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Abstract

Objective: To investigate the association between C9orf72, SOD1, FUS and TARDBP variants on the clinical trajectory of
ALS patients in Europe. Methods: Nine ALS centers with population-based registries provided data on demographic and
disease characteristics – at diagnosis and longitudinally – as part of PRECISION ALS. These data were harmonized and
collated for analysis. Results: 21,820 ALS patients were identified, 9,887 underwent genetic testing for at least one of the
4 genes of interest. 9.8% of patients carried a hexanucleotide expansion in C9orf72; 2.9% carried a pathogenic variant in
SOD1; 1.4% carried a pathogenic variant in TARDBP; and 0.8% carried a pathogenic variant in FUS. Only one p.A5V
variant was identified in this dataset. The most frequently identified SOD1 variant was p.D91A, with evidence of other
variant clusters in Belgium, Italy and the United Kingdom. TARDBP variants were clustered in the Netherlands and
Italy. Earlier ages of onset were demonstrated compared to wild-type populations; C9orf72 59.58 (IQR 62.5, p<2.2e-
16), SOD1 54.19 (IQR 19.4, p¼6.304e-14), TARDBP 58.30 (IQR 16.23, p¼ 0.00024) and FUS 51.16 (IQR 25.08,
p¼ 1.58e-06). C9orf72 was more bulbar (p< 0.0001) in onset and SOD1 more spinal (p< 0.0001). Those carrying var-
iants spent distinctly different periods in each of the King’s stages. Conclusions: Genetic forms of ALS have an earlier age
of onset, have distinct patterns in their sites of disease onset, and progress differently as compared to populations without
such major-effect genes. There is also evidence of disease clusters across Europe suggestive of founder effects.
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Introduction

Amyotrophic Lateral Sclerosis (ALS) is a heteroge-
neous neurodegenerative condition affecting move-
ment and cognition. The disease exhibits
considerable heterogeneity which is incompletely
understood. Population-based studies have con-
firmed that heritability accounts for up to 50% of
disease risk (1–3) and up to 40 at-risk genes have
been associated with the disease (4). Additionally,
a Mendelian inheritance pattern can be identified
in up to 15% of patients with ALS (1).

Within the framework of PRECISION-ALS
(5), data from 21,820 patients from nine
European sites have been analyzed to determine
the clinical phenotype, disease trajectory and gen-
omic profile of ALS. Here we describe the demo-
graphics and clinical features of the four genes of
major effect, which account for up to 70% of
familial ALS (6); namely pathogenic SOD1 var-
iants; a hexanucleotide expansion in C9orf72;
pathogenic variants in FUS; and pathogenic var-
iants in TARDBP.

Methods

Under GDPR-compliant data sharing agreements,
data collected from previously funded collabora-
tions, and large-scale genomic projects, have been
harmonized and collated for analysis, as described
within PRECISION-ALS (5). In brief, nine
European specialized ALS centers, with active
population-based registries provided de-identified
data on demographic and disease characteristics,
both at diagnosis and during longitudinal follow-
up. All patients diagnosed with either ‘possible,’
‘probable (± laboratory supported)’ or ‘definite’
ALS according to the revised El Escorial criteria
were eligible.

All genetic testing was performed in accredited
diagnostic laboratories or within genomic research
laboratories associated with each clinical site. For
C9orf72, a cut off of 30 hexanucleotide repeats was
used. Due to the length of the longitudinal collec-
tion of data at each of the sites, only data from
patients for whom a definitive positive or negative
genomic result could be verified were used. Each
genomic variant provided was manually searched
on ClinVar, ALSoD (https://alsod.ac.uk/) and
Pubmed to determine pathogenicity; those classi-
fied as ‘benign’ or as a ‘variant of uncertain signifi-
cance’ were excluded, variants with conflicting
pathogenic reports have been included. Variant
amino acid residue position is described inclusive
of the initial methionine (i.e., p.A5V rather
than A4V).

All sites use the form of longitudinal follow-up
best suited to their healthcare system. This

commonly takes the form of clinic visits, commu-
nity clinician outreach, or both. Symptom onset
was determined by clinical interview.

Statistical analysis

Non-normally distributed groups are reported with
medians and interquartile ranges (IQR). Normally
distributed groups are compared with means and
standard deviations. Continuous variables are com-
pared using a pairwise Wilcoxon rank sum test
with a Bonferroni correction, and categorical varia-
bles are compared using a chi-squared test for
dependence. Statistical analysis was performed
using R software version 4.2.2.

Average post-diagnosis point reduction in
ALSFRS-R is used to aid comparison in the rate of
progression between groups. This was calculated
for the whole cohort using 7,030 patients and their
ALSFRS-R data; individual progression rates and
change from baseline score were calculated.
Quartiles were then applied to categorize patients as
“slow,” “average,” or “fast “progressors. The slow-
est progressing quartile were designated “slow” pro-
gressors, the middle two quartiles were designed as
“average” progressors and the fastest quartile as
“fast” progressors. This produced the following val-
ues: Slow −0.54 points/month or higher, average
−0.55 to −1.24 points/month and fast −1.25
points/month or less. The full statistical modeling
of ALSFRS-R is explored in the sister paper of this
series.

King’s staging has been calculated using the
ALSFRS-R. It has been shown there is a 92% con-
cordance when converted in this manner (7).
King’s staging was then verified with NIV usage
and requirement based on forced vital capacity,
presence of gastrostomy, and weight loss.

Results

Data from 21,820 extant patients were available,
the median age at symptom onset was 63.9 years
(95% CI: 63.7− 64.0), median time from onset to
death was 2.81 years (95% CI: 2.77−2.85).

The total number of patients who were identi-
fied as having undergone genetic testing was
9,887. However, not all patients were tested for
variants within all four genes. 8816 were tested for
C9orf72, 5061 for SOD1, 4461 for TARDBP and
4324 for FUS. Of these, 1,122 had a pathogenic
variant identified. These included 866 (9.8% of
8816) patients who carried a hexanucleotide
expansion in C9orf72; 149 (2.9% of 5061) carried
a pathogenic variant in SOD1; 64 (1.4% of 4461)
carried a pathogenic variant in TARDBP; and 33
(0.8% of 4324) carried a pathogenic variant in
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FUS. The female:male ratio of those with genetic
testing information was 1:1.34.

Some variants were more common in specific
geographic regions (Table 1); C9orf72 was the
most common variant at all sites; SOD1 showed
significant variation with three sites contributing
79% of the variants (Turin n¼49, Leuven n¼42,
and Sheffield n¼ 29); FUS is a rare variant at all
sites; and TARDBP was rare at almost all sites,
with the notable exception of Turin, where this
mutation represented 12.95% of all cases.

Specific genomic variants were also examined
in the three genes where this is possible. A full list
of the variants provided for analysis, separated by
site of origin, is available in Supplementary
Table 1.

Geographic distribution of variants

SOD1. There were 44 pathogenic variants
recorded across 8 sites in 149 patients. One p.A5V
variant was identified in this dataset, in Turin.
The most frequently identified variants were
p.D91A (14.76% n¼ 22, of which only one person
was specifically identified as homozygous),
p.G94C (10.06%, n¼ 15, all in Leuven), p.I114T
(6.04%, n¼ 9; of which, Sheffield n¼ 6; Utrecht
n¼2; Leuven n¼1), p.L145F (6.04%, n¼ 9, all
in Turin). p.I114T was the most common variant
in Sheffield, p.G94C was the most common vari-
ant in Belgium, p.L145F was the most common
variant in Turin. Unlike other sites, Turin identi-
fied a wide range of different SOD1 var-
iants (n¼19).

FUS. 12 pathogenic variants were identified across
4 sites in 33 patients. The most common variant
was p.R521C (27.27%, n¼ 9), identified in Utrecht
and Turin only. Turin again identified a wider
range of FUS variants than other sites (n¼ 6).

TARDBP. 17 pathogenic variants were identified
across 5 sites in 64 patients, there was evidence of
significant clustering. p.A382T was the most com-
mon variant (26.56%, n¼17) and this was only
present in Turin (n¼16) and Leuven (n¼1).
p.N353S was the second most common (18.75%,
n¼ 12) and was only present in Utrecht (n¼11)
and Leuven (n¼ 1).

Site of onset

The breakdowns of site of onset according to gen-
etic variant were as follows (Figure 1); SOD1, spi-
nal 86.11%, bulbar 8.33%, respiratory 5.56% and
cognitive 0%; C9orf72, spinal 62.47%, bulbar
35.14%, respiratory 0.92% and cognitive 0.46%;
TARDBP, spinal 74.65%, bulbar 23.94%, respira-
tory 1.41% and cognitive 0.13%; FUS, spinal
77.78%, bulbar 19.44%, respiratory 2.78% and
cognitive 0%. Cognitive onset was assessed as cog-
nitive symptoms preceding the development of
motor symptoms and has been reported here only
when there was no other identifiable motor site of
onset within the dataset.

Each genetic variant can present at any site of
onset and spinal remains the most common site of
onset in every group. However bulbar onset was
more common in those carrying a repeat expansion
in C9orf72 (p<0.0001) and spinal onset was sig-
nificantly more common in those carrying a SOD1

variant (p<0.0001). Comparison between other
groups did not reach statistical significance.

Age of onset

The age of onset was 63.85 (IQR 15.33) for the
cohort without a known genomic variant. By con-
trast, median age of onset for C9orf72 was 59.58
(IQR 62.5, p<2.2e-16), for SOD1 54.19 (IQR
19.4, p¼ 6.304e-14), TARDBP 58.30 (IQR 16.23,
p¼ 0.00024) and FUS 51.16 (IQR 25.08,
p¼ 1.58e-06) (Figure 2).

FUS variant populations showed a distinct
bimodal pattern in their age of onset. A younger
peak between 30-40 years and another peak
between 60 and 70years (Supplementary Figure 1).
Patients younger than 50 had a disease duration
median of 18.24months (IQR 8.52) compared to
those over 50 who had a disease duration median
of 23.69months (IQR 8.67), this difference how-
ever did not reach statistical significance (p¼ 0.37)
and there was no significant difference in the var-
iants identified in those below and over 50.
However, it should be remembered that the abso-
lute numbers are small.

Diagnostic delay

The diagnostic delay for the cohort with no known
genomic variants was 11.76months (IQR 11.48).
Diagnostic delay was shorter for those carrying a

Table 1. Geographic distribution of variants.

C9orf72 FUS SOD1 TARDBP

Barcelona 89.36% 0% 10.64% 0%
Stockholm 86.84% 0% 13.16% 0%
Leuven 62.66% 3.80% 26.58% 6.96%
Sheffield 70.59% 0.84% 24.37% 4.20%
Tours 85.07% 0% 11.94% 2.99%
Dublin 97.43% 0.64% 1.28% 0.64%
Turin 58.03% 7.14% 21.88% 12.95%
Utrecht 88.47% 3.43% 3.43% 4.67%

This table shows the difference in the proportion of identified
variants at each site as a percentage. The prevalence of
variants varies significantly between the sites. C9orf72 remains
the most common at all sites, FUS is a rare variant at all
sites, SOD1 shows significant variation with three sites
contributing most of the variants and TARDBP is rare at
almost all sites—with the notable exception of Turin –which
has a significantly different variant profile to other sites.

Clinical trajectories of genetic variants in ALS 43



Figure 2. Age of onset comparisons across four genes. Paired box plots comparing the age of onset of ALS in each of the four genetic
variants. In every case, those with an identified genetic variant (positive) presented significantly earlier than those who did not have an
identifiable genetic cause of their ALS (negative). The age of onset was 63.85 (IQR 15.33) for the negative group. Median age of onset
for C9orf72 was 59.58 (IQR 62.5, p < 0.0001), for SOD1 54.19 (IQR 19.4, P<0.0001), TARDBP 58.30 (IQR 16.23, P < 0.001) and
FUS 51.16 (IQR 25.08, P <0.0001).

Figure 1. Site of onset differences across four genes. A bar chart showing the differences in site of onset of ALS in each of the four
genes of major effects There was a significant difference when positive and negative populations of C9orf72 (p < 0.0001) – significantly
more bulbar – and SOD1 (p < 0.0001) – significantly more spinal – were compared, however there was no significant difference
between FUS and TARDBP positive and negative populations (p ¼ 0.5302 and p ¼ 0.5651 respectively).
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repeat expansion in C9orf72 9.88months (IQR
10.08, p¼ 0.00001). There was no significant dif-
ference in diagnostic delay for other genomic var-
iants when compared with the cohort with no
known variants. (SOD1 10.25months (IQR 14.21,
p¼0.81), TARDBP 11.96 (IQR 14.76, p¼0.84),
FUS 11.20 (IQR 8.78, p¼0.81)).

ALSFRS-R

When compared using average post-diagnosis
ALSFRS-R decline, the C9orf72 (p<0.0001)
population progressed significantly faster than the
negative group, and SOD1 (p< 0.0001) positive
populations progressed significantly more slowly
than those with no known variant. There was no
significant difference between TARDBP (p¼ 0.09)
and FUS (p¼ 0.28) positive and negative groups.

When defined by category, 30.60% of the
negative cohort were classified as slow progressors,
35.93% were average and 33.46% as fast. Those
carrying a repeat expansion in C9orf72 had a
higher proportion with fast progression (19.33%
slow, 38.43% average, and 42.25% fast). By con-
trast, those carrying variants in SOD1 contained a
higher proportion of slow progressors (61.11%
slow, 17.78% average, 21.11% fast). Similarly,
those carrying a TARDBP variant were more likely
to progress slowly (40.43% slow, 34.04% average,
25.53% fast). For those with variants in FUS, the
largest proportion progressed at an average rate
(22.22% slow, 44.44% average, 33.33% fast).

King’s staging

Time at onset of symptoms was taken as the base-
line for the calculation of staging and the time spent
within each stage in months (Figure 3). Wild-type
populations spent a median of 4.29 (IQR 2.53-
8.95) months in stage one, 7.82 (IQR 3.71-14.34)
months in stage two, 11.17 (IQR 4.86-23.58)
months in stage three and 9.53 (IQR 4.42-18.55)
months in stage four.

Patients carrying a repeat expansion in C9orf72

spent a median of 4.14 (IQR 1.77-18.19, p¼ns)
months in stage one, 8.05 (IQR 3.44-13.53, p¼ns)
in stage two, 8.95 (IQR 4.60-16.26, p¼ 0.006) in
stage three and 8.75 (IQR 4.36-15.43, p¼ns)
months in stage four. No SOD1 patients were
recorded as stage one, however they spent a median
of 5.93 (IQR 3.94-11.42, p¼ns) months in stage
two, 26.74 (IQR 5.74-67.18, p¼ 0.0001) in stage
three and 22.01 (IQR 9.61-46.34, p¼0.02) in stage
four. No FUS positive patients were recorded as
stage one; however, they spent a median of 2.86
(IQR 2.11-3.20, p¼ 0.02) in stage two, 7.79 (IQR
4.26-17.31, p¼ns) in stage three and 6.30 (IQR
2.83-19.02, p¼ns) months in stage four. No
TARDBP patients were recorded as stage one, they
spent a median of 12.09 (IQR 8.40-20.27, p¼ns) in

stage two, 21.56 (IQR 9.33-38.57, p¼ 0.02) months
in stage three and 12.12 (IQR 2.94-18.46, p¼ns)
months in stage four.

Survival

A multivariable Cox proportional hazards regression
analysis was conducted to investigate the effect var-
iants had on survival time (onset to death) including
age, sex, site of onset and diagnostic delay in the
model. An increasing age of onset was associated
with an increased hazard ratio (HR1.03, CI1.03-
1.03, p<0.001), as was bulbar onset (HR 1.24CI
1.15-1.33, p< 0.001) and detection of a C9orf72

expansion (HR 1.45, CI 1.29-1.62, p< 0.001).
Detection of a SOD1 variant was associated with a
decreased hazard ratio (HR 0.72, CI 0.55-0.94,
p¼0.016). Other genetic variants did not signifi-
cantly affect the hazard ratio and neither did any of
the other variables included.

Discussion

We have shown the effect that four genes of major
effect can have on commonly measured clinical
variables and how the distribution of specific var-
iants can vary throughout Europe. Clinical indica-
tors are consistent across sites providing insights
into the patient journey of these European ALS
sub-populations. We have also shown how, at the
variant level, there is significant evidence of geo-
graphical variation and clustering which requires
further investigation.

C9orf72

We we have shown that C9orf72 variant popula-
tions are the most common, younger at presenta-
tion, with more bulbar onset disease, progress
more quickly in terms of ALSFRS-R decline. Cox
modeling also shows an increased hazard ratio
compared to wild-type populations. Delineation of
this distinct genetic-phenotypic relationship is use-
ful at an individual patient and clinician level but
also more generally in the investigation of underly-
ing pathogenic mechanisms.

SOD1

The frequency of each SOD1 variant varies
between populations and countries with over 180
pathogenic variants identified thus far (4). In some
cases, classification of the specific SOD1 variant
allows the identification of distinct survival trajec-
tories (8). Most patients with SOD1 ALS have
been shown to have spinal onset and our work
aligns with this (9). However, the variants identi-
fied here are markedly different to previously pub-
lished work (10), including within North America
(11), where the p.A5V variant remains the most
common. Similarly, where European and Chinese
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populations are compared, SOD1 mutation loca-
tion has been shown to exhibit positional variation
(12). Indeed, SOD1 is the most common familial
ALS diagnosed in China, which is in contrast to
the work presented here (13).

The most common SOD1 variant here was
p.D91A, only one person was specifically identified
as homozygous. Generally, this variant has been
shown to have a slower than average disease pro-
gression profile (14) and this explains why in this
analysis variant SOD1 populations progressed
more slowly, resulting in a significantly different
ALSFRS-R post-diagnosis decline and a reduction
in the hazard ratio on cox regression.

The p.I114T variant was the most common
variant in Sheffield. This variant has previously
been linked to a founder effect in Scotland (15,
16) suggesting geographic clustering on the island
of Great Britain. Similarly, certain variants clus-
tered in specific sites, p.G94C was only identified
in Leuven and p.L145F was only identified in
Turin. These three clusters in different geograph-
ical areas are all suggestive of founder effects, how-
ever further validation is needed.

Our results highlight the genetic differences
that exist both within and between continents of
those living with SOD1 ALS, once again showing

the importance of a precision-medicine based
approach in ALS, where complex genetic clusters
and ancestry are likely to play a crucial role in the
phenotype a patient develops.

FUS

Variants in FUS are rare, and the clinical pheno-
type and progression rates of those with variation
in this gene are not well characterized. As expected
from clinical experience, people carrying these var-
iants presented significantly younger than those
carrying other variants and all other investigated
ALS sub-groups.

There was evidence of a bimodal distribution
in the ages of onset. Two groups emerged, those
with an early age of onset with rapid progression
and another older group with a longer disease dur-
ation. Whilst this difference was not significant, it
suggests differing mechanisms of pathogenicity
within the same gene.

TARDBP

TARDBP variants were infrequently identified in
this analysis, which corresponds to previous global
estimates of frequency (17). However, Turin has a
notably different genetic profile from that of other

Figure 3. Length of time spent in each King’s stage across the four genes. box plots representing the time spent in each of the King’s
stages, as calculated from the ALSFRS-R, according to genetic variants and compared to negative populations. The Y-axis has been
truncated at 75 months for visual comparison, however all values reported are inclusive of outliers. Distinct patterns can be seen
between the variants. C9orf72 populations spent a significantly shorter time in stage three than negative populations (8.95 months, IQR
4.6-16.26 months, p ¼ 0.006). SOD1 patients spent a significantly longer time in stages three (26.74 months, IQR 5.74-67.18 months,
p ¼ 0.0001) and four (22.01 months, IQR 9.61-46.34, p ¼ 0.02). TARDBP patients spent a significantly longer period in stage three
(21.56 months, IQR 9.33-38.57, p ¼ 0.02). FUS patients spent a significantly shorter period in stage two (2.86 months, IQR2.11-3.20,
p ¼ 0.02).
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sites, where more TARDBP variation was identi-
fied and one variant in particular emerged as the
most common. The p.A382T variant has previ-
ously been associated with up to a third of all ALS
cases on Sardinia (18) and was the most common
variant identified in this work. Extended pedigree
characterization using haplotype data suggests that
these cases have a common ancestor, again provid-
ing evidence of a founder effect.

Apart from showing that patients identified as
having a variant in TARDBP present at a signifi-
cantly younger age, all other comparisons showed
that TARDBP positive and negative populations
did not significantly differ alongside a non-signifi-
cant change in hazard ratio in survival modeling. It
is possible however that this is the result of the
scarcity of variation in this gene.

Limitations

This dataset is representative of European popula-
tions and therefore generalizability should be con-
sidered. The countries that participate in
PRECISION ALS provide public, universal
healthcare which aims to mitigate the confounding
factor of differing healthcare systems. It should
also be considered that those more able to partici-
pate in testing may skew from the true ALS popu-
lation average. The availability of genetic testing
also varies and the practical decision of whom to
test may have acted as a source of bias, especially
as the access to commercial or research lab genetic
testing is likely to vary both between sites and over
time, shown here by the fact that not all patients
were tested for every gene and that different pro-
portions of patients were tested at each research
center.

Conclusion

The aim of this study was to investigate the clinical
features of the four most common genomic var-
iants associated with ALS within a European
population. Genetic forms have an earlier age of
onset consistent with other studies (19), have dis-
tinct patterns in their sites of disease onset, and
progress differently as compared to populations
without such major-effect genes.

This study shows significant geographical vari-
ation in variant and gene frequency. Variant level
information is suggestive of founder effects in
Great Britain, Italy, and Belgium. With the advent
of genomic based therapeutics, there is renewed
interest in further understanding the natural his-
tory of genetic ALS. Our observations emphasize
the need for ongoing surveillance, deep phenotyp-
ing, and multimodal analysis to understand the
factors that drive heterogeneity. With large, high-

quality databases and growing international collab-
oration, this becomes increasingly possible.
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