN), and the C9orf72 repeat expansion as the
most common genetic causes. The genetic forms of FTLD have largely increased
our knowledge about the disease process, which is crucial for the development of
disease-modifying therapies. Moreover, in the light of upcoming clinical trials for
such agents, the development of sensitive biomarkers for early FTLD is needed.
Presymptomatic carriers of FTLD causing mutations provide an ideal population
to investigate these biomarkers at the earliest stage of the disease. The aim of the
current thesis was to expand current knowledge on phenotypical characteristics
of genetic FTLD and to investigate presymptomatic changes in familial FTLD using
neuropsychological assessment and MRI.

The clinical spectrum of FTLD ranges from frontotemporal dementia with
motor neuron disease (FTD-MND), semantic dementia (SD), behavioral variant
of frontotemporal dementia (bvFTD), progressive non-fluent aphasia (PNFA),
corticobasal syndrome (CBS) to progressive supranuclear palsy (PSP). FTD-MND
and SD are most commonly associated with FTLD with accumulation of transactive
response DNAbinding protein of43kDa (FTLD-TDP) pathology, whereas PNFA, CBS,
and PSP are caused by FTLD with tau-positive inclusions (FTLD-tau) in general.
In contrast, bvFTD can be caused by either FTLD-TDP, FTLD-tau or FTLD-FET.:?
Moreover, the FTLD presentation can mimic Alzheimer’s disease (AD),? especially
in patients older than 65 years,* or psychiatric disorders.” Conversely, several other
disorders sometimes manifest a frontal disease presentation, thereby mimicking
FTLD. Such FTLD-like presentations have been reported in AD,*® corticobasal
degeneration (CBD),” PSP,***? prion diseases,**** multiple sclerosis,*"* CADASIL,*
voltage-gated K-channel encephalopathy,® and neurofilamentopathy.?* Due to
this large clinical and pathological variation it can be challenging to diagnose
FTLD during life.

In Chapter 2.1 we reported a novel c.314dup GRN mutation in a patient with
an atypical symmetric CBS presentation with walking disabilities and postural



instability, symmetric rigidity of his arms, non-fluent aphasia, behavioral
disturbancesandforgetfulness. Neuroimaging revealed symmetrical frontoparietal
atrophy and hypoperfusion. FTLD-TDP type A pathology was demonstrated at
autopsy, which prompted us to perform genetic screening in this patient despite
the lack of a positive family history for neurodegenerative diseases. Whereas
GRN mutations have been suggested as the most common cause of autosomal
dominant CBS, they are far less common in sporadic cases.” CBS was originally
regarded as the clinical presentation of CBD pathology, characterized by neural
and glial inclusions of 4-repeat tau.?® However, it is increasingly recognized that
other pathologies, including AD, PSP, Creutzfeldt-Jakob disease, FTLD-tau, and
FTLD-TDP (sometimes with GRN mutations) can also present as CBS, and that
CBD can also present with behavioral disturbances or language difficulties.® 2%
Therefore, in 2014 novel criteria for CBD have been proposed incorporating four
clinical phenotypes, including CBS, frontal behavioral-spatial syndrome, non-
fluent/agrammatic variant of primary progressive aphasia, and PSP. Two sets of
criteria have been proposed: clinical research criteria for probable CBD and less
restrictive criteria for possible CBD, which should still emphasize on tau-based
pathologies.® However, the first studies to validate these new criteria have shown
that they still lack the ability to accurately differentiate tau-based CBS from non-
tau pathologies including AD and FTLD-TDP.?"# It turns out that it is still very
difficult to define specific features to predict the underlying pathology for patients
presenting with CBS. Therefore, biomarkers such as cerebrospinal fluid or tracers
for positron emission tomography are needed for pathological predictions, which
is crucial for upcoming protein-based therapeutic trials.

In Chapter 2.2 we have demonstrated the clinical heterogeneity of the C9orf72
repeat expansion in a Dutch FTD cohort. The clinical presentation was bvFTD in
81% of patients and PPA in 19%, with concomitant signs of amyotrophic lateral
sclerosis (ALS) or Parkinsonism in 17% and 14%, respectively.

The observed clinical diversity in our study has been confirmed and expanded
by others studies. The most common motor neuron disease (MND) presentation
of C9orf72 repeat expansions is ALS, but a few cases of primary lateral sclerosis,
progressive muscular atrophy, and monomelic amyotrophy have been
reported.®32 C9orf72 repeat expansions in MND have been associated with



younger age at onset, shorter disease duration, more frequent bulbar symptom
onset and behavioral or cognitive deficits than MND cases without a C9orf72
repeat expansion.?>** BvFTD is the most frequent FTLD presentation of the C9orf72
repeat expansion. Other presentations include language variants PNFA and SD,
an amnestic syndrome compatible with clinical AD, Parkinsonian syndromes,
sometimes fulfilling criteria for Parkinson’s disease, CBS, or PSP, and psychiatric
disorders, including psychosis.>***-*3% Compared to other FTLD cases, psychiatric
symptoms, and concomitant MND are more common in C9orf72 repeat expansion
carriers.> *+ 3 ¥ Interestingly, the repeat expansion has also been reported in
several patients with the FTD phenocopy syndrome, characterized by behavioral
disturbances that are typical for bvFTD, but without imaging abnormalities and
clinical progression over time, which was previously considered to be unlikely of
neurodegenerative nature.* Thorough evaluation of family history in such cases is
crucial to identify potential C9orf72 repeat expansion carriers. The large variation
in clinical presentation might reflect different expansion sizes across tissues
or result from other genetic modifiers.** Additional correlation studies between
expansion length and clinical phenotype are needed to resolve this.

Besides the large variation in clinical symptoms, we also reported that the age of
onset widely varies among C9orf72 repeat expansion carriers, ranging from 27 to
80years. Intra-familial differences in onset age up to 20 years have been reported.*’
Moreover, survival time after onset ranges from 3 to 96 months in ALS and from
1 to 22 years in FTLD.* Several genetic modifiers for age of onset and survival
time have been reported.*** Moreover, genetic anticipation has been suggested
as additional explanation for the variation in onset age, similar to other repeat
expansion disorders, such as Huntington’s disease. However, this hypothesis
could not be confirmed thus far, since accurate estimation of exact repeat sizes is
difficult due to instability of the repeat.*® 32744

Pathologically, C9orf72 repeat expansions are associated TDP-43 pathology,
most commonly consistent with either FTLD-TDP type B or classical ALS, but
sometimes with (additional) FTLD-TDP type A or, rarely, type C.>3* % TDP-43-
positive inclusions are commonly detected in the frontal and temporal cortex,
hippocampus, pyramidal motor system, and subcortical regions, in a highly
symmetrical pattern.**“ The distribution of TDP-43-pathology has been found



to correlate with the clinical presentation.* Additional to TDP-43-pathology,
we reported ubiquitin- and p62-positive, but TDP-43-negative inclusions, in the
granular layer of the cerebellum. These inclusions have been demonstrated to be
a highly consistent and specific finding among C9orf72 repeat expansion carriers,
and are most prominentin the cerebellum and hippocampus.®**' These inclusions
have been demonstrated to contain dipeptide repeats (DPR), resulting from
unconventional non-ATG-initiated translation of the expanded GGGGCC repeat.**
“Finally, intranuclear RNA foci in the frontal cortex, hippocampus, and cerebellum
are a consistent finding in C9orf72 brains.* The lack of C9orf72-specific RNA foci in
our study, could be due to the different fluorescence in situ hybridization protocol.

Themechanismbywhich the C9orf72repeat expansion leadsto neurodegeneration

is currently unclear. Three different mechanisms have been suggested:

1) Haploinsufficiency leading to loss of normal function of C9orf72 protein,
which is supported by findings of reduced RNA levels of at least one of the
C9orf72 transcripts and a zebrafish model suggesting that loss of C9orf72
function may lead to motor neuron degeneration. However, the failure to
detect other loss-of-function mutations in C9orf72, the report of a patient with
a homozygous repeat expansion, not exhibiting more severe or other clinical
features compared to heterozygous carriers, and a C9orf72 knockout mouse
model without any signs of motor neuron disease, demonstrate that a loss-of-
function mechanism alone cannot fully explain the C9orf72 phenotype > %34
50,51

2) Formation of toxic RNA foci that sequester RNA-binding proteins, such
as TDP-43, thereby interfering with their normal function in regulation of
RNA processing. As stated above, the presence of intranuclear RNA foci has
convincingly been demonstrated using fluorescence in situ hybridization in
brains with the C9orf72 repeat expansion and binding screens have revealed
that the repeat binds the RNA-binding proteins FUS, Pur a, and hnRNP A3.>
% An RNA-only C9orf72 mouse model showed ubiquitin-positive inclusions,
favoring a gain-of-function mechanism. However, no obvious neuronal loss or
behavioral deficits were observed in this model. Additional studies using this
mouse model will hopefully further clarify the role of RNA toxicity in the disease
mechanism of the repeat expansion. >

3) The third proposed mechanism is toxicity of the abovementioned DPR



aggregates in the brain. Repeat-associated non-ATG-initiated (RAN) translation
of the expanded repeat results in formation of five different polypeptides,
composed of repeating units oftwo amino acidsthatforminsoluble aggregates,
which are found in the brains of patients with the repeat expansion. Drosophila
models with pure versus RNA-only repeats, leading to RNA foci in both models,
but DPR solely in the pure repeat model, revealed neurodegeneration in the
pure repeat model only. These findings confirm a neurotoxic role for the DPR.>
However, an additional role of toxic RNA foci cannot be ruled out based on
these data.
Very recently, a C9orf72 mouse model has been developed, in which nuclear
RNA foci, DPR, TDP-43 pathology and neuronal cell loss were demonstrated.
Importantly, these mice also exhibited behavioral disturbances. This mouse model
can therefore be highly usefulin further deciphering the disease mechanism of the
C9orf72 repeat expansion and for testing potential therapies.*

In Chapter 2.3 we investigated the worldwide frequency of the C9orf72 repeat
expansion. There is a large geographical variation in frequencies, which is the
highest in Finland. On average, the C9orf72 repeat expansion is found in 25% and
36% of familial FTLD and ALS, respectively. Moreover, the repeat expansion was
demonstrated in 6% of both sporadic FTLD and ALS, making it worldwide the most
frequent genetic cause of both sporadic diseases identified thus far. We found the
C9orf72 repeat expansion in 18% of familial FTLD patients and 2% of sporadic
FTLD in the Netherlands, thereby explaining 54% of familial FTLD together with
MAPT and GRN mutations. The repeat expansion was demonstrated in 37% and
6% of familial and sporadic ALS in the Netherlands, respectively.® Mutations in
C9orf72, TADBRP, FUS/TLS, ANG, and SOD1 together explain 48% of familial ALS.”
We and others reported a common risk haplotype that was partly or fully shared
by repeat expansion carriers, suggesting that the repeat expansion occurred
about 1,500 years ago in a common ancestor of all current repeat expansion
carriers.*® However, later studies have provided evidence against this hypothesis
and proposed that the risk haplotype merely provides a genetic background
giving increased risk of developing a repeat expansion.*’

The discovery of the C9orf72 repeat expansions demonstrates how much we can
learn about possible disease mechanisms from genetic forms of FTLD, which is



crucial for finding treatment targets to prevent or cure the disease. Since there still
exist familial forms of FTLD, without one of the known genetic defects, additional
studies are needed to identify the causative genetic defect in those families. A
recent study showed that whole exome sequencing combined with proteomics is
a successful approach for this purpose.?

Thereiscurrently notherapy availableto preventorcure FTLD. Treatmentis limited
to symptom management with mainly antipsychotics or serotonin-reuptake
inhibitors, generally without convincing evidence from randomized controlled
trials.*® However, increased insight in FTLD pathophysiology has recently led to the
development of several potential protein-specific disease-modifying therapies.

Proposed therapeutic strategies for FTLD-tau include inhibition of tau aggregation,
inhibition of phosphorylation, reduction of tau levels, and microtubule
stabilization.”® Methylthioninium has been identified as a tau aggregation
inhibitor and was studied in a phase Il trial in patients with AD. This study showed
that methylthioninium can be safely administered and has a positive effect
on cognition and brain perfusion.® Currently, phase Ill double-blind placebo-
controlled clinical trials with an improved form of this drug, LMTX, are ongoing in
both AD and bvFTD.¢!

In carriers of GRN mutations the level of progranulin in serum and plasma is
reduced due to haploinsufficiency.®*® Recently, a histone deacetylase (HDAC)
inhibitor named suberoylanilide hydroxamic acid (SAHA) has been identified as
an enhancer of GRN expression, thereby restoring progranulin levels in animal
models and cultured cells from human GRN carriers.®® FRM-0334 is another HDAC
inhibitor, with better brain penetrance compared to SAHA, which has also proven
to increase progranulin levels. At this moment, a phase Il clinical trial has started
to investigate the safety, tolerability, and pharmacodynamics effects of this
drug in both symptomatic and presymptomatic carriers of a GRN mutation.®”
Nimodipineis anotherdrugthat might have the potential to normalize progranulin
levels, which is currently under investigation in a phase I trial.®

Antisense oligonucleotide therapies are the most promising treatment strategy



regarding the C9orf72 repeat expansion at this moment. This therapy is based on
the assumption that the toxic RNAfociplay a crucial role in the disease mechanism.
These antisense oligonucleotides have been demonstrated to reduce formation
of RNA foci and thereby sequestration of RNA binding proteins.” However, it
remains to be investigated whether such therapy is actually able to interfere with
the disease process in patients with the C9orf72 repeat expansion.

In the light of these therapeutic interventional trials, appropriate biomarkers to
evaluate the effect of such therapies are urgently needed. In Chapters 3.1-3.3
we demonstrated presymptomatic brain alterations using neuropsychological
assessment, volumetric MRI, diffusion tensorimaging (DT), resting-state functional
MRI (fMRI), and arterial spin labeling (ASL) in carriers of GRN and MAPT mutations.

We have demonstrated presymptomatic longitudinal alterations in performance
on tasks for executive functioning and social cognition, which were most
prominent in mutation carriers within five years before their estimated onset age.
It has previously been suggested that impaired executive functions and social
cognition are very sensitive measures in early bvFTD.™ Presymptomatic cognitive
dysfunctions were previously demonstrated in FTLD mutation carriers, mainly in
tasks for attention, executive functioning, or language,”’" although other studies
did not confirm this.”®8 Importantly, none of these studies included tasks for
social cognition.”® Our results of presymptomatic deficits in social cognition are
in line with a study in a large cohort of healthy individuals, showing an association
between low scores on a theory of mind task and development of bvFTD during
follow-up.® These results together confirm that social cognition tasks are sensitive
in the earliest stage of FTD and emphasize that such tasks should be incorporated
in the standard neuropsychological test battery.

It remains to be elucidated whether the three major genetic groups differ in
their earliest neuropsychological deficits. Two studies in presymptomatic GRN
carriers suggested early deficits on tasks reflecting parietal functioning, such as
visuospatial dysfunction or dyscalculia,” " which is in line with a previous study
showing parietal dysfunction in patients with GRN mutations versus other FTD



patients.® However, other studies in presymptomatic GRN mutations, including
the present, revealed executive, language, or social cognition deficits, in the
absence of parietal dysfunction.” Perhaps, early parietal dysfunction is merely
associated with certain phenotypical presentations of GRN mutations, such as
CBS.

Wefoundrightinsularatrophystartingaround five years before estimated symptom
onsetin presymptomatic MAPT and GRN carriers. Thisis in line with findings from a
large international consortium pointing at the insula as first affected brain region
acrossthethree majorgenetic groups.”Moreover, the frontoinsula has consistently
been found to be among the first atrophied regions in symptomatic bvFTD,** and
frontoinsula atrophy has been correlated with behavioral symptoms, including
loss of empathy and eating abnormalities.®® The frontoinsula, together with the
anterior cingulate cortex (ACC), has previously been shown to serve as a major hub
in the salience network, which is involved in emotional processing, and is typically
affected in early bvFTD.5"# It has been suggested that the early involvement of
frontoinsula and ACC reflects selective vulnerability of Von Economo neurons
(VENSs). VENSs are large bipolar projection neurons that are restrictedly located in
the frontoinsula and ACC, are more abundant in the right than left hemisphere,
and are unique to mammals with complex social behavior, suggesting a role of
these neurons in social functioning.® Several small studies have indeed shown
selective sensitivity of VENs in the ACC and frontoinsula in FTD.%%2 However, future
studies are needed to further explore the exact role of VENs in the FTD disease
process.

Although all genetic subtypes have shown early involvement of the insula, the
distribution of grey matter atrophy has been shown to vary across the different
genetic groups. MAPT mutations are typically associated with symmetric atrophy
most prominent in the temporal lobes.*** The hippocampus and amygdala were
demonstrated to be the first affected brain regions in presymptomatic MAPT
carriers, followed by the temporal lobes.”™ % GRN mutations are characterized
by asymmetric atrophy with involvement of the posterior temporal and parietal
lobes, posterior cingulate cortex and precuneus.”* Several studies have shown
presymptomatic atrophy in the frontal, temporal and/or parietal lobes in GRN



mutation carriers.” 8979 The [argest study thus far revealed the insula as first
affected region, with subsequent atrophy of the temporal and parietal lobes.”
C9orf72 repeat expansions have been associated with a symmetrical widespread
pattern of atrophy, involving frontal, temporal, parietal, and occipital lobes,
thalamus, and cerebellum 3 %% 1% Presymptomatic carriers of C9orf72 repeat
expansions showed atrophy in the thalamus, insula, and posterior cortical areas,
which was detectable 25 years before estimated symptom onset already, possibly
suggesting a developmental origin of atrophy in this genetic subtype.** ™

We demonstrated early damage of the right uncinate fasciculus in the
presymptomatic stage at baseline and loss of white matter integrity of the left
uncinate fasciculus over two years follow-up in mutation carriers who were
within five years before their estimated symptom onset. The uncinate fasciculus,
connecting the orbitofrontal cortex and anterior temporal lobes,'* has previously
been identified as the tract that most accurately differentiates FTLD patients from
controls,’® and has been shown to play a role in social behavior.!1% Moreover,
we demonstrated that the mutation carriers that developed symptoms during the
follow-up period had the worst DTl values in the bilateral uncinate fasciculi and
the forceps minor at baseline already, suggesting that these DTI measures could
be used as baseline predictors of conversion to the symptomatic disease stage.
Moreover, the moment when the first white matter changes are detectable using
DTI, might be the ideal time point to start a therapeutic intervention in order to
prevent clinical manifestation of the disease.

At baseline we reported widespread white matter changes in MAPT carriers, but no
white matter changes in the separate GRN analyses, and suggested that this could
reflect a mutation-specific distribution of white matter damage. However, when
incorporating our follow-up findings, it seems more likely that the baseline results
for the relatively small MAPT subgroup where largely driven by the MAPT carrier
that converted to clinical FTD, and had the strongest white matter impairment
at baseline already. Studies in FTLD patients comparing the three major genetic
subtypes using DTl are lacking to date. One study compared a small groups of
patients with a MAPT mutation or the C9orf72 repeat expansion and showed more
extensive white matter damage in the MAPT group, including the left and right



uncinate fasciculus, corpus callosum, fornix, and bilateral inferior and superior
longitudinal fasciculi, whereas in the C9orf72 patients white matter impairment
had a more dorsal distribution and was restricted to the corpus callosum and
cingulum .t No previous DTl studies have been performed in the presymptomatic
stageofcarriersof MAPTmutationsand C9orf72repeatexpansions. White matterloss
in patients with GRN and MAPT mutations was compared in one study using voxel-
based morphometry and revealed white matter loss in the inferior longitudinal
fasciculus, superior longitudinal fasciculus, inferior fronto-occipital fasciculus,
cingulum, corpus callosum and brainstem in the GRN group and involvement of
the bilateral fornices and uncinate fasciculus in patients with MAPT mutations.*
However, no study has investigated patients with GRN mutations using DTI thus
far. Two groups did perform DTl in small groups of presymptomatic GRN mutation
carriers and revealed reduced FA in the left uncinate and inferior fronto-occipital
fasciculus and increased DA in the right cingulum, superior longitudinal fasciculus
and corticospinal tract, respectively.” 8 As DTI seems to provide an early marker
for clinical disease manifestation based on our results, it would be interesting to
further explore the distribution of white matter impairment for each genetic group
in more detail in future studies.

Regarding the different DTl measures more studies are needed to define an
accurate interpretation of each parameter. Previous studies suggested that
radial diffusivity is the most sensitive parameter for FTLD,**** whereas fractional
anisotropy is more accurate in differentiating FTLD from AD.X* In our study,
fractional anisotropy values most accurately discriminated the mutation carriers
that were about to develop clinical symptoms from the other mutation carriers,
but differences were identified with all parameters. Since the number of converters
was limited, more studies are needed to investigate which DTI parameter is the
most sensitive predictor of disease conversion.

Fortheanalysisof DTl we have used a popularapproach named tract-based spatial
statistics (TBSS),’® that has overcome certain alignment issues of previously
applied methods by projecting maximum fractional anisotropy values from main
white matter tracts to a central skeleton, common to all subjects, to which the
analysis is restricted.® 1°" This strongly reduces the risk of including non-white
matter tissue in the analyses. This method is highly popular due to its ease of use



and straightforward interpretability. However, a major limitation is that only the
central line of a tract is examined, thereby limiting the anatomical information
about white matter changes. Tractography techniques can be used to investigate
the full extent of certain white matter tracts, and thus allowing better anatomical
characterization of results.’® ¥ Future studies are needed to dissolve which
analytical technique is most useful in presymptomatic FTLD. Perhaps it would be
most accurate to use a combination of both techniques.

We have demonstrated that alterations in frontoinsula connectivity within the
salience network (SN) and in posterior cingulate cortex connectivity within the
default mode network (DMN) can be detected many years before symptom onset
using resting-state fMRI. Reduced SN connectivity is a consistent finding in patients
with FTD,™ 8 108112 whereas both increases and decreases in DMN connectivity in
FTD have been found across studies. 8 108 110-113

Several studies have investigated specific functional connectivity alterations in
the symptomatic or presymptomatic stage for the different genetic forms of FTLD.
Presymptomatic MAPT carriers were shown to have reduced DMN connectivity
between a precuneus seed and the lateral temporal and medial prefrontal
cortices and increased connectivity between the precuneus seed and the medial
parietal lobe, whereas no SN alterations were found by investigating a seed in
the frontoinsula.”*? No studies have investigated functional connectivity in the
symptomatic stage of MAPT mutation carriers specifically.

Reduced SN connectivity in the bilateral frontal lobe and enhanced DMN
connectivity in the left angular gyrus, temporal lobe and posterior cingulate cortex
were demonstrated in FTD patients with a GRN mutation using independent
component analysis (ICA).” Results regarding presymptomatic GRN mutation
carriers differ across studies, all using ICA: one study investigated the SN and
DMN and revealed increased SN connectivity in the medial frontal cortex and
no DMN alterations;”® another study investigated the DMN, a ventral and dorsal
SN, executive network, attentive network and bilateral frontoparietal networks
and showed decreased connectivity of the superior parietal cortex in the
frontoparietal network and increased right precentral gyrus connectivity in the
executive network, without changes in the other networks;® a third study found



no functional connectivity changes in the DMN, SN, bilateral executive networks
and the sensorimotor network.®

Patients with the C9orf72 repeat expansion were studied using seed-based
analyses, with seeds in the frontoinsula, right angular gyrus, and right precentral
gyrus to investigate the SN, DMN and sensorimotor network (typically affected in
ALS), respectively. This revealed reduced connectivity between the frontoinsula
and ACC, medial superior frontal gyri, anterior insulae, and thalami and between
the right precentral gyrus and bilateral precentral and postcentral gyri, insulae,
striatum and thalami, without changes in right angular gyrus connectivity.*® No
resting-state fMRI studies have been conducted in the presymptomatic stage in
C9orf72 repeat expansion carriers thus far.

Since all of the abovementioned studies had relatively small study groups and
applied different analytical strategies, it is difficult to draw firm conclusions about
mutation-specific connectivity alterations, as demonstrated by the large variation
of results across the three studies in presymptomatic GRN mutation carriers.

Currently three different analytical approaches are commonly applied: seed-
based analyses, ICA, and graph theory.!**

In seed-based analysis a specific region of interest is chosen as seed region for the
analysis. Spontaneous fluctuations in BOLD signal within this region are entered
as regressor in a general linear model analysis, in order to investigate functional
connectivity between the seed and each other voxel in the brain. BOLD signals in
the white matter and cerebrospinal fluid are thought to be influenced by noise
related to cardiac and respiratory signals, and can therefore be included in the
model as confound regressors. Since we had a clear hypothesis aboutinvolvement
of the anterior midcingulate cortex and frontoinsula from studies in patients with
FTLD, we chose this method in our study. However, an obvious disadvantage
of this approach is the requisite of a priori defining a region of interest, thereby
ignoring potential effects between other regions. 1411

Using ICA, there is no need to define a region of interest. This method decomposes
an fMRI data set into spatial components that consist of brain regions with similar
BOLD signal fluctuations over time, thus regions that are functionally connected.
These components include resting-state networks, but also components of noise
signals. The user has to manually distinguish potential components of interest
from noise components.i* 15 Recently, a method named FMRIB’s ICA-based



X-noiseifier (FIX), has been developed that allows for automatic classification and
removal of structured noise-components, such as scanner artefacts, which could
improve the quality of the data.!*

Graphtheoryanalysisis a relatively new approach in which the brain is regarded as
onelargefunctionalnetwork.ltrequiresdefining certain functionallyhomogeneous
brain regions, named nodes. Subsequently, functional connectivity between all
possible pairs of nodes is investigated, resulting in a so-called connectivity matrix.
Measures of interest include the number of connections of a node and average
length of node-to-node connections for example. This technique demonstrated
a small world topology in the brain, meaning that there are certain critical nodes,
named hubs, with a large number of connections, thereby providing a connection
of their neighboring nodes with many other nodes using only few connections.***
115

It remains to be investigated which technique is most appropriate to be used for
clinical applications. Harmonization of analytical strategies across resting-state
fMRI studies would enable a more accurate comparison of results.

A relatively new technique under investigation is pharmacological resting-state
fMRI, which studies the influence of pharmacological challenges on functional
connectivity.'” It has been hypothesized that cholinergic and serotonergic
enhancement using pharmacological agents will affect functional connectivity
and that this might aid to the differential diagnosis between different types of
dementia at an early disease stage. However, studies investigating this hypothesis
are lacking to date.

Using ASL, we found a longitudinal decline in cerebral blood flow (CBF) in frontal,
temporal, parietal and subcortical regions in presymptomatic MAPT and GRN
mutations carriers, with the strongest decline for the subjects that converted to
clinical FTD during the follow-up period. Frontal and subcortical hypoperfusion
is a consistent finding in patients with FTD.*¥%2 Temporal hypoperfusion is not
commonly reported in ASL studies of FTD, but this might reflect incomplete
brain coverage in previous studies, since temporal hypometabolism has
been demonstrated in FTD using position emission tomography with
18F-fluorodeoxyglucose (FDG-PET).1?2 12 We assumed that our finding of parietal



hypoperfusion is related to the high proportion of GRN mutation carriers in
our cohort, since GRN mutation are typically associated with a more posterior
distribution of pathology.” ® % However, no studies have investigated CBF
differences using ASL across the three major genetic subtypes of FTLD thus far.
A previous study by our group compared brain perfusion in patients with familial
FTLD-TDP (in some due to a GRN mutation) and patients with a MAPT mutation
using SPECT and demonstrated hypoperfusion in the precuneus, inferior parietal
lobe and right frontal lobe in familial FTLD-TDP, and hypoperfusion in the left
temporal and inferior frontal gyri in the MAPT group.*? Accordingly, GRN mutations
were previously shown to be associated with hypoperfusion in right dorsolateral
frontal, posterior temporal and inferior parietal cortices, hippocampus and
posterior cingulate cortex compared to other FTD patients using SPECT.® One
FDG-PET study investigated presymptomatic and early symptomatic GRN
mutation carriers and showed asymmetric hypometabolismin frontal and anterior
temporal lobes.’** Other studies investigating brain perfusion or metabolism in the
genetic groups are lacking. Therefore, additional studies comparing larger groups
of genetic FTLD subtypes are needed to elucidate mutation-specific changes.

FDG-PET is the most commonly applied method to investigate brain function in
clinical practice. Despite the fact that ASL has several major advantages over FDG-
PET, including lower costs, non-invasiveness, absence of radiation exposure, wide
availability of MRI scanners, and the possibility to combine ASL with other MRI
techniques in a single session,*” several methodological issues in the acquisition
and processing of ASL scans have hampered its clinical application.'? Forinstance,
the choice of labeling approach has been an important issue. The two most
common methods are continuous labeling and pulsed labeling. In continuous
ASL, arterial blood is continuously labeled using a long radiofrequency pulse
as it passes through a particular labeling plane, whereas in pulsed ASL a short
radiofrequency pulse is applied to label a thick slab of arterial blood. Continuous
ASL has proven to provide a higher signal to noise ratio, whereas pulsed ASL has a
better labeling efficiency. Therefore, pseudo-continuous ASL has been developed,
which combines the advantages of both techniques by applying many short pulses
at a high rate.’%* Moreover, the wider availability of 3 Tesla MRI scanners has
improved the quality of ASL acquisition, since higher field strength is associated
with higher signal to noise ratio.*” Recently, Alsop et al**® have published a



consensus statement on recommended implementations of ASL of the brain in
the clinical setting, which will hopefully result in a more harmonized use of ASL
across studies, thereby enhancing interpretability of findings and making ASL
more suitable for clinical application.

Regarding the development of PET, in analogy with *C-PIB-PET allowing in vivo
detection of B-amyloid plaques for AD,**! there is a search for PET ligands for
FTLD pathology. Several compounds binding tau have been developed, and
the first exploratory studies in FTD with MAPT mutations with [F-18]-T807 were
promising.** Perhaps this could provide a very early marker for tau pathology,
however additional research is needed to investigate its applicability.

Knowledge about geneticsin FTLD has learned us a lot about the pathophysiology
of the disease, which is crucial for the development of disease-modifying agents.
In the current study, we have expanded the phenotypical characterization of
genetic FTLD in both the symptomatic and presymptomatic disease stage.

We reported an atypical presentation of symmetrical CBS due to a GRN mutation
in a patient without a positive family history, thereby further expanding the great
diversity in clinical manifestations of GRN mutations and demonstrating that
genetic screening should also be considered in sporadic cases. Secondly, we
provided a clinicopathological characterization of the C9orf72 repeat expansion,
which is associated with a variety of clinical presentations, including bvFTD,
PPA, ALS, with FTLD-TDP type B as the most common pathological diagnosis.
Furthermore, we have demonstrated that this repeat expansion is a frequent
cause of both familial and sporadic FTLD and ALS. Additional studies are needed
to elucidate the pathomechanism of the C9orf72 repeat expansion, hopefully
providing a target for a therapeutic intervention. Moreover, there still remain
families with autosomal dominant FTLD, for which the causing genetic defect
remains to be determined.

Finally, we have demonstrated that using neuropsychological assessment and
MRI presymptomatic changes can be detected in carriers of GRN and MAPT



GENERALDISCUSSION

mutations. Our study suggests that the first brain changes in presymptomatic
FTLD can be detected using resting-state fMRI, even more than fifteen years before
expected symptom onset. However, these functional connectivity alterations
were not predictive for clinical disease manifestation. Conversely, changes on
volumetric MRI, DTI, and ASL seem to strongly accelerate in close proximity to the
onset of symptoms. Therefore, DTI might provide an accurate baseline predictor
of conversion to the clinical disease stage. Moreover, the moment when white
matter impairment is detectable using DTI, might be the ideal starting point of
a therapy to prevent further disease progression, and thereby clinical disease
manifestation. Overall, these various MRl methods seem to provide sensitive
biomarkers for presymptomatic FTLD, and could be used to measure effects of
therapy in future clinical trials. Perhaps a multimodal approach would give the
highest accuracy. Additional and larger studies are needed to explore the specific
distribution of imaging abnormalities in the presymptomatic stage of FTLD for
each genetic subtype, especially since current therapy approaches are directed
at specific pathophysiological targets for each mutation. Finally, harmonization
of MRI acquisition and analysis techniques would improve interpretability results
across different studies.

As the ultimate goal is to find a treatment for patients with FTLD, the ongoing
trials with LMTX in patients with tau pathology and SAHA in patients with GRN
mutations are of extraordinary importance. A positive therapeutic effect of one of
these agents would give an enormous boost to the research field of FTLD and AD,
as these conditions are generally considered untreatable thus far.
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Frontotemporal lobar degeneration (FTLD) is the second most common cause of
presenile dementia, and is characterized by neurodegeneration of the frontal and
temporal lobes. The disease typically presents with behavioral disturbances and
language difficulties that occur before the age of 65 years. An autosomal dominant
familial form of FTLD can be caused by mutations in microtubule-associated
protein tau (MAPT) or progranulin (GRN), and the chromosome 9 open reading
frame 72 (C9orf72) repeat expansion. There currently is no therapy available to
preventor cure FTLD. In order to develop a disease-modifying therapy, knowledge
concerning the pathophysiological process is crucial to identify proper treatment
targets. The familial forms of FTLD can learn us a lot about the disease process
by enabling us to explore clinical and pathological characteristics in relation to
genetic defects. With the development of potential disease-modifying therapies,
sensitive biomarkers to evaluate the effects of treatmentin early FTLD are essential.
Presymptomatic carriers of the abovementioned genetic defects provide a unique
study population to investigate biomarkers at the earliest stage of the disease, at
a time of minimal brain damage.

In Chapter 1 current knowledge about genetic forms of FTLD and MRI biomarkers

are presented and the aims of the current study are outlined:

1) To expand current knowledge on phenotypical characteristics in the clinical
stage of genetic FTLD (Chapter 2).

2) To investigate presymptomatic changes in familial FTLD using
neuropsychological assessment and MRI (Chapter 3).

Chapter 2.1 reports a novel c.314dup GRN mutation in a patient that presented
with an atypical symmetric corticobasal syndrome with symmetric frontoparietal
atrophy and hypoperfusion at neuroimaging. FTLD-type A pathology at autopsy
prompted us to perform genetic screening in this patient without a positive
family history for neurodegenerative disorders, revealing this novel mutation. We
concluded that GRN mutations are an important cause of corticobasal syndrome
and suggested that screening for GRN mutations should be considered in patients
with corticobasal syndrome without a positive family history.



Chapter 2.2 describes the clinical and pathological characteristics of the C9orf72
repeat expansion in a Dutch frontotemporal dementia (FTD) cohort. We found
the C9orf72 repeat expansion in 18% of patients with familial FTD and 2% of
sporadic FTD in the Netherlands, thereby explaining 54% of familial FTD together
with MAPT and GRN mutations. The most common clinical presentation was the
behavioral variant of FTD, but presentations with primary progressive aphasia,
and concomitant amyotrophic lateral sclerosis (ALS) or signs of Parkinsonism
were also demonstrated. Pathological examination revealed FTLD with transactive
response DNA binding protein of 43 kDa (TDP-43) positive inclusions, consistent
with FTLD-TDP type B, but with additional cerebellar p62-positive, TDP-43-
negative inclusions.

In Chapter 2.3 we estimated the global frequency of the C9orf72 repeat expansion,
and found a large geographical variation in frequencies, which was highest in
Finland. Worldwide, the C9orf72 repeat expansion was found in 25% of familial
FTLD and 36% of familial ALS. Moreover, we demonstrated the repeat expansion
in 6% of both sporadic FTLD and ALS, suggesting that this is the most frequent
genetic cause of these diseases identified thus far.

In Chapter 3.1 we investigated presymptomatic carriers of GRN and MAPT
mutations using neuropsychological investigation, volumetric MRI, diffusion
tensor imaging (DTI) and resting-state fMRI and demonstrated that reduced white
matter integrity of the uncinate fasciculus, and reduced functional connectivity
within the salience network can be detected in the presymptomatic stage of FTLD.

Chapter 3.2 describes longitudinal findings within the same group of
presymptomatic mutation carriers after two years of follow-up. We showed that
resting-state fMRI has the potential to detect changes in functional connectivity
within the salience and default mode network more than fifteen years before
expected symptom onset. Carriers within five years prior to their estimated
symptom onset also showed longitudinal alterations in executive functions and
social cognition, insular grey matter volume and white matter integrity within
the uncinate fasciculus. Interestingly, the two mutation carriers that converted to
clinical bvFTD during follow-up showed the strongest white matter integrity loss
in the uncinate fasciculi and forceps minor at baseline already, suggesting that



this MRI technique might have the potential to serve as a baseline predictor for

conversion to clinically manifest disease.

In Chapter 3.3 we investigated cerebral blood flow in the same individuals by
meansof arterial spin labeling and showed a longitudinal decline in cerebral blood
flowinfrontal, temporal, parietal, and subcortical brain regions in presymptomatic
mutation carriers compared to controls, which was most apparent for mutation
carriers approaching their estimated age of symptom onset.

Our findings suggest that MRI is a powerful tool to detect FTLD and track disease
progression in the presymptomatic stage. This isimportant for future clinical trials,
in which these techniques can be used to evaluate the effect of therapies.

To conclude, in the current study we expanded the phenotypical characterization
of genetic FTLD in both the symptomatic and presymptomatic disease stage. In
Chapter 4 the main findings of this study and their implications are discussed in
light of literature and suggestions for future research are provided. An important
development is that there are currently two ongoing clinical trials with potential
therapies for FTLD: LMTX for patients with tau pathology and SAHA for patients
with GRN mutations. These trials provide hope that we will be able to prevent or
cure this devastating disorder in the future.



Frontotemporale lobaire degeneratie (FTLD) is de tweede meest voorkomende
vorm van preseniele dementie en wordt gekenmerkt door neurodegeneratie van
de frontale en temporale hersenkwabben. De ziekte presenteert zich typisch met
gedragsveranderingen en taalproblemen die voor het 65¢ levensjaar optreden.
Een autosomaal dominante familiaire vorm van FTLD kan veroorzaakt worden
door mutaties in microtubule-associated protein tau (MAPT) of progranulin (GRN)
en de chromosome 9 open reading frame 72 (C9orf72) repeat-expansie. Er is
momenteel geen therapie beschikbaar die FTLD kan voorkomen of genezen. Voor
de ontwikkeling van een therapievoor deziekte is kennis van het pathofysiologisch
proces cruciaal om een geschikt aangrijpingspunt voor medicatie te vinden. De
familiaire vormen van FTLD kunnen ons veel leren over het ziekteproces door
klinische en pathologische kenmerken in relatie tot de genetische defecten te
onderzoeken. Bij de ontwikkeling van potentiéle behandelingen voor de ziekte,
zijn sensitieve biomarkers om het effect van dergelijke medicatie te beoordelen
essentieel. Presymptomatische dragers van bovengenoemde erfelijke afwijkingen
vormen een unieke studiepopulatie om biomarkers in een zo vroeg mogelijk
ziektestadium, op het moment van minimale hersenschade, te onderzoeken.

In hoofdstuk 1 wordt de huidige kennis omtrent genetische vormen van FTLD

en MRI biomarkers beschreven en worden de doelen van de huidige studie

gepresenteerd:

1) Uitbreiding van de huidige kennis van fenotypische karakteristieken in het
klinische ziektestadium van erfelijke FTLD (Hoofdstuk 2).

2) Onderzoeken van presymptomatische hersenveranderingen in familiaire FTLD
met behulp van neuropsychologisch onderzoek en MRI (Hoofdstuk 3).

In hoofdstuk 2.1 rapporteren wij een nieuwe c.314dup GRN mutatie in een patiént
die zich presenteerde met een atypisch, symmetrisch corticobasaal syndroom
met symmetrische atrofie en hypoperfusie op beeldvorming. FTLD-type A
pathologie bij obductie bracht ons ertoe om bij deze patiént, zonder positieve
familieanamnese voor neurodegeneratieve aandoeningen, genetische screening
uit te voeren, waarbij deze nieuwe mutatie werd aangetoond. Wij concludeerden
dat GRN mutaties een belangrijke oorzaak zijn van corticobasaal syndroom en dat



screening op GRN mutaties ook overwogen zou moeten worden bij patiénten met
een corticobasaal syndroom zonder positieve familieanamnese.

Hoofdstuk 2.2 beschrijft de klinische en pathologische kenmerken van de C9orf72
repeat-expansie in een Nederlands frontotemporale dementie (FTD) cohort.
We hebben de C9orf72 repeat-expansie aangetoond bij 18% van de patiénten
met familiaire FTD en 2% van de patiénten met sporadische FTD in Nederland.
Hiermee wordt, samen met mutaties in MAPT en GRN, nu 54% van de familiaire
FTD in Nederland verklaard. De meest voorkomende klinische presentatie was de
gedragsvariant van FTD, maar presentaties met primaire progressieve afasie en
bijkomende amyotrofische laterale sclerose (ALS) of tekenen van Parkinsonisme
kwamen ook voor. Pathologisch onderzoek toonde FTLD met inclusies van het
transactive response DNA binding protein van 43 kDa (TDP-43), maar daarnaast
ook p62-positieve, TDP-43-negatieve inclusies in het cerebellum.

In hoofdstuk 2.3 hebben wij getracht de wereldwijde frequentie van de Corf72
repeat-expansie te schatten. We vonden een grote geografische variatie in
frequentie, die het hoogste was in Finland. Gemiddeld werd de repeat-expansie
gevonden bij 25% van de familiaire FTLD en 36% van de familiaire ALS. Daarnaast
vonden wij de repeat-expansie bij 6% van zowel sporadische FTLD en ALS, hetgeen
suggereert dat dit de meest voorkomende geidentificeerde genetische oorzaak
van beide sporadische ziektes is.

Inhoofdstuk3.1hebbenwijpresymptomatischedragersvan GRNen MAPT mutaties
onderzocht met behulp van neuropsychologisch onderzoek, volumetrische MR,
diffusion tensor imaging (DTI) en resting-state fMRI. Wij hebben laten zien dat
verminderde integriteit van de fasciculus uncinatus en verminderde functionele
connectiviteit in het salience netwerk aan te tonen zijn in de presymptomatische
fase van FTLD.

Hoofdstuk 3.2 beschrijft de longitudinale bevindingen in dezelfde groep
presymptomatische mutatiedragers na twee jaar follow-up. We hebben
aangetoond dat met behulp van resting-state fMRI, al meer dan 15 jaar voor
de te verwachten klinische ziektemanifestatie, veranderingen in functionele
connectiviteit in het salience netwerk gevonden kunnen worden. Mutatiedragers



binnen 5 jaar voor hun verwachte klinische ziektemanifestatie lieten daarnaast
longitudinaleveranderingen zien in executieve functies en sociale cognitie, in grijze
stof volume van de insula en in witte stof integriteit van de fasciculus uncinatus.
Opmerkelijk is dat de twee mutatiedragers die gedurende de follow-up periode
klachten van de ziekte hebben ontwikkeld, al bij het baseline onderzoek de meest
afwijkende DTl waarden in de fasciculus uncinatus en forceps minor lieten zien.
Dit suggereert dat deze MRI techniek wellicht een geschikte baseline voorspeller is
van klinische ziektemanifestatie.

In hoofdstuk 3.3 hebben wij de hersendoorbloeding van dezelfde individuen
onderzocht met behulp van arterial spin labeling. Wij hebben een longitudinale
achteruitgang in hersendoorbloeding in frontale, temporale, pariétale en
subcorticale hersengebieden aangetoond in mutatiedragers ten opzichte van
controles, hetgeen het meest uitgesproken was voor mutatiedragers die hun
verwachte leeftijd van klinische ziektemanifestatie naderen.

Onze bevindingen suggereren dat MRI een waardevol instrument is om FTLD aan
te tonen en ziekteprogressie te meten in de presymptomatische fase. Dit is van
groot belang voor toekomstige therapeutische trials, waarin deze MRI technieken
gebruikt kunnen worden om het effect van een therapie te beoordelen.

Concluderend hebben wij in de huidige studie de fenotypische karakterisering
van erfelijke FTLD uitgebreid in zowel de symptomatische als presymptomatisch
ziektestadia. In hoofdstuk 4 worden de belangrijkste bevindingen van deze studie
en de implicaties hiervan besproken aan de hand van de literatuur en worden
suggesties voor toekomstig onderzoek gegeven. Een belangrijke ontwikkeling is
dat er momenteel twee klinische trials met potentiéle behandelingen voor FTLD
lopen: LMTX voor patiénten met tau-pathologie en SAHA voor patiénten met een
GRN mutatie. Deze trials bieden hoop dat er in de toekomst een behandeling zal
zijn, om deze ingrijpende ziekte te voorkomen of genezen.
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AAO Age at onset
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DMN Default mode network
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FSL FMRIB’s Software Library

225



FTD Frontotemporal dementia

FTLD Frontotemporal lobar degeneration

FUS Fused in sarcoma

GM Grey matter

GRN Progranulin

HD Huntington’s disease
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