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Abstract
Background
Despite concerns about the representativeness of patients from ALS tertiary centers as
compared to the ALS general population, the extent of referral bias in clinical studies
remains largely unknown. Using data from EURALS consortium we aimed to assess nature,
extent and impact of referral bias.
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Methods
Four European ALS population-based registries located in Ireland, Piedmont, Puglia, Italy,
and Limousin, France, covering 50 million person-years, participated. Demographic and
clinic characteristics of ALS patients diagnosed in tertiary referral centers were contrasted
with the whole ALS populations enrolled in registries in the same geographical areas.

Results
Patients referred to ALS centers were younger (with difference ranging from 1.1 years to 2.4
years), less likely to present a bulbar onset, with a higher proportion of familial antecedents
and a longer survival (ranging from 11% to 15%) when compared to the entire ALS population in the same geographic area.

Conclusions
A trend for referral bias is present in cohorts drawn from ALS referral centers. The magnitude of the possible referral bias in a particular tertiary center can be estimated through a
comparison with ALS patients drawn from registry in the same geographic area. Studies
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based on clinical cohorts should be cautiously interpreted. The presence of a registry in the
same area may improve the complete ascertainment in the referral center.

Introduction
Data collected in amyotrophic lateral sclerosis (ALS) tertiary centers are used for descriptive
and analytic studies[1, 2], clinical investigations [3] including the construction of clinical practice guidelines [4, 5], randomized clinical trials (RCTs) and other scientific fields like medicoeconomics [6]. Nevertheless, the investigation of this rare neurodegenerative disease (crude
incidence estimated at 2.16/100 000 person-years in Europe [7]) may be reliably quantified
only by population-based approach.
Tertiary-based cohort studies have been described as not representative of the true ALS
population due to incomplete case ascertainment related to a selection bias known as referral
bias [8]. Selection bias is a systematic error in the recruitment process determined by sampling,
non-response or loss to follow-up. Referral bias is a specific type of selection bias that determines a real sample different from the target study population in key variables [9].
Referral may also bias the inception of subjects in RCTs, as most clinical studies enrol
patients exclusively from ALS tertiary centers. Despite these concerns, the extent of referral
bias in studies remains largely unknown.
Several epidemiological registers have been established in Europe to accurately quantify the
incidence and clinical features of ALS in the general population using multiple sources of
information to ensure complete case ascertainment [10–18]. Using data from four European
ALS registry members of the EURALS consortium (pan-European ALS Register) we aimed (i)
to measure the extent of referral bias by comparing clinical, demographic features and survival
of population-based cohorts with ALS referral cohorts from the same population, (ii) to investigate variation in the extent of bias depending on settings and time.

Methods
Settings
Data for this study were obtained from four European ALS registries located in Piedmont
(PARALS), in Northern Italy, covering 4 225 023 inhabitants in 2 000 [11]; Puglia (SLAP), in
Southern Italy, covering 4,034,132 inhabitants in 2 000 [13]; Republic of Ireland (Irish ALS
register), covering 3 626 087 inhabitants in 1996 [10]; Limousin (FRALim), center of France,
covering 741 083 inhabitants in 2011 [14].
Time periods covered in Italian or Irish registers (prior to the year 2 000), were different
from the Limousin register (after the year 2000). This allowed us to examine possible evolution
over time of ALS demographic characteristics and the possible impact on referral.
In the study period, the total amount of person-years considered here is around 50 million.

Inclusion criteria
Patients were included (i) if they originated from the geographically defined catchment populations at the time of diagnosis of ALS according to (ii) the original El Escorial criteria (EEDC)
[19] (i.e. definite, probable, possible or suspected ALS) for PARALS, SLAP, and Irish ALS register, or according to the revised EEDC [20] (i.e. definite, probable, probable laboratory-
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supported or possible ALS) for FRALim register, and then (iii) if they were identified by at
least one of the multiple sources used for case ascertainment.

Sources of case ascertainment
Multiple sources of ascertainment of cases are described in Table 1. In all cases, registers relied
on recruitment by ALS tertiary referral center, neurologists and neurophysiologists, both private and from the national health system, in the geographic area of interest. Hospital discharge
data were considered by three registers, while local charitable associations, general practitioners or other specialists in the field were used in some cases.

Description of data available for each patient
The following information was available for each patient: age at diagnosis (years), family history of ALS (fALS), sex, site of symptom onset (defined as bulbar-onset, limb-onset, generalized, respiratory-onset),diagnostic delay (from date of symptom onset to date of diagnosis,
months), EEDC or EEDC-revised classification at time of diagnosis, date of death or last
known to be alive. Date of diagnosis represented the date in which the patient was informed of
his/her diagnosis.

Definitions
In this study, we compare the baseline demographic and clinical characteristics along with outcomes (i) of patients diagnosed and followed by the tertiary referral center in the geographical
areas considered, with those (ii) of the entire ALS population recruited by the local registers
using multiple sources. Patients that make up the tertiary referral cohort were also part of the
population-based cohort for that region.
Within each region, there is a referral multidisciplinary tertiary center, which take care
exclusively to ALS patients. A patient was defined as an attendee at the tertiary referral center
Table 1. Characteristics of European registers participating in the study.
Piedmont (Italy)

Puglia (Italy)

PARALS

SLAP

Period of recruitment (years)

1996–1999

1998–1999

1996–1999

Population

4,225,023

4,034,132

3,626,087

741,082

Person-years

16,900,092

8,068,264

14,504,348

10,004,607

25,400

19,345

70,280

19,942

Geographical coverage (km2)

Republic of Ireland

Limousin (France)

Irish ALS register

FRALim
2000–2013

Sources of case ascertainment
ALS tertiary referral center

X

X

X

X

Neurologists

X

X

X

X

Other specialists in the field
(neurophysiologists,
neurosurgeons, pathologists)

X

Primary care physician
Hospital discharge data

X
X

X

X

Heath insurance
Local charitable
Organization/ALS association

X
X

X


Population for Ireland in 1996 (http://www.cso.ie/en/census/census1996reports/census1996principaldemographicresults/), Population for Piedmont and Puglia in
2000 (http://demo.istat.it/ric/index_e.html), Population for Limousin in 2011 (http://www.insee.fr/fr/themes/detail.asp?ref_id=estim-pop&reg_id=99)

https://doi.org/10.1371/journal.pone.0195821.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0195821 April 16, 2018

3 / 13

Referral bias in ALS epidemiological studies

if he/she was traced on more than one occasion [21, 22]. These centers were located at the ALS
Regional Expert Center, University of Turin, Piedmont, in the ALS Clinic in Bari, Puglia, the
Motor Neuron Clinic at Beaumont Hospital, Dublin, Ireland, and the ALS Expert Center of
Limoges teaching hospital.

Statistical analysis
Patient baseline characteristics were reported as frequency (percentage) and mean with standard deviation for categorical and continuous variables, respectively. Survival analysis was performed using Kaplan-Meier analysis where day 0 was the date of diagnosis and the primary
endpoint was tracheotomy-free survival for Italian and Irish cohorts (date of last follow-up of
patients was July 2014) and overall survival for the French cohort (date of last follow-up of
patients was November 2014).
Differences between each referral center and its corresponding registry were assessed using
the Student’s T-test for continuous variables and the Pearson χ2 test for categorical variables.
In these comparisons, the assumption is that the means and the frequencies of the registries
are the true values of the whole target population (when an expected frequency is zero, it is
approximated to a number slightly different from zero to avoid computation problems).
A p-value of 0.05 was assumed to be the threshold for statistical significance.
Statistical analyses were performed using SPSS software (version 12.0.1, SPSS Inc, Chicago,
IL), SAS v9.3 (SAS Institute, Cary, NC), R (v 3.3.1) and Rstudio (v 1.0.153). We complied with
the Strobe Guidelines [23].

Ethical considerations
The study was approved by Ethics Committee of “Policlinico Bari” and each site had an independent approval of the population-based registry of the region or nation (for Ireland).

Results
During the four-year study period between January 1, 1996 and December 31, 1999, 584 residents of Piedmont and 335 Irish residents were diagnosed as having suspected, possible, probable, or definite ALS according to EEDC. There were 130 ALS cases diagnosed in the
population of Puglia during the two-year period January 1, 1998 to December 31, 1999. Finally,
there were 322 cases diagnosed as having possible, probable, probable laboratory supported or
definite EEDC-revised ALS during the fourteen-years period January 1, 2000 to July 31, 2013
in Limousin. These four groups represent the population-based cohorts used in this study.
Of these, 241 patients from Piedmont (41.3%) routinely attended the multidisciplinary tertiary referral center at the University of Turin, 84 patients from Puglia (64.6%) attended the
tertiary referral center at the University of Bari, 222 Irish residents (representing 66.3% of the
Irish ALS population) attended the ALS clinic in Dublin and 273 patients from Limousin
(84.8%) attended the tertiary referral center from the teaching hospital of Limoges. These four
groups represent the tertiary referral center cohorts used in this study.
Demographics and clinical features of the population-based cohorts and the corresponding
tertiary referral-based cohorts are shown in Table 2.
There were no statistically significant differences between the overall ALS population-based
cohorts and the corresponding ALS tertiary center cohorts, except for the Piedmont.
However, patients attending a tertiary referral center were younger than the corresponding
population cohort. This difference in average age at diagnosis was most marked in Piedmont,
where patients attending the ALS referral center were an average of 2.4 years younger than the
overall Piedmont ALS population (p = .001). The corresponding differences were 1.6 years for
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Table 2. Demographics and clinical features of the Irish, Italian and French ALS population cohorts and the corresponding tertiary referral cohorts.
Piedmont (Italy)

Mean age at
diagnosis (SD)
Male cases
Familial ALS
cases

Puglia (Italy)

Republic of Ireland

Limousin (France)

PARALS
Register

Turin ALS

SLAP

Bari ALS

Irish ALS

Dublin ALS

FRALim

Limoges ALS

Register

Referral
center

Register

Referral
center

Register

Referral
center

Register

Referral
center

(n = 584)

(n = 241;
41.3%)

p
value

(n = 130)

(n = 84;
64.6%)

p
value

(n = 335)

(n = 222;
66.3%)

p
value

(n = 322)

(n = 273;
84.8%)

p
value

65.3

62.9 (11.7)

0.001

62.3

60.7 (12.4)

0.240

64.0

63.2 (12.6)

0.345

68.7

67.8 (11.3)

0.189

322 (55.1%)

133 (55.1%)

0.987

81
(62.3%)

48 (57.1%)

0.329

182
(54,3%)

122 (54,9%)

0.851

182
(56,5%)

154 (56,4%)

0.970

11 (1.9%)

7 (2.9%)

0.243

2 (1.5%)

1 (1.2%)

0.795

11 (3.3%)

8 (3.6%)

0.789

22 (6.8%)

21 (7.7%)

0.573

Site of
symptom
onset:

0.812

0.996

0.552

0.803

Bulbar

216 (37.0%)

82 (34.0%)

34
(26.2%)

21 (25.0%)

125
(38.5%)

77 (35.3%)

99 (30.9%)

87 (32.0%)

Limb

364 (62.3%)

157 (65.1%)

96
(73.8%)

63 (75.0%)

171
(52.6%)

125 (57.3%)

221
(69.1%)

185 (68.0%)

Respiratory

4 (0.7%)

2 (0.9%)

0

0

0

0

0

0

Generalized

0

0

0

0

29 (8.9%)

16 (7.3%)

0

0

Mean
diagnosis
delay (SD)¶

10.5

10.3 (9.0)

0.730

14.2

14.6 (14.0)

0.794

9.3

9.0 (11.3)

0.741

11.9

11.9 (12.4)

1

Median
survival from
onset
(months)†

28.9

33.3

-

27.2

25.6

-

16.0

18.3

-

15.6

17.3

-

Median
survival from
diagnosis
(months)†


Data was missing for 10 patients in the Irish ALS population (5 patients attending Dublin ALS referral center), 2 patients in the Limousin ALS population (1 patient

attending the Limoges ALS referral center)
¶ data was missing for 119 patients in the Irish ALS population (67 patients attending Dublin ALS referral centre)
† Data was missing for 3 patients attending the Limoges ALS referral center
https://doi.org/10.1371/journal.pone.0195821.t002

Puglia (p = .240), 1.1 year for Limousin (p = .189), and 0.8 years for Ireland (p = .345) but not
significant. Male percentages appeared similar between ALS population and ALS referral
cohort in Ireland, Piedmont and Limousin. As for Puglia, despite the non-significance (p =
.329) there was a greater difference in the male percentage between the ALS population
(62,3%) and the referral-cohort (57,1%).
The rate of fALS was reportedly higher in Irish and French as compared to the Italian
cohorts. Patients with familial disease were more likely to attend the ALS centers in Dublin,
Turin and Limoges.
No significant differences in site of symptom onset between ALS population and referralcohort were found.
Nevertheless, it is possible to notice that with the exception of the French cohort, patients
with bulbar-onset ALS were overall underrepresented in referral centers. In the Irish ALS
referral center, 35.3% of patients described dysphagia or dysarthria as their initial symptoms
compared 38.5% in the Irish ALS population. The same trend was observed in Italy.
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While diagnostic delay appeared different among countries (e.g. 9.3 months in Ireland, 14.2
months in Puglia, 11.9 months in Limousin and 10.5 months in Piedmont) there was no significant difference between overall ALS populations and ALS referral cohorts.
Finally, patients attending the referral centers tended to live longer than the general ALS
populations even if not significant. As compared to the median survival for the ALS population-based cohort, the increases for the corresponding referral cohorts were of 11% in Limousin, 15% in Piedmont and 14% in Ireland. There was no relevant difference in Puglia.

Discussion
Main results
In this paper, we analyzed data from four large population-based epidemiological ALS studies
and determined that the clinical features and survival patterns of patients attending ALS referral centers tended to differ from the general ALS population. Patients referred to ALS centers
tended to be younger (ranging from 0.8 to 2.4 years on average), less likely to present a bulbar
onset, had a higher proportion of familial antecedents and a longer survival (ranging from
11% to 15%) as compared to the underlying ALS population. This study suggests a possible
trend to referral bias in cohorts of ALS patients drawn solely from referral or hospital databases. We are obviously aware of the fact that it is difficult to draw conclusions on the general
referral bias extent because of the between-population variability. The sources of this phenotypic variability are several and often unknown but one is surely genotype [19, 24].

Difference between centers
The proportion of ALS patients attending referral centers varied from 41.3% in Piedmont to
85.0% in France, indicating indirectly the proportion of patients referred to primary and secondary care is still relatively large in some regions of Italy.
A number of interdependent factors influence the referral pattern to a particular ALS center
including (i) organization of ALS care at the national level, (ii) local healthcare infrastructure,
willingness to refer to a more specialized care among local neurologists and physicians, geographical location, (iii) sociocultural and socioeconomic level of the patients, and (iv) physical
capacity for patients to go to ALS referral center. In this case, the distance to the referral center
becomes relevant even in the early phase of the disease especially for more severe or older
cases.
Overall, these factors determine the proportion of the general ALS population receiving
their care at the specialist ALS clinic. At the time of data collection, almost two-thirds of all
ALS patients in Ireland and Puglia and five-sixths in Limousin attended the regional ALS center and consequently the clinical features of these referral cohorts were the most similar to the
corresponding ALS populations. In contrast, less than half of ALS patients recruited in the
population-based registry in Piemonte, attended the Turin ALS center. Hence, our data suggests that it is not possible to estimate the extent of a referral bias in a clinic without first performing a direct comparison with the ALS population within the geographic area of interest.

Selection bias and time
The proportion of patients with ALS in the population who were referred to the ALS centers
tended to increase with time in our study. This reflected in an increasing similarity between
referral and population-based samples. However, although one may expect that in the future,
patients seen in ALS centers will be a representative sample of the underlying ALS population,
the apparent reduction of selection bias in our study may be related to the fact that referral
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centers and population registries in the setting that were explored in this study are run by the
same investigators. For this reason, we expect that in geographic areas with no population registries the differences between referral patients and the underlying ALS population are probably greater. It is possible that an ALS registry increase the awareness of ALS and of possible
best pathways for cure in the population of that geographic area. The proportion over time of
subjects shifting from primary and secondary care to tertiary ALS care in the area of a new
population-bases registry is the measure of reduction of the possible bias and at the same time
of the improvement of ALS care.

Ageing issue
We showed here that younger patients have a more likely access to ALS referral centers. This is
probably related to the fact that young patients are more likely to seek highly specialized care
or to be referred to them by caring physicians [25]. Younger cohorts from ALS referral centers
might drive at least partially the differences between the overall ALS population and the ALS
referral cohorts in terms of clinical characteristics (i.e. proportion of bulbar onset cases) and
prognosis (i.e. survival) [26].
Western populations are becoming older, leading to an increase in mean age at time of ALS
diagnosis. For example, in our study mean age was comprised between 64.0 to 65.3 years for the
Irish and Italian cohorts (created before 2000), while it was 68.7 years in the French cohort (created after 2000). We can then expect, in each site, a possible progressive rise of referral bias, in
relation with the ageing of the population (and independently from the exhaustiveness pattern
of the ALS clinic) [27]. The proportion of older people increases the number of subjects who do
not reach the multidisciplinary clinic. This is due to the characteristics of rapid serious
impairment in ALS elderly and to the trend to stay in facilities near home for elderly care.

fALS
The definition of what is a familial case is difficult and inconsistent across neurologists, including
ALS experts [28]. In a referral center, ALS specialists may be more aware of familial ALS and the
importance of different genotypes and therefore more keen in the identification of familial cases.
Population-based epidemiological studies have shown the rate of fALS to be between 1.5% and
6.5% [10, 11, 13, 14, 29], with a pooled proportion estimated at 4.7% by a meta-analysis [28],
whereas referral-based studies consistently reported rates of about 10% [30, 31]. A detailed case
control study with verification by death certification, and associated interrogation of data held in
a population-based register has suggested that the rate is up to 15% In Ireland [32].
Piedmont patients with a family history of ALS were nearly 60% more likely to be referred
to an ALS clinic. Patients with a family history are often more knowledgeable about the disease
and the healthcare resources available within their community. This patient group is also motivated to seek out expert opinion concerning the genetic risk to other family members. The
phenotype of familial ALS patients may differ from that of sporadic patients in relation with
the underlying high-risk gene implicated [33]. fALS patients tend to be younger, have slower
progression rates and equal male and female incidence [34]. Though the absolute numbers are
low, a higher proportion of familial cases may influence the overall clinical characteristics of a
clinical-based cohort. Familial aggregation precise estimates are important both for genotype
prevalence and environmental exposure, especially early in life [32].

Bulbar onset
The proportion of bulbar-onset ALS patients varied considerably from one country to another,
from 38.5% in the Irish ALS cohort and 37% in Piedmont, vs. 31% in Limousin and 26% in
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Apulia, as previously described by the EURALS Consortium [7]. Except for Limousin, referral
patients had lower proportions of bulbar-onset cases than patients from population registries.
The difference in in prevalence of bulbar phenotype across registries and clinical center may
determine the difference in prognosis across the two type of settings. The bulbar has a considerable worse prognosis according to most studies (up to 16 months shorter than limb-onset
disease [35]). The site of onset and age may have profound impact on the evaluation of prognosis. This has be taken into account when selecting patients for clinical trials in the process of
evaluation of new drugs in tertiary referral center. It is still not clear if this difference across
European countries is real or due to different clinical approach.

Survival
Survival varied when ALS populations were contrasted to referral cohorts.
Other studies have shown that the difference in age and type of onset are responsible of
these differences [26]. Selection of the samples due to the severity of the disease at time of diagnosis, tends to exclude from referral cohorts patients with unfavorable prognostic factors and
therefore shorter survival. This characteristic may hamper the validity of the data from referral-cohorts in particular on prognosis.

Previous studies in the field
Previous studies attempted to describe bias related to referral centers [36, 37]. They were criticized for some design characteristics: small study size, differences in term of geographical coverage between population-based and referral-based cohorts [36] or by the fact that they
compared local prevalent cases versus the populations attending a referral center [37], which
might have skewed their results [38].
Lee et al. [36] identified referred patients to be younger (57.3 vs 59.9 years), more frequently
male (63% vs 52%), with a higher proportion of fALS cases (5.0% vs 2.1%), a higher proportion
of upper extremity onset and a longer diagnostic delay (12.0 months vs 9.0 months). Interestingly, they also displayed different referral patterns depending on ethnicity (5% of blacks in
the referral cohort as compared to 16% in the incident cohort), reflecting difficulties to access
of care for some population groups. Effects of unfavorable prognostic factors were stronger in
the incident cohort and characteristics of referral patients were more homogeneous. While
within the first three years survival was not dramatically different between cohorts, it was 21%
in referral cohort and 4% in incident cohort at five years. Sorenson ed al [37], based on Mayo
clinic ALS database, found a 11-month difference in survival between local patients (median
survival time 18 months) and referred patients (median survival time: 29 months, p = 0.007).
The referred patients had a 5-month delay in the first appointment to the ALS clinic, more
riluzole and non-noninvasive positive pressure ventilation prescription. No difference was
identified in terms of age, gender or bulbar onset.
The above-mentioned differences have also been identified by the few studies that
attempted to assess the efficacy of multidisciplinary care in ALS [21, 22, 39]. Comparing
patients from general neurology clinics and patients underlying multidisciplinary care (MDC),
Traynor et al. [21] found MDC patients to be younger by 5.5 years, more frequently selfreporting as fALS cases (12.2% vs 2.7%), and bulbar-onset patients (40.8% vs 34.1%). Chiò
et al. documented a younger age for referred patients (4.2 years), but did not identify differences in terms of sex, type of onset, and diagnostic delay [23]. In both studies, referred patients,
who also had a greater access to riluzole and combination of all available strategies (increased
use of non-invasive ventilation, attention to nutrition and earlier referral to palliative referral
services [8]), displayed longer median survival times, of respectively 7.5 months and 10.0
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months. However, while the populations were different, multivariate analysis revealed an independent effect on improvement of the survival of the multidisciplinary care, a finding which
was recently replicated [40, 41]. Notwithstanding, the evidence for its effectiveness is considered as unclear (“low and very low quality of evidence”) by the Cochrane group [42] who considers the benefit for survival as “conflicting”.

Consequences for ALS research
This study provides possible evidence that patients form tertiary centers are self-selected and
may be not entirely representative of the reference ALS population. Remarkably for clinicians,
the phenotype of ALS at beginning of disease is different in some important traits between
populations [41]. Hence, the studies from clinical cohorts focusing on phenotype, prognosis or
biomarkers are likely to provide point estimates that are influenced by the setting. As recruitment of ALS patients in RCT is generally based on ALS tertiary centers, this might also significantly affect the results of experimental studies. While this issue is up to now largely
undervalued [43], we can postulate that groups of ALS patients included in RCT are younger,
less likely women, with longer diagnostic delay, more frequent spinal onset and fALS [44].
This selection, favoring the subjects with better prognosis, could at least partially help to
explain the negative results of ALS trials.
Our study showed some differences when contrasting patients from different registries.
Some difference may be real but could be also due to subtle differences both in populations
and in practice across different centres in Europe. Variation of ALS clinical presentation and
survival between Northern, Western and Southern European sub-continents was recently
explored and discussed [41].
The reported differences cannot be explained solely by the small differences in age at onset
and other known and unknown factors may play a role. This finding, implies the need to consider the country of origin, a possible surrogate of the underlying genotype, as an important
possible modifier of the effects of any experimental treatment.
An additional limitation of our study is the lack of data on percentage of diagnoses not confirmed by neurologists in the tertiary centers or in the registry. The percentage of change in
ALS diagnosis is 7% after three years in European registries [45]. For further studies it would
be interesting to analyse the degree of agreement between diagnosis in different care settings.
In conclusions the extent and possible causal components of recruitment in clinical series
from referral centers need to be carefully examined and contrasted possibly with the results of
population-based studies in the same geographic area. The presence of a registry especially if
stable over several years [46] may enhance the referral of ALS patients to tertiary center of the
area over time. The ongoing population-based registries in Europe may add useful information
on results and methods of clinical ALS studies enhancing the quality of this process in tertiary
referral centers [8, 46].

Supporting information
S1 File. Databases.
(ZIP)

Acknowledgments
EURALS Consortium
COORDINATOR. Ettore Beghi (Milan, ITALY).

PLOS ONE | https://doi.org/10.1371/journal.pone.0195821 April 16, 2018

9 / 13

Referral bias in ALS epidemiological studies

STEERING COMMITTEE. Ammar Al-Chalabi (London, UK), Adriano Chiò (Turin,
Italy), Orla Hardiman (Dublin, Ireland), Giancarlo Logroscino (Bari, Italy), Albert Ludolph
(Ulm, Germany), Douglas Mitchell (Preston, UK; deceased), Pierre-Marie Preux (Limoges,
France), Robert Swingler (Dundee, UK), Leonard van den Berg (Utrecht, the Netherlands).
COORDINATING GROUP. Benoı̂t Marin, Elisabetta Pupillo, Elisa Bianchi.
NEUROLOGISTS. Robert Addison (Preston, UK), Elena Alvisi (Pavia, Italy), Giovanni
Astegiano (Alba, Italy), Virgilio Bonito (Bergamo, Italy), Edo Bottacchi (Aosta, Italy), Paolo
Buzzi (Mantua, Italy), Andrea Calvo (Turin, Italy); Antonio Canosa (Turin, Italy), Rosa
Capozzo (Bari, Italy), Claudia Caponnetto (Genoa, Italy), Roberto Cavallo (Turin, Italy),
Mauro Ceroni (Pavia, Italy), Luca Chiveri (Como, Italy), Stefania Corti (Milan, Italy), Philippe Couratier (Limoges, France), Luisa Delodovici (Varese, Italy), Luca Durelli (Orbassano, Italy), Carlo Ferrarese (Monza, Italy), Bruno Ferrero (Orbassano, Italy), Vincenza
Fetoni (Melegnano, Italy), Sara Gallo (Turin, Italy), Claudio Geda (Ivrea, Italy), Paolo Ghiglione (Savigliano, Italy), Maurizio Gionco (Turin, Italy), Maria Cristina Guaita (Legnano,
Italy), Gardham Joyce (Preston, UK), Nicola Launaro (Saluzzo, Italy), Catherine Lynch
(Dublin, Ireland), Lorenzo Lorusso (Chiari, Italy), Eleonora Maestri (Milan, Italy; biotechnologist, data manager), Umberto Magliola (Pinerolo, Italy), Alberto Marchet (Turin,
Italy), Alessandro Mauro (Piancavallo, Italy), Letizia Mazzini (Novara, Italy), Anna Micheli
(Brescia, Italy), Milena Milicev (Belgrade, Serbia), Andrea Millul (Milan, Italy), Cristina
Moglia (Turin, Italy), Mariagrazia Montesano (Milan, Italy), Alessandro Padovani (Brescia,
Italy), Elena Palazzini (Melegnano, Italy), Mario Palermo (Alessandria, Italy), Diego Papurello (Cirie, Italy), Ilaria Pastore (Cuneo, Italy), Maria Teresa Penza (Tortona, Italy), Patrizia
Perrone (Legnano, Italy), Fabrizio Pisano (Veruno, Italy), Alessandro Prelle (Milan, Italy),
Pierre-Marie Preux (Limoges, France), Michela Ranieri (Milan, Italy), Valentina Regio
(Milan, Italy), Andrea Rigamonti (Lecco, Italy), Francesco Sasanelli (Melegnano, Italy),
Patrizia Secchi (Legnano, Italy), Jennifer Smith (Preston, UK), Fiorella Tavernelli (Gallarate, Italy), Rosanna Tortelli (Bari, Italy), Franco Vergnano (Casale Monferrato, Italy),
Angelo Villani (Domodossola, Italy).
GENERAL PRACTITIONERS (ITALY). Giuseppe Arbore (Milan), Nadia Case (Milan),
Novella Del Sordo (Como), Alfredo Di Landro (Bergamo), Nicoletta Leali (Mantova), Lino
Masini (Milan), Vincenzo Matuonto (Milan), Maria Luisa Monticelli (Varese), Adriana Montini (Capriano del Colle, Brescia), Marco Palumbo (Capriano del Colle, Brescia), Angelo Parati
(Cremona), Sergio Pellegrino (Pavia), Aurelio Sessa (Varese), Enrico Severgnini (Milan),
Gianluigi Vertue (Lodi).

Author Contributions
Conceptualization: Giancarlo Logroscino, Benoit Marin, Adriano Chiò, Orla Hardiman,
James Rooney, Stefano Zoccolella, Philippe Couratier, Pierre-Marie Preux, Ettore Beghi.
Data curation: Giancarlo Logroscino, Benoit Marin, Simona Arcuti, Orla Hardiman, James
Rooney, Stefano Zoccolella, Philippe Couratier, Pierre-Marie Preux, Ettore Beghi.
Formal analysis: Giancarlo Logroscino, Benoit Marin, Marco Piccininni, Pierre-Marie Preux,
Ettore Beghi.
Funding acquisition: Benoit Marin, Orla Hardiman, James Rooney, Philippe Couratier,
Pierre-Marie Preux, Ettore Beghi.
Investigation: Benoit Marin, Orla Hardiman.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195821 April 16, 2018

10 / 13

Referral bias in ALS epidemiological studies

Methodology: Giancarlo Logroscino, Benoit Marin, Marco Piccininni, Adriano Chiò, Orla
Hardiman, James Rooney, Stefano Zoccolella, Philippe Couratier, Pierre-Marie Preux,
Ettore Beghi.
Resources: Benoit Marin, Orla Hardiman, James Rooney, Pierre-Marie Preux, Ettore Beghi.
Supervision: Giancarlo Logroscino.
Writing – original draft: Giancarlo Logroscino.
Writing – review & editing: Giancarlo Logroscino, Benoit Marin, Adriano Chiò, Orla Hardiman, James Rooney, Stefano Zoccolella, Philippe Couratier, Pierre-Marie Preux, Ettore
Beghi.

References
1.

Yu Y, Su FC, Callaghan BC, Goutman SA, Batterman SA, Feldman EL. Environmental risk factors and
amyotrophic lateral sclerosis (ALS): a case-control study of ALS in Michigan. PLoS One. 2014; 9(6):
e101186. https://doi.org/10.1371/journal.pone.0101186 PMID: 24979055; PubMed Central PMCID:
PMC4076303.

2.

Liu MS, Cui LY, Fan DS, Chinese ALSA. Age at onset of amyotrophic lateral sclerosis in China. Acta
Neurol Scand. 2014; 129(3):163–7. https://doi.org/10.1111/ane.12157 PMID: 23819875.

3.

Sabatelli M, Conte A, Zollino M. Clinical and genetic heterogeneity of amyotrophic lateral sclerosis. Clinical genetics. 2013; 83(5):408–16. Epub 2013/02/06. https://doi.org/10.1111/cge.12117 PMID:
23379621.

4.

Dreyer P, Lorenzen CK, Schou L, Felding M. Survival in ALS with home mechanical ventilation noninvasively and invasively: a 15-year cohort study in west Denmark. Amyotrophic lateral sclerosis & frontotemporal degeneration. 2014; 15(1–2):62–7. https://doi.org/10.3109/21678421.2013.837929 PMID:
24067168.

5.

Spataro R, Ficano L, Piccoli F, La Bella V. Percutaneous endoscopic gastrostomy in amyotrophic lateral
sclerosis: effect on survival. J Neurol Sci. 2011; 304(1–2):44–8. https://doi.org/10.1016/j.jns.2011.02.
016 PMID: 21371720.

6.

Gladman M, Dharamshi C, Zinman L. Economic burden of amyotrophic lateral sclerosis: a Canadian
study of out-of-pocket expenses. Amyotrophic lateral sclerosis & frontotemporal degeneration. 2014;
15(5–6):426–32. https://doi.org/10.3109/21678421.2014.932382 PMID: 25025935.

7.

Logroscino G, Traynor BJ, Hardiman O, Chio A, Mitchell D, Swingler RJ, et al. Incidence of amyotrophic
lateral sclerosis in Europe. J Neurol Neurosurg Psychiatry. 2010; 81(4):385–90. Epub 2009/08/28.
https://doi.org/10.1136/jnnp.2009.183525 PMID: 19710046; PubMed Central PMCID: PMC2850819.

8.

Logroscino G, Traynor BJ, Hardiman O, Chio A, Couratier P, Mitchell JD, et al. Descriptive epidemiology of amyotrophic lateral sclerosis: new evidence and unsolved issues. J Neurol Neurosurg Psychiatry. 2008; 79(1):6–11. https://doi.org/10.1136/jnnp.2006.104828 PMID: 18079297.

9.

Rothman KJ, Greenland S, Lash TL. Modern epidemiology. 3rd ed. Philadelphia: Wolters Kluwer
Health/Lippincott Williams & Wilkins; 2008. 758 p.

10.

Traynor BJ, Codd MB, Corr B, Forde C, Frost E, Hardiman O. Incidence and prevalence of ALS in Ireland, 1995–1997: a population-based study. Neurology. 1999; 52(3):504–9. Epub 1999/02/20. PMID:
10025778.

11.

PARALS. Piemonte and Valle d’Aosta Register for Amyotrophic Lateral Sclerosis. Incidence of ALS in
Italy: evidence for a uniform frequency in Western countries. Neurology. 2001; 56(2):239–44. PMID:
11160962.

12.

Beghi E, Millul A, Micheli A, Vitelli E, Logroscino G. Incidence of ALS in Lombardy, Italy. Neurology.
2007; 68(2):141–5. https://doi.org/10.1212/01.wnl.0000250339.14392.bb PMID: 17210896.

13.

Logroscino G, Beghi E, Zoccolella S, Palagano R, Fraddosio A, Simone IL, et al. Incidence of amyotrophic lateral sclerosis in southern Italy: a population based study. Journal of neurology, neurosurgery,
and psychiatry. 2005; 76(8):1094–8. Epub 2005/07/19. https://doi.org/10.1136/jnnp.2004.039180
PMID: 16024886; PubMed Central PMCID: PMCPMC1739746.

14.

Marin B, Hamidou B, Couratier P, Nicol M, Delzor A, Raymondeau M, et al. Population-based epidemiology of amyotrophic lateral sclerosis (ALS) in an ageing Europe—the French register of ALS in Limousin (FRALim register). Eur J Neurol. 2014; 21:1292–300. https://doi.org/10.1111/ene.12474 PMID:
24909935.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195821 April 16, 2018

11 / 13

Referral bias in ALS epidemiological studies

15.

Donaghy C, Clarke J, Patterson C, Kee F, Hardiman O, Patterson V. The epidemiology of motor neuron
disease in Northern Ireland using capture-recapture methodology. Amyotrophic lateral sclerosis: official
publication of the World Federation of Neurology Research Group on Motor Neuron Diseases. 2010; 11
(4):374–8. https://doi.org/10.3109/17482960903329569 PMID: 20550486.

16.

Mandrioli J, Biguzzi S, Guidi C, Venturini E, Sette E, Terlizzi E, et al. Epidemiology of amyotrophic lateral sclerosis in Emilia Romagna Region (Italy): A population based study. Amyotrophic lateral sclerosis
& frontotemporal degeneration. 2014; 15(3–4):262–8. https://doi.org/10.3109/21678421.2013.865752
PMID: 24863640.

17.

Bandettini di Poggio M, Sormani MP, Truffelli R, Mandich P, Origone P, Verdiani S, et al. Clinical epidemiology of ALS in Liguria, Italy. Amyotrophic lateral sclerosis & frontotemporal degeneration. 2013; 14
(1):52–7. Epub 2012/10/04. https://doi.org/10.3109/17482968.2012.729062 PMID: 23030513.

18.

Pradas J, Puig T, Rojas-Garcia R, Viguera ML, Gich I, Logroscino G, et al. Amyotrophic lateral sclerosis
in Catalonia: a population based study. Amyotrophic lateral sclerosis & frontotemporal degeneration.
2013; 14(4):278–83. Epub 2013/01/05. https://doi.org/10.3109/21678421.2012.749915 PMID:
23286747.

19.

Brooks BR. El Escorial World Federation of Neurology criteria for the diagnosis of amyotrophic lateral
sclerosis. Subcommittee on Motor Neuron Diseases/Amyotrophic Lateral Sclerosis of the World Federation of Neurology Research Group on Neuromuscular Diseases and the El Escorial "Clinical limits of
amyotrophic lateral sclerosis" workshop contributors. Journal of the neurological sciences. 1994;124
Suppl:96–107. Epub 1994/07/01. PMID: 7807156.

20.

Brooks BR, Miller RG, Swash M, Munsat TL. El Escorial revisited: revised criteria for the diagnosis of
amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord. 2000; 1(5):293–9.
PMID: 11464847.

21.

Traynor BJ, Alexander M, Corr B, Frost E, Hardiman O. Effect of a multidisciplinary amyotrophic lateral
sclerosis (ALS) clinic on ALS survival: a population based study, 1996–2000. J Neurol Neurosurg Psychiatry. 2003; 74(9):1258–61. Epub 2003/08/23. https://doi.org/10.1136/jnnp.74.9.1258 PMID:
12933930; PubMed Central PMCID: PMC1738639.

22.

Chio A, Bottacchi E, Buffa C, Mutani R, Mora G. Positive effects of tertiary centres for amyotrophic lateral sclerosis on outcome and use of hospital facilities. J Neurol Neurosurg Psychiatry. 2006; 77
(8):948–50. Epub 2006/04/15. https://doi.org/10.1136/jnnp.2005.083402 PMID: 16614011; PubMed
Central PMCID: PMC2077622.

23.

von Elm E, Altman DG, Egger M, Pocock SJ, Gotzsche PC, Vandenbroucke JP. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting
observational studies. Lancet. 2007; 370(9596):1453–7. https://doi.org/10.1016/S0140-6736(07)
61602-X PMID: 18064739.

24.

Ahmeti KB, Ajroud-Driss S, Al-Chalabi A, Andersen PM, Armstrong J, Birve A, et al. Age of onset of
amyotrophic lateral sclerosis is modulated by a locus on 1p34.1. Neurobiol Aging. 2013; 34(1):357.e7–
19. Epub 2012/09/11. https://doi.org/10.1016/j.neurobiolaging.2012.07.017 PMID: 22959728; PubMed
Central PMCID: PMCPMC3839234.

25.

Forbes RB, Colville S, Swingler RJ. The epidemiology of amyotrophic lateral sclerosis (ALS/MND) in
people aged 80 or over. Age Ageing. 2004; 33(2):131–4. https://doi.org/10.1093/ageing/afh013 PMID:
14960427.

26.

Chio A, Logroscino G, Hardiman O, Swingler R, Mitchell D, Beghi E, et al. Prognostic factors in ALS: A
critical review. Amyotrophic lateral sclerosis: official publication of the World Federation of Neurology
Research Group on Motor Neuron Diseases. 2009; 10(5–6):310–23. Epub 2009/11/20. https://doi.org/
10.3109/17482960802566824 PMID: 19922118; PubMed Central PMCID: PMCPMC3515205.

27.

Dandaba M, Couratier P, Labrunie A, Nicol M, Hamidou B, Raymondeau M, et al. Characteristics and
Prognosis of Oldest Old Subjects with Amyotrophic Lateral Sclerosis. Neuroepidemiology. 2017; 49(1–
2):64–73. https://doi.org/10.1159/000479969 PMID: 28873374.

28.

Byrne S, Walsh C, Lynch C, Bede P, Elamin M, Kenna K, et al. Rate of familial amyotrophic lateral sclerosis: a systematic review and meta-analysis. J Neurol Neurosurg Psychiatry. 2011; 82(6):623–7.
https://doi.org/10.1136/jnnp.2010.224501 PMID: 21047878.

29.

Rooney J, Byrne S, Heverin M, Corr B, Elamin M, Staines A, et al. Survival Analysis of Irish Amyotrophic
Lateral Sclerosis Patients Diagnosed from 1995–2010. PLoS ONE. 2013; 8(9).

30.

Haverkamp LJ, Appel V, Appel SH. Natural history of amyotrophic lateral sclerosis in a database population. Validation of a scoring system and a model for survival prediction. Brain. 1995; 118 (Pt 3):707–
19. Epub 1995/06/01. PMID: 7600088.

31.

Kurland LT, Mulder DW. Epidemiologic investigations of amyotrophic lateral sclerosis. 2. Familial aggregations indicative of dominant inheritance. II. Neurology. 1955; 5(4):249–68. PMID: 14370376.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195821 April 16, 2018

12 / 13

Referral bias in ALS epidemiological studies

32.

Byrne S, Heverin M, Elamin M, Bede P, Lynch C, Kenna K, et al. Aggregation of neurologic and neuropsychiatric disease in amyotrophic lateral sclerosis kindreds: a population-based case-control cohort
study of familial and sporadic amyotrophic lateral sclerosis. Annals of neurology. 2013; 74(5):699–708.
Epub 2013/07/10. https://doi.org/10.1002/ana.23969 PMID: 23836460.

33.

Renton AE, Chio A, Traynor BJ. State of play in amyotrophic lateral sclerosis genetics. Nature neuroscience. 2014; 17(1):17–23. Epub 2013/12/27. https://doi.org/10.1038/nn.3584 PMID: 24369373; PubMed
Central PMCID: PMCPMC4544832.

34.

Strong MJ, Hudson AJ, Alvord WG. Familial amyotrophic lateral sclerosis, 1850–1989: a statistical analysis of the world literature. The Canadian journal of neurological sciences Le journal canadien des sciences neurologiques. 1991; 18(1):45–58. Epub 1991/02/01. PMID: 2036615.

35.

Millul A, Beghi E, Logroscino G, Micheli A, Vitelli E, Zardi A. Survival of patients with amyotrophic lateral
sclerosis in a population-based registry. Neuroepidemiology. 2005; 25(3):114–9. Epub 2005/06/16.
https://doi.org/10.1159/000086353 PMID: 15956808.

36.

Lee JR, Annegers JF, Appel SH. Prognosis of amyotrophic lateral sclerosis and the effect of referral
selection. Journal of the neurological sciences. 1995; 132(2):207–15. Epub 1995/10/01. PMID:
8543950.

37.

Sorenson EJ, Mandrekar J, Crum B, Stevens JC. Effect of referral bias on assessing survival in ALS.
Neurology. 2007; 68(8):600–2. Epub 2007/02/21. https://doi.org/10.1212/01.wnl.0000254501.58158.
e7 PMID: 17310031.

38.

Logroscino G, Beghi E, Hardiman O, Chio A, Mitchell JD, Swingler RJ, et al. Effect of referral bias on
assessing survival in als. Neurology. 2007; 69(9):939; author reply -40. https://doi.org/10.1212/01.wnl.
0000281904.21495.cb PMID: 17724304.

39.

Zoccolella S, Beghi E, Palagano G, Fraddosio A, Guerra V, Lepore V, et al. ALS multidisciplinary clinic
and survival. Results from a population-based study in Southern Italy. Journal of neurology. 2007; 254
(8):1107–12. Epub 2007/04/14. https://doi.org/10.1007/s00415-006-0401-y PMID: 17431705.

40.

Rooney J, Byrne S, Heverin M, Tobin K, Dick A, Donaghy C, et al. A multidisciplinary clinic approach
improves survival in ALS: a comparative study of ALS in Ireland and Northern Ireland. Journal of neurology, neurosurgery, and psychiatry. 2015; 86(5):496–501. Epub 2015/01/01. https://doi.org/10.1136/
jnnp-2014-309601 PMID: 25550416.

41.

Marin B, Logroscino G, Boumediene F, Labrunie A, Couratier P, Babron MC, et al. Clinical and demographic factors and outcome of amyotrophic lateral sclerosis in relation to population ancestral origin.
European journal of epidemiology. 2016; 31(3):229–45. https://doi.org/10.1007/s10654-015-0090-x
PMID: 26458931.

42.

Ng L, Khan F, Mathers S. Multidisciplinary care for adults with amyotrophic lateral sclerosis or motor
neuron disease. Cochrane Database Syst Rev. 2009;(4):CD007425. https://doi.org/10.1002/14651858.
CD007425.pub2 PMID: 19821416.

43.

Mitsumoto H, Brooks BR, Silani V. Clinical trials in amyotrophic lateral sclerosis: why so many negative
trials and how can trials be improved? The Lancet Neurology. 2014; 13(11):1127–38. Epub 2014/10/16.
https://doi.org/10.1016/S1474-4422(14)70129-2 PMID: 25316019.

44.

Chio A, Canosa A, Gallo S, Cammarosano S, Moglia C, Fuda G, et al. ALS clinical trials: do enrolled
patients accurately represent the ALS population? Neurology. 2011; 77(15):1432–7. https://doi.org/10.
1212/WNL.0b013e318232ab9b PMID: 21956723.

45.

Traynor BJ, Codd MB, Corr B, Forde C, Frost E, Hardiman OM. Clinical features of amyotrophic lateral
sclerosis according to the El Escorial and Airlie House diagnostic criteria: A population-based study.
Archives of neurology. 2000; 57(8):1171–6. Epub 2000/08/06. PMID: 10927797.

46.

Rooney JPK, Brayne C, Tobin K, Logroscino G, Glymour MM, Hardiman O. Benefits, pitfalls, and future
design of population-based registers in neurodegenerative disease. Neurology. 2017; 88(24):2321–9.
Epub 2017/05/19. https://doi.org/10.1212/WNL.0000000000004038 PMID: 28515268.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195821 April 16, 2018

13 / 13

