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Abstract. Frontotemporal dementia (FTD) refers to a disease spectrum including the behavioral variant FTD (bvFTD), primary progressive aphasia (PPA), progressive supranuclear palsy/corticobasal degeneration syndrome (PSP/CBDS), and FTD with amyotrophic lateral sclerosis (FTD-ALS). A GGGGCC expansion in C9ORF72 is a major cause of FTD and ALS. C9ORF72 was analyzed in 833 bvFTD, FTD-ALS, PPA, and PSP/CBDS probands; 202 patients from 151 families carried an expansion. C9ORF72 expansions were much more frequent in the large subgroup of patients with familial FTD-ALS (65.9%) than in those with pure FTD (12.8%); they were even more frequent than in familial pure ALS, according to estimated frequencies in the literature (23–50%). The frequency of carriers in non-familial FTD-ALS (12.7%) indicates that C9ORF72 should be analyzed even when family history is negative. Mutations were detected in 6.8% of PPA patients, and in 3.2% of patients with a clinical phenotype of PSP, thus enlarging the phenotype spectrum of C9ORF72. Onset was later in C9ORF72 (57.4 years, 95%CI: 55.9–56.1) than in MAPT patients (46.8, 95%CI: 43.0–50.6; p = 0.00001) and the same as in PGRN patients (59.6 years; 95%CI: 57.6–61.7; p = 0.4). ALS was more frequent in C9ORF72 than in MAPT and PGRN patients; onset before age 50 and parkinsonism were indicative of MAPT mutations, whereas hallucinations were indicative of PGRN mutations; prioritization of genetic testing is thus possible. Penetrance was age- and gender-dependent: by age 50, 78% of male carriers were symptomatic, but only 52% of females. This can also guide genetic testing and counseling. A flowchart for genetic testing is thus proposed. Keywords: Amyotrophic lateral sclerosis, C9ORF72, frontotemporal dementia, frontotemporal lobar degeneration, protein TDP43 Supplementary data available online: http://www.j-alz.com/issues/34/vol34-2.html#supplementarydata09



INTRODUCTION Frontotemporal dementias (FTD) are neurodegenerative dementias, encompassing a range of disorders with variable clinical features, either personality and behavioral changes (behavioral variant of FTD, bvFTD) or language disorders (primary progressive



aphasias, PPA, including progressive non-fluent aphasia, PNFA, and semantic dementia, SD) [1–3]. In some patients or families, it is associated with amyotrophic lateral sclerosis (ALS) characterized by progressive limb weakness, amyotrophy, and bulbar motor symptoms, due to the degeneration of upper and lower motor neurons. FTD and ALS delimit a spectrum of diseases
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Table 1 Characteristics of the populations studied Number of probands Mean age at onset ± StDe (years) (range) Familial cases



Overall population



bvFTD



FTD-ALS



PNFA*



SD*



PSP*



CBDS*



833 60.2 ± 9.1 (28–84) 415



489 59.7 ± 8.9 (28–79) 234



240 60.2 ± 8.8 (30–83) 138



62 64.7 ± 3.7 (50–84) 24



11 62.8 ± 5.2 (55–69) 2



17 54.2 ± 10.2 (41–71) 17



14 56.8 ± 9.9 (41–70) 4



*The patients with PSP/CBDS and PPA were mainly recruited when they had a family history of degenerative disorders. bvFTD, behavioral variant of frontotemporal dementia; CBDS, corticobasal degeneration syndrome; FTD-ALS, frontotemporal lobar degeneration with amyotrophic lateral sclerosis; PNFA, progressive non-fluent aphasia; PSP, progressive supranuclear palsy; SD, semantic dementia; StDe, standard deviation.



that share pathogenic mechanisms, characterized in most cases by TDP-43 pathology [4]. In contrast, FTD with tau-positive inclusions (FTD-tau) which represent approximately 40% of FTD, are not or rarely associated with ALS. Progressive supranuclear palsy (PSP) and cortico-basal degeneration syndromes (CBDS) are related disorders that clinically, genetically (MAPT, PGRN) and pathologically overlap with frontotemporal lobar degeneration (FTLD). Until recently, mutations in four genes (PGRN, MAPT, VCP, CHMP2B) accounted for 30% of FTD families, and TARDBP and FUS/TLS mutations were found in a few FTD-ALS families. In 2006, a locus on chromosome 9p21 was mapped in FTD-ALS families [5, 6] and further refined to a 3.5 Mb region encompassing five genes (C9ORF11, MOBKL2B, IFNK, C9ORF72, LINGO2) [7–11]. The role of this locus was reinforced by genome-wide association studies in FTD [12] and ALS patients [13]. Recently, a pathogenic repeat expansion GGGGCC was identified in the first intron of the C9ORF72 gene in 9p-linked families (c9FTD/ALS) [14–16]. The GGGGCC repeats (≤23 in controls, up to 1,600 in patients, roughly estimated by Southern blot) explained FTD in ∼7% of clinically ascertained North American [15], 8% of Flemish [16], and 29% of Finnish patients [14]. The function of the protein encoded by C9ORF72 and the pathogenic effect of the non-coding expansion remain unknown; preliminary studies showed reduced expression of mutant RNA and RNA foci in the nuclei of cortical and spinal cord neurons, suggesting that loss of function of the protein, toxic gain of function of the mutant RNA, or both, may be involved [15]. To determine the frequency of C9ORF72 repeat expansions in the different clinical phenotypes of the FTD spectrum and evaluate associated phenotypes in French patients, we analyzed C9ORF72 in a cohort of 833 well-characterized probands with bvFTD, FTD-ALS, PSP/CBDS and PPA. Comparison of C9ORF72 patients to those with other FTD gene mutations enabled us to propose a flowchart for genetic testing in FTD and FTD-ALS patients.



MATERIALS AND METHODS Patients The 833 unrelated independently ascertained probands were recruited consecutively, between 1998 and 2011, through a national clinical research network on FTD/FTD-ALS that associates neurologists from expert memory centers in 15 French university hospitals. The inclusion criterion for the recruitment of probands was the presence of a disease of the FTLD spectrum (bvFTD, FTD-ALS, PNFA, SD) or related disorders (PSP, CBDS). This cohort included 489 index patients with bvFTD, 240 with FTD-ALS, 73 with PPA (62 with PNFA, 11 with SD), and 31 patients with clinical phenotypes of PSP or CBDS (17 PSP and 14 CBDS) (Table 1). The patients with clinical phenotypes of PSP, CBDS, and PPA were mainly recruited when they had a family history of degenerative disorders. The diagnosis of bvFTD was based on the revised Neary criteria [1], the diagnosis of associated ALS on the El Escorial criteria established by the World Federation of Neurology [17], and the diagnosis of PPA was based on the criteria of Mesulam (2001) and Gorno-Tempini et al. [3, 18]. PSP was diagnosed clinically, according to the international consensus diagnostic criteria [19]. CBDS refers to patients with clinically diagnosed corticobasal degeneration syndrome without pathological confirmation [20]. All the patients were examined in a memory clinic. Clinical information and blood samples were collected with informed consent for each proband as previously described [21]. The clinical and genetic study was approved by the Salpˆetri`ere Hospital ethics committee. Age-at-onset was defined as the age when the first symptom appeared, as reported by the principal informant. Whenever possible, a second informant was questioned independently to accurately determine the age-at-onset. Briefly, the participants were evaluated with standardized behavioral procedures derived from the Frontal Behavioral scale [22], the Frontal Behavioral Inventory [23], and the Neuropsychiatric
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Inventory [24]. The clinical evaluation included testing for: parkinsonism, other movement disorders, upper and lower motor neurone disease (MND), oculomotor abnormalities, and apraxia. Clinical data concerning the patients were also taken from their medical records. Relatives with neurological disorders (including relatives affected by pure ALS) were examined with similar procedures in a memory or ALS clinic and were sampled when possible. Information concerning the family was carefully collected for each proband. The family history was evaluated in four generations including the patient, his/her parents, his/her grandparents, and their siblings and children. The family history was considered positive when at least a first or second degree relative was affected with FTD, PNFA, SD, PSP, CBDS, or ALS. Cases were considered probably sporadic when there was no FTD/ALS spectrum disease, PSP, or CBDS in the family over the four generations, and possibly sporadic when there was no other case in the family, but the family history was incomplete or censored, e.g., a parent died before the age of 65 years. Unaffected relatives who carried the expansion (asymptomatic carriers) were carefully interviewed focusing on cognitive, memory, behavioral, swallowing, and motor symptoms at the time of sampling. To ensure the absence of symptoms, their relatives (spouses, children, siblings) were also interviewed. Most of the asymptomatic carriers (and their relatives) were followed with yearly interviews. A subset of asymptomatic carriers (including three individuals who had no symptoms at age 75) agreed to undergo neurological examinations and brief cognitive tests (Mini-Mental State Exam, MMSE, and frontal assessment battery, FAB) when they were sampled. For ethical reasons, more extensive investigations (brain magnetic resonance imaging, MRI, electromyograms, etc.) were not performed because of their asymptomatic status and lack of complains. Mutation screening Informed consents for genetic studies were obtained from each of the probands and their relatives. DNA was extracted from blood according to standard procedures. Known FTD (MAPT, PGRN, VCP, CHMP2B) and autosomal dominant ALS (SOD1, TARDBP, FUS/TLS) genes were first sequenced in the 833 probands; 90 carried PGRN (n = 47), MAPT (n = 27), VCP (n = 10), TARDBP (n = 5), and FUS/TLS (n = 1) mutations (Supplementary Figure 1). A GGGGCC repeat expansion in the first intron of the C9ORF72 gene was searched



for in the 743 remaining probands with the PCR procedure described by Renton et al. [14]. We used a classical fluorescent fragment-length analysis to determine the length of the normal allele, as described [15]. The size of normal alleles in the French population was evaluated on 270 neurologically healthy French controls, matched for age and gender, mainly spouses of patients. Segregation analysis was performed in families with at least one other affected member available for genetic testing. The relative frequencies of C9ORF72 and other gene mutations were evaluated in the population of 833 probands. Evaluation of anticipation, penetrance, and gender effects Anticipation was evaluated by calculating the difference between ages at onset and death in 62 well-documented parent-offspring pairs. The difference in age at onset and death was calculated in each parent-child pairs because parents may have several offsprings affected. Age-dependent penetrance was evaluated in 225 mutations carriers: 178 symptomatic (aged 30–75; 100 males, 78 females) and 47 non-symptomatic carriers (aged 32–91; 20 males, 27 females). Penetrance was also evaluated independently in males (n = 119) and females (n = 106). There were 37 males aged 50 or under (11 were asymptomatic, 26 were symptomatic) and 82 males older than 50 (8 asymptomatic; 74 symptomatic). There were 30 females aged 50 or under (13 asymptomatic, 17 symptomatic) and 76 females older than 50 (15 asymptomatic, 61 symptomatic). Clinical comparison of patients with C9ORF72, PGRN, MAPT, and no identiﬁed mutations C9ORF72 patients were compared with 59 PGRN, 39 MAPT, and 225 FTD patients with no identified mutations (Table 2). Kruskal-Wallis tests were used to compare demographic characteristics in 4 groups of patients (C9ORF72, PGRN, MAPT, FTD with no identified mutations), followed by the Mann-Whitney test for pair-wise comparisons of the groups if the difference was significant. The Cox proportional hazards regression model was used to compare age at onset and disease duration among the four groups of patients (C9ORF72, PGRN, MAPT, FTD with no identified mutations) and between C9ORF72 patients presenting with bvFTD, ALS, or FTD-ALS, followed by a log rank analysis for pair-wise comparisons of the groups if
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Table 2 Demographic and clinical characteristics of patients with C9ORF72, PGRN, and MAPT mutations or no identified mutations. SD, standard deviation. 1 Affected relatives carrying mutations, 2 Probands and affected relatives excluded for all known mutations (see methods). 3 The frequency of bulbar and spinal onset was evaluated in the subgroups of patients with associated ALS. ∗ differs significantly from C9ORF72 patients (∗ p < 0.05; ∗∗ p < 0.01, ∗∗∗ p < 0.001). Demographic characteristics Number of patients (probands/relatives1 ) Patients with positive family history Sex-ratio (male/female) Mean age-at-onset, years (95%CI) [range] Mean disease duration at death, years (95%CI) [range] (number of patients) Clinical characteristics ALS (%) Spinal onset (%)3 Bulbar onset (%)3 Parkinsonism (%) Other movement disorders (%) Oculomotor disorders (%) Hallucinations (%)



C9ORF72



PGRN



MAPT



No identified mutation



202 151/511 127 1.2 (110/89) 57.4 (56.1–58.9) [30–75] 9.5 (8.0–11.0) [1–24] (n = 174)



59 47/121 52 0.9 (28/30) 59.6 (57.6–61.7) [45–74] 8.3 (6.8–9.8) [1–14] (n = 45)



39 27/121 39 0.7 (16/23) 46.8∗∗∗ (43.0–50.6) [17–63] 10.5 (8.2–12.8) [1–15] (n = 30)



225 218/72 48 1.1 (118/103) 61.2∗∗ (59.8–62.7) [28–79] 10.5∗∗∗ (9.5–11.6) [1–14] (n = 148)



51 62 38 22 9 1 7



0∗∗ 0 0 45∗∗ 1 0 25∗∗∗



0∗∗ 0 0 56∗∗ 18 29∗∗∗ 9∗



22 48 52 17 8 13∗∗∗ 1



the difference was significant. The level of significance was set at p < 0.05. RESULTS Patients with C9ORF72 repeat expansions: ancestry, family history, and demographics A pathogenic GGGGCC repeat expansion (>60 GGGGCC repeats, the maximum sizeable by repeatprimed PCR) was found in 151 probands from unrelated families; repeats in 270 French controls ranged from 2 to 23 units, similar to the size of the allele in controls from other geographic regions [14–16]. Most families (136/151) were French, nine were from European countries (two Italian, German, Portuguese, Polish; one Swiss and Spanish), three were African (two Algerian, one Guinean), one came from Martinique, and one from China. Family histories of FTD (n = 36) or FTD-ALS (n = 91) were found in 127 probands (84%). A GGGGCC repeat expansion was also detected in 51 affected relatives from 31 analyzed families (see examples of pedigrees in Fig. 1). Analysis of families also revealed 47 asymptomatic carriers (aged 32–91, mean age 52.7 ± 15.3 years), which were unaffected relatives of probands that had been sampled for linkage and haplotype analyses before the identification of the gene. Six carriers had not developed the disease by the age of 70, three by the age of 75. Notably, no



neuronal TDP-43 or ubiquitin/p62 inclusions were found on brain postmortem examination (including neocortex, cerebellum, brainstem, and cervical spinal cord) in a 91 year-old asymptomatic mutation carrier who died of a cancer (family FC003, Fig. 1). Twenty-four probands (16%; 11 with bvFTD and 13 with FTD-ALS) had no family history of dementia, ALS, or neurodegenerative disorders. Ten might be explained by a censored family history. The parents of the others (14/24) had died after age 65 without developing neurological disorders. They may therefore, have incomplete penetrance or de novo mutations, but this could not be determined since their parents could not be analyzed. Frequencies of C9ORF72 and FTD-related genes according to phenotype The relative frequencies of C9ORF72 expansions and other gene mutations varied in the different subgroups of patients according to phenotype and ageclass, as indicated in Table 3 and Fig. 2. In patients with familial bvFTD, C9ORF72 and PGRN mutations were most frequent (Table 3a), particularly in patients older than 51 (Fig. 2); C9ORF72 and MAPT mutations were most frequent in early familial bvFTD (60. C9ORF72 was the most frequent mutation in FTD-ALS patients at all ages (65.9% in
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Fig. 1. Examples of four c9FTD/ALS pedigrees. The probands are indicated by an arrow. Deceased patients are indicated by a bar. c9FTD/ALS, chromosome 9-associated FTD/ALS; D: age at death; mt: Mutation carriers (C9ORF72 repeat expansion carriers); O: age at onset. Note that the ages at onset were variable within families (FC094). A C9ORF72 repeat expansion carrier from family FC003 was still asymptomatic when he died at age 91. In family F102, a patient who carried a repeat expansion presented with schizophrenia. Table 3a Frequency of C9ORF72 repeat expansions and other gene mutations according to phenotype. bvFTD, behavioral variant of frontotemporal dementia; FTD, frontotemporal lobar degeneration; FTD-ALS, frontotemporal lobar degeneration with amyotrophic lateral sclerosis; n, number of probands. Frequency was calculated as the number of probands carrying a mutation over the total number of probands presenting a phenotype. *Among the 151 probands with C9ORF72 expansion, 75 presented a phenotype of bvFTD and 71 had FTD-ALS, as described in the text. However, among the 75 probands with bvFTD: 41 had familial pure bvFTD (without a family history of ALS, 41/151, 8.4%); 33 had a family history of FTD-ALS or ALS. Overall, there were 104 familial FTD-ALS cases (71 cases with a phenotype of FTD-ALS, 33 bvFTD patients with a family history of ALS, 104/151, 43.3%) Overall population



Number of probands Probands with mutation, (n) c9ORF72 (n) PGRN (n) MAPT (n) VCP (n) TARDBP (n) FUS/TLS (n)



833 29.1% (242) 18.1% (151) 5.6% (47) 3.2% (27) 1.2% (10) 0.6% (5) 0.1% (1)



BvFTD



FTD-ALS



Overall bvFTD



Familial bvFTD



Non-familial bvFTD



489 23.3% (114) 8.4% (41*) 7.8% (38) 4.9% (24) 2.0% (10) 0.2% (1) 0.0% (0)



234 41.5% (97) 12.8% (30) 13.7% (32) 10.3% (24) 4.3% (10) 0.4% (1) 0.0% (0)



255 6.7% (17) 4.3% (11) 2.4% (6) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



familial cases). Of note, C9ORF72, PGRN, and MAPT explained 45.8% of the familial cases in the group of patients with PNFA, but only 17.6% of familial PSP. None of the probands with CBDS phenotypes (0.0%; n = 14) carried an expansion, but 14.3% of familial cases were due to PGRN mutations. Clinical characteristics of C9ORF72 patients The clinical characteristics of 151 FTD probands and 51 relatives with the expansion (including 15



Overall FTD-ALS



Familial FTD-ALS



Non-familial FTD-ALS



240 45.4% (109) 43.3% (104*) 0.0% (0) 0.0% (0) 0.0% (0) 1.7% (4) 0.4% (1)



138 68.8% (95) 65.9% (91) 0.0% (0) 0.0% (0) 0.0% (0) 2.2% (3) 0.7% (1)



102 13.7% (14) 12.7% (13) 0.0% (0) 0.0% (0) 0.0% (0) 1.0% (1) 0.0% (0)



relatives with pure ALS) were available. The phenotypes of the 202 mutation carriers are presented here. The mean age at onset of the disease was 57.4 years (95%CI: 56.1–58.9; range 30–75). It was variable within families (Fig. 1), but not regardless of the clinical presentation: FTD (58.2; 95%CI: 56.2–60.2), FTD-ALS (57.3; 95%CI: 55.1–59.4), or ALS (53.2; 95%CI: 48.0–58.3) (p = 0.3). The clinical presentation at onset and the clinical diagnosis during progression of the disease is indicated in Supplementary Figure 2 (available online:



Number of probands Probands with mutation, (n) c9ORF72 (n)* PGRN (n) MAPT (n) VCP (n) TARDBP (n) FUS/TLS (n)



Overall PNFA



PNFA Familial PNFA



Non-familial PNFA



Overall SD



SD Familial SD



Non-familial SD



62 17.7% (11) 4.8% (3)* 11.3% (7) 1.6% (1) 0.0% (0) 0.0% (0) 0.0% (0)



24 45.8% (11) 12.5% (3) 29.2% (7) 4.2% (1) 0.0% (0) 0.0% (0) 0.0% (0)



38 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



11 18.2% (2) 18.2% (2) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



2** 100.0% (2)** 100.0% (2)** 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



9 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



Overall PSP



PSP Familial PSP



17 17 17.6% (3) 17.6% (3) 5.9% (1) 5.9% (1) 0.0% (0) 0.0% (0) 11.8% (2) 11.8% (2) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



Non-familial PSP 0 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



Overall CBDS



CBDS Familial Non-familial CBDS CBDS



14 4 14.3 (2) 50.0% (2) 0.0% (0) 0.0% (0) 14.3% (2) 50.0% (2) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)



10 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)
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Table 3b Frequency of C9ORF72 repeat expansions and other gene mutations according to phenotype. CBDS, corticobasal degeneration syndrome; n, number of probands; PNFA: Progressive non-fluent aphasia; PSP, progressive supranuclear palsy; SD, semantic dementia. Frequency was calculated as the number of probands carrying a mutation over the total number of probands presenting a phenotype. *Note that six C9ORF72 carriers presenting with PPA are reported in the text: 5 probands (3 PNFA, 2 SD), 1 relative (1 PNFA) (the relative with PNFA was not included in the calculation of frequency). ** The high frequency of mutations in familial SD cannot be interpreted considering the small number of cases in this subgroup (n = 2)
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Fig. 2. Relative frequencies of C9ORF72, MAPT, and PGRN mutations in 380 FTD and FTD-ALS patients (for which information on age at onset was available) according to class of age at onset. A) Patients with familial FTD (n = 199), B) patients with non–familial FTD (n = 88), C) patients with familial FTD-ALS (n = 52), D) patient with non-familial FTD-ALS (n = 41).



http://www.j-alz.com/issues/34/vol34-2.html#supplementarydata09). The clinical diagnosis was pure bvFTD in 92 patients (46%, 75 probands, 17 relatives), bvFTD associated with ALS in 88 patients (43%, 71 probands, 17 relatives), and pure ALS in 15 patients (7%, all are affected relatives). Notably, eight out 92 bvFTD patients initially presented with paranoia, mystic delirium, or schizophrenia, and two out of 92 bvFTD patients initially had a mesio-temporal syndrome with predominant episodic memory disorders that were consistent with amnesic mild cognitive impairment or Alzheimer’s disease; they all secondarily developed behavioral disorders consistent with a diagnosis of bvFTD. Two patients had isolated parkinsonism at onset, 3 and 9 years before developing symptoms of bvFTD (one case) or FTD-ALS (one case). Furthermore, two out of 88 FTD-ALS patients had initially isolated upper, but not lower, MND, diagnosed as



primary lateral sclerosis or spastic paraplegia (illustrative cases are described in the Supplementary Data). Four other patients presented with a PNFA (3 probands, 1 relative) and 2 probands had SD; one proband (0.5%) had a clinical phenotype of PSP and one relative had CBDS associated with ALS. The proband with the clinical phenotype of PSP had a frontal syndrome associated with parkinsonian rigidity that began at age 55. Vertical supranuclear palsy was present on examination. Brain MRI revealed moderate diffuse cortical and mesencephalic atrophy. PSP was diagnosed. She died at age 71. The frequency of associated symptoms is given in Table 2; of note, 22% of the patients developed parkinsonism as their disease progressed. The mean disease duration at death was significantly shorter in pure ALS (2.7 years, 95%CI: 1.8–3.6) than in FTD-ALS (8.9 years, 95%CI: 6.8–10.1, p < 0.0001) or
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Fig. 3. Cox regression curves of C9ORF72 patients showing the cumulative probability of onset (A) and probability of survival from disease onset (B) according to FTD, FTD-ALS, ALS phenotypes.



pure FTD patients (11.0, 95%CI: 8.9–13.0, p < 0.0001) (Fig. 3). Evaluation of anticipation, penetrance, and gender effects Age at onset varied within families (Fig. 1); in 62 parent-offspring pairs, it occurred ∼2.7 years earlier in the children (55.8 ± 9.2 years) than in their parents (58.8 ± 9.2 years, p = 0.1) and was similar whether inherited from the mother (57.0 ± 9.3 years) or the father (55.9 ± 9.1 years, p = 0.47). Age at death was ∼1.7 earlier in the children (61.3 ± 10.7 years) than in their parents (63.0 ± 12.0 years, p = 0.07). Penetrance was age-dependent (Fig. 4). By age of 48, ∼50% of C9ORF72 mutation carriers were clinically symptomatic. Liability curves show that the proportion of mutation carriers presenting symptoms at age 50 differed greatly in females and males (Fig. 4). Clinical comparison of patients with C9ORF72, PGRN, MAPT, and no identiﬁed mutations (Table 2) Onset was later in C9ORF72 patients than in MAPT patients and earlier than in FTD patients without mutations (Table 2, Supplementary Figure 3). As illustrated in Table 2, the main symptoms that help discriminate C9ORF72 from the other genotypes or FTD patients



with no identified mutations were ALS, parkinsonism, oculomotor dysfunction, and hallucinations. ALS is strongly indicative of a C9ORF72 expansion, whereas a very early age at onset ( 
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