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ABSTRACT

C9orf72 repeat expansions are rarely associated with primary progressive aphasias (PPA). In-depth
characterization of the linguistic deficits, and the underlying patterns of grey-matter atrophy in PPA
associated with the C9orf72 expansions (PPA-C9orf72) are currently lacking. In this study, we
comprehensively analyzed a unique series of 16 patients affected by PPA-C90rf72. Eleven patients were
issued from two independent French and Finnish cohorts, and five were identified by means of literature
review. Voxel-based morphometry (VBM) studies were performed on three of them.

This study depicts the spectrum of C9orf72-related aphasic phenotypes, and illustrates their linguistic
presentation. The non-fluent/agrammatic variant was the most frequent phenotype in our series (9/16
patients, 56%), with apraxia of speech being the main defining feature. Left frontal lobe atrophy was
present in these subjects, peaking in inferior frontal gyrus. Three patients (19%) showed the semantic
variant, with progression of atrophy in temporo-polar regions, later involving orbitofrontal cortex. Anterior
temporal lobe dysfunction was also particularly relevant in two patients (12.5%) with mixed forms of PPA.
Lastly, two patients (12.5%) had unclassifiable PPA with predominating word-finding difficulties. No
PPA-C9orf72 patients in our series fulfilled the criteria of the logopenic variant.

Importantly, this study underlines the role of C90rf72 mutation in the disruption of the most anterior parts
of the language network, including prefrontal and temporo-polar areas. It provides guidelines for C9orf72

testing in PPA patients, with important clinical impact as gene-specific therapies are upcoming.

Keywords
Primary progressive aphasia, frontotemporal dementia, frontotemporal lobar degeneration, C9orf72,

progranulin (GRN).



1. INTRODUCTION

Primary progressive aphasias (PPAs) are rare neurodegenerative diseases initially presenting with speech
and language disorders (Gorno-Tempini et al., 2011). The non-fluent/agrammatic variant (nfvPPA) is
associated with effortful language production, agrammatism and apraxia of speech, related to involvement
of inferior frontal gyrus of the dominant hemisphere. The semantic variant (svPPA) is dominated by
conceptual knowledge and language comprehension deficits, associated with anterior temporal lobe
atrophy. The logopenic variant (IvPPA) is characterized by phonological working memory impairment
with single-word retrieval and sentence repetition deficits, and predominant temporal-parietal junction
involvement in the hemisphere specialized into language. However, this classification may not be applied
to all cases, some of them not meeting criteria for any of the abovementioned variants (unclassifiable PPA,

uPPA), or fulfilling criteria for more than one variant (mixed PPA, mPPA) (Bergeron et al., 2018).

In some patients, PPA phenotypes are caused by mutations in genes responsible for autosomal dominant
frontotemporal dementias (FTD). Gene-specific lesion tropism leads to the neuroanatomical profile of
cortical atrophy and, hence, in some cases to the resulting predominant linguistic deficits. As such, PPAs
are associated with GRN mutations in ~15-20% of carriers (Moore et al., 2020; Saracino et al., 2021) and
their phenotypes are dominated by non-amyloid IvPPA and nfvPPA linguistic variants (Le Ber et al., 2008;
Moore et al., 2020; Saracino et al., 2021). Conversely, MAPT (Henz et al., 2015), TARDBP (Caroppo et al.,
2015; Gelpi et al., 2014; Gonzdlez-Sanchez et al., 2018; Mol et al., 2021), and TBK mutations (Caroppo et
al., 2015; Pottier et al., 2015; van der Zee et al., 2017; Hirsch-Reinshagen et al., 2019; Swift et al., 2021)
much more rarely cause a PPA syndrome; in those rare instances, linguistic impairment usually meets

criteria of svPPA, and less frequently nfvPPA.

C9orf72 repeat expansions are the most frequent genetic cause of FTD and amyotrophic lateral sclerosis
(ALS). PPA variants are rather exceptional C9orf72-associated phenotypes (Boeve et al., 2012; Majounie

et al., 2012; Moore et al., 2020). Therefore, their main linguistic deficits, and the underlying patterns of



grey-matter atrophy are not well characterized. To fill this gap, we analyzed the linguistic and
neuroanatomical profiles of a unique series of 16 PPA patients carrying C9orf72 expansions (PPA-
C9orf72), including 11 patients coming from two independent French and Finnish study cohorts, and five

additional patients with in-depth clinical descriptions identified in the literature.

2. MATERIALS AND METHODS

2.1. Study design and patients

The patients analyzed in the French cohort of this study were prospectively included in the context of a
national clinical and research network on FTD and ALS between 1996 and 2020 (Research project
RBMO02-59), as well as PREV-DEMALS study (ClinicalTrials.gov Identifier: NCT02590276). All
participating centers employed comparable diagnostic protocols and clinical evaluations (Le Ber et al.,
2006; Saracino et al., 2021). Molecular analyses were performed in all patients to search for FTD disease-
causing mutations. The ethics committee of Paris-Necker Hospital approved the study. All patients
provided written informed consent. No part of the study procedures and analyses was pre-registered prior
to the research being conducted. We report how we determined our sample size, all data exclusions, all
inclusion/exclusion criteria, whether inclusion/exclusion criteria were established prior to data analysis, all
manipulations, and all measures in the study. During this time interval, 330 patients carrying C9orf72
expansions (at least >30 repeats) were included, 11 (3.3%) of whom received an initial diagnosis of PPA
(PPA-C90rf72). Five were excluded because of severely compromised language/cognitive functions at first
evaluation (n=3), or CSF biomarkers consistent with Alzheimer disease (AD) co-pathology (n=2, one with
svPPA and one with IvPPA phenotype).

Here, we report the linguistic and clinical characteristics of the remaining six PPA-C9orf72 patients,
among which CSF biomarkers were negative in four (not analyzed in two: #2 and #3). They did not carry
mutations in all known FTD-causative genes, and had plasma progranulin levels within normal limits. The

standardized speech/language evaluation protocol was carried out with the Boston Diagnostic Aphasia



Examination—French version (BDAE/HDAE-F) (Mazaux and Orgogozo, 1982) (n = 5) and/or the
Montreal-Toulouse protocol for examination of aphasia (MT86) (Nespolous et al., 1992) (n= 3). Two
patients were tested with both batteries. All underwent more extensive language evaluations also including
oral confrontation naming (Deloche and Hannequin, 1997), buccofacial praxis (Teichmann et al., 2013),
phonological and semantic fluencies (Godefroy and GREFEX, 2008), the Pyramid and Palm-Tree Test
(PPTT) (Howard and Patterson, 1992) or the BECS-GRECO semantic battery (Merck et al., 2011). Other

cognitive domains were evaluated with a semi-standardized battery (Saracino et al., 2021).

Additionally, five patients belonging to a Finnish cohort, that have been partially described in a prior study
(Haapanen et al., 2020), were included for a more detailed linguistic analysis in the current work. They
were diagnosed at the Kuopio University Hospital between 1996 and 2016. They were all of Finnish
descent and were not tested for other FTD-causative mutations, which are, however, extremely rare in the
Finnish population, likely due to genetic isolation (Haapanen et al., 2020). Their speech/language
evaluation relied on the Western Aphasia Battery (WAB) (Shewan and Kertesz, 1980), whereas the other
cognitive domains were tested in neuropsychological assessment including the Consortium to Establish a
Registry for Alzheimer’s disease neuropsychological battery (CERAD-NB). Legal copyright restrictions
prevent public archiving of the various assessment instruments and test batteries used in this study, which

can be obtained from the copyright holders in the cited references.

The diagnosis of PPA variant was based on international criteria (Gorno-Tempini et al., 2011). Patients
were labelled as mPPA when criteria for more than one variant co-occurred in a relatively early disease
stage (Bergeron et al., 2018), and as uPPA when their linguistic impairment did not meet the criteria for

any of the variants.

After the first evaluation, patients were periodically evaluated for usual clinical care. The median disease
duration at the last follow-up was 4.0 years [IQR: 2.6, 5.0]. Some patients secondarily developed additional

neurological or cognitive symptoms leading to secondary diagnoses (Table 1).



2.2. Voxel-based morphometry (VBM) analysis

We performed VBM analyses to characterize the neuroanatomical features in two PPA-C90rf72 patients
with the nfvPPA phenotype (nfvPPA-C90rf72), and in a third patient with the svPPA phenotype (svPPA-
C9orf72). This latter individual was evaluated multiple times. Their 3D T1-weighted MRI scans were all
performed <6 months before or after clinical evaluation. They were compared with 35 controls selected to

match each patient based on their demographic characteristics.

We employed a VBM-based approach with the T7-volume pipeline of Clinica (http://www.clinica.run), a
wrapper of the segmentation, run Dartel, and normalize to Montreal Neurological Institute (MNI) space
routines implemented in Statistical Parametrical Mapping (SPM). After the unified segmentation
procedure, a group template was created using Dartel, and the Dartel-to-MNI method was then applied,

incorporating the native space images into the MNI space.

We used two-sample t-tests for the group analysis, applying the contrast PPA-C90rf72 vs controls, with age
at MRI and gender as nuisance covariates. In order to capture the full extent of brain atrophy, we generated
false discovery rate (FDR)-corrected maps at cluster level, because of the well-known limited statistical
power of single-subject VBM. We used the AAL3.1 atlas to label cortical and subcortical regions

harboring significant differences (Rolls et al., 2020).

2.3. Literature review

We performed an extensive literature review to get deeper insights in linguistic characteristics of
previously reported PPA-C9orf72 patients (AG, DS). A PubMed search employed the following search
terms: ((C9orf72) OR (chromosome 9 open reading frame 72) OR (c9)) AND ((primary progressive
aphasia) OR (PPA)) OR frontotemporal* from 2011 (year of C9orf72 identification) to 2021. A total of
874 articles were found, 53 of which were initially selected for full-text review after a first screening of

research studies on PPA and C9orf72 written in English. We subsequently reviewed the 31 more relevant



papers specifically focusing on genetic screening in PPA cohorts, or on phenotypic characterization of
C9orf72 cohorts or cases, to eventually focus only on those dealing with PPA-C9orf72 patients. We
excluded the papers without detailed clinical/linguistic descriptions (n=26) or in which the causative role of
C9orf72 expansion was not unequivocal (e.g., CSF biomarker profile in favor of AD pathology or presence
of a second FTD or AD-disease causing mutation, n=2) (Supplementary Table 1). Finally, only five PPA-
C9orf72 patients had in-depth linguistic evaluation and could be kept in the study (Hsiung et al., 2012;

Snowden et al., 2012; Cerami et al., 2013).

3. RESULTS

3.1. Clinical phenotypes

Overall, 16 PPA-C90rf72 patients including our six novel French patients, five Finnish patients and five
cases from the literature, were described and analyzed in this study. Their median age at onset was 63
(range: 39-78). Patients were at an early stage of the disease, as reflected by the short median disease
duration (DD) (2.0 years; interquartile range, IQR: 1.5, 2.5). Their demographic, clinical and linguistic
features are summarized in Table 1. In order to better illustrate the heterogeneity of clinical phenotypes, we
described in detail the clinical histories and the linguistic characteristics of three paradigmatic cases, each
presenting a different PPA variant. The conditions of our ethics approval do not permit public archiving of
the individual patient clinical, behavioral and linguistic data supporting this study. Readers seeking access
to the data should contact the corresponding author (Dr. Isabelle Le Ber). Data will be shared with named

individuals following completion of a data sharing agreement and approval by the local ethics committee.

3.1.1. Patient #01: svPPA

At the age of 39, this right-handed patient with high-grade education (20 years of formal education) started
to complain of insidious language difficulties. They mainly consisted of loss of word meaning, anomia, and

difficulties in oral comprehension, especially with some idiomatic expressions. Notably, he had difficulties



with his professional vocabulary (he worked as a veterinarian but could not define words such as
“hippopotamus” or ‘“chick’), mistook the names of his colleagues, and became unable to completely

understand scientific articles.

Speech/language evaluation (BDAE) at 3 years from onset showed fluent, moderately informative
language, with anomia, semantic/verbal paraphasias, and circumlocutions. The severity of aphasia was
rated 3/5. Naming was impaired (DO80: 52/80, below 2.5 SD), as well as single-word comprehension
(56/72 for the BDAE subtest, normal value (n.v.) >68/72) and object knowledge (visual version of the
PPTT: 33/52; n.v. >47/52). At the sentence level, comprehension was mildly affected in both the oral
(14/15 for the BDAE commands subtest, n.v. >12/15) and written modalities (8/10 for the BDAE sentences
and paragraphs comprehension subtest, n.v. >8/10). Surface dyslexia and dysgraphia were present.
Repetition, motor speech and syntactic skills were unaffected. The Mini-Mental State Examination
(MMSE) was 27/30. There was no evidence of dysexecutive disorders, episodic memory impairment, or
visuo-spatial or visuo-constructive dysfunction (forward and backward digit span: 7 and 7, Rey-Osterrieth
Complex Figure copy and recall: 36/36 and 22.5/36). Brain MRI at age 43 showed left temporal pole

atrophy (Figure 1A), with corresponding hypometabolism on cerebral '8FDG-PET (Figure 1B).

At 4.5 years from onset, the patient presented further deterioration of naming (DO80: 47/80) and semantic
skills (PPTT: 25/52), along with increasing difficulties in reading and writing irregular words. Global
cognitive efficiency remained stable and there was no evidence of additional cognitive deficits. After six
years of follow-up (45 years), the patient manifested severe difficulties in understanding conversational
speech, while his verbal output was almost not understandable due to word-finding difficulties and
circumlocutions. He also displayed some repetitive, ritualistic-obsessive behaviors and behavioral
disinhibition. Initial impairment in executive functions was noticed at cognitive testing (Frontal
Assessment Battery, FAB: 15/18). Left temporal atrophy became more extensive in a follow-up brain MRI

performed at age 46, along with subtle prefrontal atrophy (Figure 1C).



Comprehension difficulties became so severe as to no longer allow oral or written communication by the

age of 47, eight years from onset. There was a family history of psychosis in one of the patient’s cousins.

3.1.2. Patient #04: nfvPPA

Patient #04, a right-handed person with 9 years of formal education, complained of difficulties in speech
production with articulatory troubles at age 57, progressively leading to reduction of speech output.
Moreover, he displayed mild personality changes with impulsiveness, reduced initiative and unawareness
of risks. Speech/language evaluation (MT86) at age 58 revealed apraxia of speech, reduced fluency and
loss of prosody, with moderately affected intelligibility (aphasia severity score 4/5). Syntactic difficulties
were evident in speech production and perception, with impaired comprehension of complex sentences
(30/38 for the syntactic MT86 subtest, n.v. >34/38). Morphosyntactic troubles were present also in
sentence writing tasks (18/34 for the MT86 word and sentence writing subtest, n.v. >29/34). Phonological
and semantic fluencies were reduced (13 words in 2 minutes for both: between 2.5 and 1.5 SD for
phonological, and below 2.5 SD for semantic fluency). Repetition and semantic knowledge were
unaffected. His MMSE was 27/30. Some elements of executive dysfunction were evident at
neuropsychological testing (FAB 12/18; forward digit span: 5; backward digit span: 3). Episodic memory,
praxis and visuospatial functions were unimpaired. Neurological examination did not reveal bulbar or
pseudobulbar signs, and there was no dysphagia; muscle atrophy and fasciculations were absent, and there
were no pyramidal signs. At age 58 brain MRI revealed bilateral cortico-subcortical fronto-temporal
atrophy, prevailing in left peri-sylvian areas (Figure 2A). Bilateral prefrontal, left fronto-opercular and
anterior temporal hypometabolism was found in '*FDG-PET (Figure 2B). CSF biomarkers were not in

favor of AD.

At 2.5 years from onset, a mild right-predominant akinetic-rigid syndrome was present at neurological

examination; pyramidal or motor neuron signs did not appear during follow-up, and EMG testing was



persistently negative. The family history was positive for dementia in the patient’s mother, who deceased at

72 years.

3.1.3. Patient #06: mPPA

This right-handed patient with 11 years of education complained of initial difficulties in language
production at age 68, with reduced fluency and troubles in word-finding, without comprehension
impairment. His first speech/language evaluation at age 70, two years from onset, revealed non-fluent,
slowed utterances with apraxia of speech (aphasia severity rating 3/5). Buccofacial apraxia was noticed too,
with major impact on tongue movements. Aside from his articulatory disorder, he presented impairment in
naming (DO80: 54/80, below 2.5 SD), due to a combination of semantic and phonemic paraphasias.
Occasional paragraphic errors (inversion or substitution of syllables) were noticed in writing tasks. His
MMSE was 27/30 and Mattis Dementia Rating Scale (MDRS) 122/144, with prevailing deficit in the
initiation subtask (23/37), which is a proxy of categorial verbal fluency. Executive impairment was present
(FAB 14/18; TMT below 10" percentile), whereas episodic memory was relatively spared. Brain MRI
evidenced bilateral fronto-temporal atrophy, with slight predominance on the left perisylvian areas (Figure
2C). Cerebral '8FDG-PET showed a discrete left-predominant temporal hypometabolism (Figure 2D).

Notably, EMG excluded motor neuron involvement. CSF biomarkers were not in favor of AD.

During disease evolution his communication skills further worsened, mainly because of increasing anomia.
Evaluation at 3 years from onset evidenced markedly impaired naming (Boston naming test: 9/34, <1*
percentile) and semantics skills (PPTT, verbal version: 36/52). His motor speech difficulties remained quite
stable. The other cognitive domains did not get significantly worse, with except for initial ideo-motor
apraxia for intransitive limb gestures. His motor testing was persistently normal. His mother was affected

by ALS, one sibling had bvFTD and another had both FTD and ALS.



3.2. Characteristics of PPA-C90rf72 patients in this study and the literature

The most prevalent PPA variant among C9orf72 patients was nfvPPA in our series (5/11, 45%), and even
more so when considering the overall dataset including this series and previously reported cases diagnosed
as “PNFA” (9/16, 56%) (Table 1).

Notably, the defining feature was apraxia of speech in 80% of our nfvPPA cases, isolated agrammatism
being present in only one patient. The other main features were slowed, hypofluent speech (4/5),
impairment in naming (4/5), and difficulties in comprehension of (mainly complex) sentences (4/5);
evidence of clear phonological disruption was seldom present (1/5). These characteristics were also
common in PNFA cases from the literature, with the only remarkable exception of agrammatism prevailing
over apraxia of speech among the core clinical features.

All reported svPPA patients (2/11 in our series, 18%; 3/16 in the overall dataset, 19%) had fluent,
logorrheic speech, with massive impairment in naming and in comprehension in conversational speech.
The two svPPA we reported had the longest disease course (10 years at last follow-up in both cases).
Behavioral changes reminiscent of anterior temporal disruption (ritualistic, stereotyped or compulsive
behaviors, loss of mental flexibility) appeared during disease course. Earlier and more severe frontal
behavioral impairments were described in the previously reported svPPA patient (Cerami et al., 2013).

The two mixed PPA-C9orf72 patients (#05 and #06) showed a similar profile, with grammar-syntactical
deficits and reduced fluency prevailing during the first year of the disease (apraxia of speech was clearly
present in #06), associated with moderate verbal and visual semantic deficits at onset (comprehension and
object-knowledge difficulties). The syndromic progression followed a similar time-course in both patients,
semantic deficit becoming predominant after three years from onset.

Lastly, the linguistic profile of the two patients diagnosed as uPPA included word-finding difficulties and
impairment in the comprehension of syntactically complex sentences, without frank agrammatism, motor
speech disturbances, repetition impairment, phonological or semantic disruption. They showed discrete

asymmetric, left-predominant frontotemporal atrophy, peaking in the perisylvian areas (Supplementary
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Figure 1). Both developed mutism relatively quickly after the diagnosis. Notably, no patients from our
cohort showed a linguistic profile compatible with IvPPA.

Overall, the majority of PPA-C90rf72 patients eventually displayed at least a moderate degree of
impairment in executive functions during follow-up (12/16, 75%), whereas clinically relevant behavioral
troubles were reported in 6/16 cases (38%). In three patients (2 nfvPPA and 1 svPPA) the final diagnosis
was PPA associated with bvFTD.

Concerning the intercurrent motor features, only one patient from the overall series (#03) developed
(bulbar-onset) ALS, between 1 and 2 years from the onset of linguistic deficits. Atypical parkinsonism was

more frequent during the disease course (6/16, 38%).

3.3. Grey matter atrophy profile in PPA-C90rf72 patients

VBM analysis in the svPPA-C9orf72 patient (#01) initially showed isolated left superior temporal pole
atrophy at age 43, 4 years after disease onset. At 47 years, 7 years from disease onset, there was
progression of left anterior temporal lobe atrophy, along with right temporo-polar and orbitofrontal
involvement (Supplementary Figure 2, Supplementary Table 2).

VBM study in nfvPPA-C90rf72 patients compared with controls displayed a cluster of significant frontal
atrophy in the left frontal lobe, peaking at the level of inferior and middle frontal gyri (Supplementary

Figure 3, Supplementary Table 3).

4. DISCUSSION

A first contribution of the present study is the definition of a remarkably low frequency of PPA with
C9orf72 expansions, representing only 3% of carriers. This frequency is fairly concordant with those
estimated in the largest cohorts of C9orf72 carriers, PPA being the presenting phenotype in only 1-3% of
C9orf72 carriers (Majounie et al., 2012; Le Ber et al., 2013; Moore et al., 2020) (Table 2). On the other

hand, the prevalence of C90rf72 repeat expansion in cohorts of PPA patients ranges from 1% to 8% (Table
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2), with the remarkable exception of small Finnish cohorts where it reaches ~28% (Kaivorinne et al., 2013;
Haapanen et al., 2020). This finding, stemming from observations conducted on a limited number of PPA
patients (<30 cases), is possibly related to the founder effect and high prevalence of C9orf72 repeat
expansion in Finland, making it a very relevant genetic cause of FTD in this country (Majounie et al.,
2012; Haapanen et al., 2020). Aside from that, due to the rarity of PPA-C90rf72 patients, only single cases
or small series have been described in detail (Hsiung et al., 2012; Snowden et al., 2012; Cerami et al.,
2013), and comprehensive characterization of their linguistic and cognitive profiles is currently lacking.
Our study describes the linguistic features and the neuroimaging profiles of a series of 16 PPA-C90rf72
patients, including cases issued from French and Finnish cohorts, and five additional individuals described

in detail in the literature.

In this cohort, 56% (9/16) of PPA-C9orf72 patients presented the nfvPPA phenotype, before svPPA (3/16,
19%), mPPA (2/16, 12.5%) and uPPA (2/16, 12.5%). Interestingly, the most prominent linguistic feature in
the majority of nfvPPA-C90rf72 cases was apraxia of speech, whereas patients in our series less frequently
presented with progressive agrammatic aphasia. Prior neuroimaging studies in nfvPPA patients supported
the duality of its clinical presentation. Apraxia of speech is associated with bilateral, left-predominant
superior frontal atrophy, including premotor and supplementary motor areas, while agrammatic PPA with
more widespread prefrontal involvement, extending to middle and inferior frontal gyri, clearly lateralized
on the left (Botha et al., 2015; Cordella et al., 2019; Tetzloff et al., 2019). These phenotypes are not
unexpected in C9orf72 carriers, in which prefrontal atrophy has been reported long before symptom onset
(Rohrer et al., 2015; Lee et al., 2017; Bertrand et al., 2018; Le Blanc et al., 2020; Bocchetta et al., 2021). A
selective lesion tropism predominating on the left side, mainly centered on inferior frontal gyrus and/or
fronto-opercular cortices may potentially drive the clinical presentation to nfvPPA in some patients, as
observed in our cohort. From the neuropathological point of view, apraxia of speech and, more largely,
nfvPPA are usually associated with tau protein deposition when occurring sporadically (Bergeron et al.,

2018). The presence of the C9orf72 expansion thus qualifies as one of the causes of nfvPPA with
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underlying frontotemporal lobar degeneration (FTLD) with TAR DNA-binding protein of 43 kDa (FTLD-

TDP) pathological substrate, as in the case of GRN mutations.

This study also highlights that svPPA could be a possible clinical phenotype in the C9orf72 expansion
carriers, although with lesser frequency than nfvPPA. Interestingly, both the svPPA-C90rf72 patients from
our series presented with an isolated, progressive disruption of the semantic system, and both showed a
particularly long disease course, with 10 years of disease duration at last follow-up. Notably, slowly
progressive FTD cases could be occasionally due to C9orf72 repeat expansions, and they reflect the major
clinical heterogeneity associated with this genetic cause in terms of disease phenotype and progression
(Khan et al., 2012; Suhonen et al., 2015). These patients during their disease course exhibited behavioral
changes which were mainly characterized by ritualistic, compulsive and stereotyped actions with loss of
mental flexibility, rather than prevailing disinhibited or apathetic conducts, consistent with bilateral
anterior temporal pathology. Accordingly, the progression of atrophy seen in one case study was greater in

anterior temporal lobe, with later and less relevant involvement of orbitofrontal cortex.

Additional evidence for anterior temporal lobe disruption in the C9orf72 patients is provided by the two
mPPA cases described in this study, in whom semantic disturbances took over the predominantly non-
fluent/agrammatic disturbances shortly after disease onset. Similarly, semantic disturbances have been
already reported in association with frontal behavioral disturbances in previous C9orf72 cases (Snowden et
al., 2012). Furthermore, the relevance of anterior temporal lobe dysfunction in the C9orf72 expansion
carriers has been recently highlighted in two patients presenting temporal-variant FTD (tv-FTD), with
object recognition and language difficulties being part of the clinical picture during disease evolution (Caso
et al., 2020). Altogether, besides the svPPA phenotype, the C9orf72 expansion can trigger anterior
temporal lobe degeneration, producing semantic deficits also in patients initially presenting with different

linguistic variants or behavioral syndromes.
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The linguistic spectrum of the C9orf72 repeat expansion appears in striking contrast with those observed in
other FTD-causing mutations. The main presentations of PPA associated with GRN mutations (PPA-GRN)
are logopenic variants, followed by nfvPPA syndrome in which agrammatism clearly predominates over
apraxia of speech (Moore et al., 2020; Saracino et al., 2021). Semantic deficits rarely occur in isolation,
though they can add up to logopenic or agrammatic impairment in the mixed forms. Overall, sentence-level
processing deficits, naming difficulties, and phonological disturbances are the main linguistic features of
GRN-associated PPA (Rohrer et al., 2010a; Saracino et al., 2021). On the other hand, lvPPA has been
exceptionally if ever reported in the C9orf72 repeat expansion carriers (Moore et al., 2020). This phenotype
requires the coexistence of word-finding difficulties and sentence repetition deficits to be diagnosed
(Gorno-Tempini et al., 2011), and this latter impairment is remarkably rare in PPA-C90rf72 (Table 1).
Therefore, it is not surprising that the atrophy pattern involves quite distinct, more posterior regions within
the language network in PPA-GRN, namely posterior temporal lobe, temporo-parietal junction and

posterior frontal areas (Rohrer et al., 2010b; Whitwell et al., 2015; Saracino et al., 2021).

Less common FTD/ALS genes may also produce PPA phenotypes, and the available information stems
from the description of single cases or very small series. MAPT mutations may produce both nfvPPA and
svPPA phenotypes, in association with underlying FTLD with tau pathology (FTLD-tau) (Moore et al.,
2020). However, pure svPPA cases are rather rare, whereas bvFTD associated with anomia and profound
semantic deficits is a more common occurrence (Pickering-Brown et al., 2002; Henz et al., 2015; Roncero
et al., 2021). TARDBP carriers may also display important bilateral temporal atrophy, and the
corresponding linguistic phenotype is more commonly svPPA (Gelpi et al., 2014; Caroppo et al., 2016;
Gonzalez-Sanchez et al., 2018; Mol et al., 2021). Somatic mutations of TARDBP in the lateral and medial
temporal cortices of patients with sporadic svPPA also highlight the role of TARDBP in temporal lobe
pathology (van Rooij et al., 2020). Linguistic presentations associated with 7BK/ mutations are more
heterogeneous and almost equally represented by nfvPPA and svPPA (Caroppo et al., 2015; Pottier et al.,

2015; van der Zee et al., 2017; Hirsch-Reinshagen et al., 2019; Swift et al., 2021). Overall, these findings
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suggest that the degenerative process resulting from distinct FTD gene mutations displays a differential
lesional tropism in patients with PPA phenotypes. Involvement of frontal areas among the C9orf72 carriers
is quite heterogeneous in terms of lateralization and peak of atrophy, thus giving rise to different nfvPPA
sub-phenotypes. The temporo-polar cortex is predominantly involved in the context of C90rf72, as well as
MAPT, TARDBP and TBKI mutations, whereas it is rather atypical in the GRN carriers, who frequently

display a quite distinct pattern involving the posterior language areas.

Anyway, the rarity of PPA-C90rf72, and more largely of genetic PPA, may preclude the generalizability of
our findings and the resulting genotype-phenotype correlations. Moreover, the speech/language batteries
we used, though allowing a homogeneous description of patients observed across a wide time span, did not
undergo validation studies in the PPA population and are not based on a cognitive approach to language
dysfunction, thus lacking diagnostic accuracy to capture the most subtle linguistic deficits, especially for
unclassifiable and mixed cases (Ivanova and Hallowell, 2013; Macoir et al., 2021). A more exhaustive
linguistic evaluation based on the most recently validated tests would represent an added value for future
works in this field. Additionally, the limited number of patients available in our series (even if rather
important for such a rare phenotype in a rare genetic form) may have led to statistically underpowered
VBM studies. Nevertheless, cluster-level corrected VBM analyses have proven their usefulness in
elucidating significant patterns of atrophy even in single subjects or small-sized groups (Khan et al., 2012;
Josephs et al., 2014). Furthermore, our neuroimaging results are well concordant with the linguistic and
clinical phenotypes, and closely mirror the profiles of cortical involvement seen in the native acquisitions

(Supplementary Figures 2 and 3).

In spite of the abovementioned limitations, this study offers an overview on the clinical progression of a
relatively large series of PPA-C90rf72, cases. Interestingly, the frequency of patients developing ALS (6%,
1/16) was far below what it is expected in the C9orf72 carriers, approximately half of whom presenting
motor neuron dysfunction during the disease course (Majounie et al., 2012; Snowden et al., 2012; Le Ber et

al., 2013). Therefore, ALS seems a less common occurrence in patients initially displaying a PPA, rather
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than a bvFTD phenotype. Even if behavioral and executive disturbances were quite common during
progression, the frequency of bvFTD as secondary diagnosis was indeed low, and specifically lower than

what observed in a series of PPA-GRN recently reported (Saracino et al., 2021).

In conclusion, the current findings provide some important information for genetic testing in clinical
practice, showing that C9orf72 gene should be analyzed in PPA patients with nfvPPA phenotype, notably
when manifesting with apraxia of speech, and in those with predominant semantic impairment, especially
when family history is positive for FTD/ALS. Non-amyloid IvPPA variants are not associated with the
C9orf72 expansion in our series, even if some exceptions may occur. Finally, this study comprehensively
describes the linguistic spectrum in a large cohort of patients with PPA related to C9orf72 expansion, and
to refine the indications for molecular analyses in PPA patients, according to their phenotypes, with major

clinical impact as targeted disease-modifying therapies are upcoming.
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Duration at

last follow- 10 10 2 2.5 4 5 4 4t 1 3t st 4 4 NA 5 2

up

Other BD BD

relevant BD, FCSd, ALS FCSd, FCSd FCSd, | FCSd, BD, FCSd FCSd, Park | FCSd, Park FCSd FCSd, . FCSd, BD BD
impairments FCSd PLD Park (PLD) Park Park Park

at follow-up

Diagnosis at sVPPA sVPPA | PPA/ALS PPA/ mPPA mPPA uPPA uPPA nfvPPA nfvPPA nfvPPA PNFA PNFA PNFA SYPPA/VE | PNFA/bVE
last follow up bvFTD TD TD

Table 1. Clinical and linguistic features of the 16 PPA-C90rf72 patients. + indicates presence, - absence, and (+) partial or mild difficulties. §: appeared
during disease evolution; T: disease duration at death. AAO: age at onset; ALS: amyotrophic lateral sclerosis; AOS: apraxia of speech; BD: Behavioral
disorders; bvFTD: behavioral variant of frontotemporal dementia; CS: complex sentences; DD: disease duration; FCSd: frontal cognitive syndrome; mPPA:
mixed primary progressive aphasia; NA: not available; nfvPPA: non-fluent/agrammatic variant of PPA; Park: parkinsonism; PLD: parietal lobe dysfunction;
PNFA: progressive non-fluent aphasia; PPA: primary progressive aphasia; SS: simple sentences; svPPA: semantic variant of PPA; uPPA: unclassifiable PPA; y:
years. An overall description of the Finnish cohort without detail on individual phenotypes was provided in Haapanen et al., 2020.
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Reference . . Frequency of C90rf72 carriers Frequency of PPA patients in .
(origin of the cohort) Cohort of PPA patients Cohort of C90rf72 carriers in PPA cohort (%) C0rf72 cohort (%) PPA variants
Largest C90rf72 cohorts
141 PPA
EE‘;%C etal, 2012) 76 nfvPPA 103 C90rf72 0% 0% -
65 svPPA
S 378 PPA 18 PPA-C9o0rf72%:
k
gj]r guzle[ejts% 2012) 176 PNFA 625 C901f72 5% 3% 11 PNFA
pe, 202 SD 78D
(Le Ber et al., 2013) 73 PPA 5 PPSAI;g%‘Xﬁ 2
(France) 62 PNFA 202 C9orf72 7% 2%
28D
11 SD
85 PPA
(Ramos et al., 2020) 36 nfvPPA 1 PPA-CYorf72
(USA) 45 svPPA 95 Corf72 1% 1% 1 svPPA
4 lvPPA
46 PPA-C9orf72%
26 nfvPPA
%
E?ﬁf’e‘r’ffaﬁéﬁﬁifom) - 1433 C90rf72 - 3% 13 svPPA
3 lvPPA
4 PPA-NOS
Largest PPA cohorts
102 PPA
E%I;é})loney etal., 2012) 49 PNFA 19 C901f72 1% 5% 1 PP]AI-DgioArﬁZ.
53 SD
e 8 PPA-CY0rf72:
g‘;g‘;‘;etslf‘elﬂzst al., 2012) 101 PPA 42 C90rf72 8% 19% 2 svPPA
6 PPA-NOS
118 PPA
E%r;g)wden et al., 2012) 66 PNFA 32 C901f72 3% 10% 3 PI;A}ngTl
535D il
. . 98 PPA
EIC::Ihr)nbertl etal., 2013) 64 PNFA 39 C90rf72 2% 50, 2 PPAZ-gzorﬁZ :
Y 34 SD
100 PPA
17 nfvPPA 2 PPA-CYorf72:
Eglgga)gan et al,, 2013) 16 svPPA - 2% - 1 svPPA
54 lvPPA 1 uPPA
13 uPPA
193 PPA
(Bocchetta et al., 2018) 103 PNFA 28 C901f72 1% 7% 2 PPA-CYorf72
(UK) 26 SD 2 nfvPPA

29



14 PPA-NOS

403 PPA
125 nfvPPA 4 PPA-C90rf72
122 svPPA
(Ramos et al., 2019) 3 nfvPPA
(USA) 89 PPA - 1% - 1 svPPA
5 mPPA ’
18 uPPA
44 PPA-NOS
(Costa et al., 2020)
(International) 495 PPA 56 Corf72 1% 2% 4 PPA-CY0rf72
Additional study cohorts
(Hsiung et al., 2012) 5 PPA-C9orf72:
(Canada) - 30 C9orf72 - 17% 5 PNFA
(Cerami et al., 2013) 1 PPA-CY0rf72:
(Italy) 86 FTLD - - - 1 svPPA
32 PPA
(Gil-Navarro et al., 2013) 15 nfvPPA 2 PPA-C90rf72:
(Spain) 3 svPPA i 6% i 2 nfvPPA
P 7 WPPA
5 uPPA
. 5 PPA-C90rf72:
(L2019 : 64 C901f72 : 8% 4 nfoPPA
1 svPPA
. 27 PPA
(Kaivorinne et al., 2013) 6 PPA-C90rf72:
(Finland) 207PS]‘\AFA 22 C9orf72 22% 27% 6 PNFA
3 PPA-CY0rf72:
E\B/::lln iLamn;genhove et al., 2013) ) 26 C90r72 ) 12% 2 PNFA
giu 15D
(Benussi et al., 2014) 82 PPA 26 C90r72 1% 4% 1 PPA-C90rf72
(Ttaly)
37 PPA .
(Fletcher et al., 2015a)* (UK) 20 PNFA - 3% - 1 PPA-C0rf72%:
1 PNFA
17 SD
34 PPA .
(Fletcher et al., 2015b)* (UK) 15 PNFA . 3% . 1 PPA-CIorf72:
1 PNFA
19 SD
(Snowden et al., 2015) ) 42 C9orf72 ) 10% 4 PPA-C90rf72:

(UK)
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(Hardy et al., 2016)*

32 PPA
18 nfvPPA

3%

1 PPA-CYorf72%:

(UK) P 1 nfvPPA
37 PPA
(Rohrer et al., 2016) ]]30"{‘:} }I: 11:;‘4 ) 3% ) 1 PPA-CY0rf72
(UK) 7 opPA 1 nfvPPA
7 uPPA
79 PPA
43 PNFA 8 PPA-C90rf72:
E\B’:{‘ il\lilris)sevelde etal., 2016) 335D 65 C901f72 10% 12% 5 PNFA
& 2 WPPA 38D
1 uPPA
(Oijerstedt et al., 2019) 1 PPA-CYorf72
(Sweden) 132 FTLD 35 C9orf72 - 3% | PPANGS
Egﬁif;‘ﬁ)“ al., 2020) ; 26 C90rf72 - 19% 5 PPA-C901f72
18 PPA: 5 PPA-C901f72
Egﬁgﬁgi“ etal., 2020) 16 nfvPPA ; 28% ; 3 nfoPPA
2 PPA-NOS 2 PPA-NOS

Table 2. Summary of the most important revised papers contributing to determine the frequency of PPA in C90rf72 cohorts, and of C90rf72
expansion in PPA cohorts. The largest study cohorts, contributing to a better estimation of frequencies, are shown first. FTLD: frontotemporal
lobar degeneration; IvPPA: logopenic variant of PPA; mPPA: mixed PPA; na: not available; nfvPPA: non-fluent/agrammatic variant of PPA; NOS:
not otherwise specified; PPA: primary progressive aphasia; PNFA: progressive non-fluent aphasia; SD: semantic dementia; svPPA: semantic variant
of PPA. *Some patients may be duplicated among two or more cohorts.
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FIGURE LEGENDS

Figure 1. MRI and "8FDG-PET studies in patient #01. A: cortical atrophy prevailing in the
left anterior temporal lobe (arrows) at age 43, 4 years after onset. B: asymmetric temporo-
polar hypometabolism, prevailing on the left side, at the same age. C: progression of atrophy
in left temporal regions (arrows), and extension to the contralateral side and frontal cortex at

age 46, 7 years after onset.

Figure 2. MRI and 8FDG-PET studies in patients #04 and #06. A: bilateral fronto-
temporal atrophy prevailing in left peri-sylvian areas. B: asymmetric left-predominant fronto-
temporal hypometabolism with involvement of fronto-opercular cortex. C: bilateral peri-
sylvian atrophy with slight predominance on the left side. D: bitemporal hypometabolism,

prevailing in the left temporal pole.
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Patient #01 at 4 years from onset




Patient #04 at 1 year from onset
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Patient #06 at 2 years from onset






