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Abstract

Rare neurodegenerative diseases are characterized by high
heterogeneity and high clinical complexity, as well as low
incidence and prevalence, thus making tracking small num-
bers of incident cases in the general population very chal-
lenging. Since it is not possible to use classical cohort studies
to estimate the incidence of these rare diseases, we can “re-
construct” a theoretical cohort using case information from
a well-defined geographic region collected through a sur-
veillance system. The incidence rate is estimated as the ratio
between the number of individuals at risk who were diag-
nosed with the disease of interest during the study period
and the estimated overall amount of time individuals in the
reference population spent at risk during the study period. If
a series of assumptions are met, the approximate incidence
proportion of a closed theoretical cohort without competing
events and with the same follow-up duration can be calcu-
lated by multiplying the incidence rate with the length of the
study time. This rationale relies on the presence of an effec-
tive referral system, which links all levels of the healthcare

system together in the region, from general practitioners to
specialized clinical centers. The reconstructed cohort design
is a valid and cost-effective method to collect data on the
incidence of rare neurodegenerative diseases and repre-
sents the theoretical framework for building up population-

based registries. ©2020 S. Karger AG, Basel

Introduction

The study of rare diseases is particularly challenging
because of the difficulties in tracking small numbers of
cases in the general population. To this day, a uniform
definition of rare disease does not exist. The European
Medical Agency defines rare disease with <50 cases per
100,000, whereas in the United States, a disease is consid-
ered rare when it affects fewer than 200,000 Americans at
any given time point. Across different countries and or-
ganizations, the most widely used definitions of rare dis-
ease are based on prevalences between 40 and 50 per
100,000 [1]. About 80% of these rare disorders are of ge-
netic origin, and about 75% present neurological symp-
toms [2]. The key characteristics of rare neurodegenera-
tive diseases are clinical complexity, heterogeneity, as well
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Fig. 1. Example of closed (a), closed-on-the-left (b), and open (c) populations with 13 hypothetical individu-
als. Horizontal lines represent the amount of time spent at risk of having the disease for each individual in the
study, x symbol represents the occurrence of the disease of interest.

as low incidence and prevalence, which make studying
these diseases difficult in both clinical and population-
based settings. Additionally, tracking rare neurodegen-
erative disease cases to produce valid estimates of inci-
dence is difficult due to the complexities of the referral
system involved and the sparsity of centers able to pro-
vide accurate diagnoses.

A classic cohort design would not be feasible to study
rare diseases due to the large amount of participants
needed, the extensive follow-up time, and the constant
intensive surveillance for disease occurrence during the
follow-up visits. In the following sections, we will provide
some insights on the theoretical framework behind the
reconstructed cohort design, which represents a cost-ef-
fective alternative to classic cohort study design for esti-
mating incidence of rare neurodegenerative diseases. We
will additionally provide practical advice and useful con-
siderations about the collection of cases, the definition of
the population at risk, limitations, and future perspec-
tives for this methodology.

Theoretical Framework

Quantifying the frequency of new disease diagnoses
in a population, the incidence, and studying how this
frequency changes over time in a given geographic re-
gion and among subgroups are of crucial importance in
epidemiology [3]. It is even more important in rare neu-
rodegenerative diseases, whose etiology is often un-
known, as it could represent a first step in understanding
possible genetic and environmental risk factors. In this
paper, we make the assumption that there is no cure for
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such diseases, meaning that once an individual is dis-
eased, they cannot re-enter the pool of individuals at
risk. In clinical epidemiology, the main metric used for
the incidence interpretation is the incidence proportion
(or risk). This measure is the probability that an indi-
vidual from a specified population at risk will develop a
rare neurodegenerative disease of interest in a specific
period of time. In order to estimate the incidence pro-
portion, a closed population on the time from recruit-
ment scale is usually required. This means that a cohort
of individuals free from the disease of interest and po-
tentially able to develop it has to be recruited and ob-
served for the follow-up time ¢ in order to collect infor-
mation on the incidence of this disease. In a closed pop-
ulation, new individuals cannot join the cohort after the
beginning of the follow-up, and recruited individuals
cannot drop from the study without experiencing the
disease (Fig. 1). The incidence proportion for the time
span t will then be estimated as the ratio of the number
of individuals diagnosed with the rare neurodegenera-
tive disease of interest during the follow-up time and the
number of individuals recruited at the baseline [3]. How-
ever, with the exception of very short follow-up studies,
this scenario appears rather unrealistic. Population inci-
dence studies are usually only “closed on the left” on the
time from recruitment scale, as individuals are likely to
be lost over the follow-up period or may experience
competing events during that time (Fig. 1) [4]. The
closed-on-the-left cohort design, often also referred to as
“fixed cohort,” is the most suitable and feasible study de-
sign to provide information on the incidence of a disease
in a given reference population. In this setting, the met-
ric used to quantify the incidence is the incidence rate,
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which allows to account for loss to follow-up and the
occurrence of competing events. The incidence rate is
estimated as the ratio between the number of individuals
who were diagnosed with the disease of interest during
the follow-up time, divided by the total time participat-
ing individuals spent at risk in the study (overall amount
of person-time) [3]. The incidence rate is not a probabil-
ity and can range between zero and infinity. It is an in-
stantaneous concept that can be thought of as the “aver-
age speed” at which the population at risk is shifting
from the free-disease status to the disease status. How-
ever, the interpretation of the rate is less intuitive. The
exponential formula describes the relationship between
the incidence proportion and the incidence rate in a
closed population ignoring competing risks [4].

Unfortunately, a closed-on-the-left classical cohort
study design is just as difficult to implement as a closed
cohort study design when we want to estimate the inci-
dence of a rare neurodegenerative disease. Because of
the rarity of these diseases, a closed-on-the-left cohort
study as defined above would require hundreds of thou-
sands of participants to only diagnose a few ill individu-
als. The effort such a study would require is tremendous
in terms of funding and human resources. Moreover,
the constant surveillance for disease occurrence during
the follow-up visits would be complex and very expen-
sive, as neurodegenerative diseases are usually very dif-
ficult to diagnose.

Since it is not possible to use a classic cohort study de-
sign, we can instead use information from a surveillance
system on incident events during a calendar time period
in a well-defined geographic region to estimate the inci-
dence rate of a rare neurodegenerative disease by “recon-
structing” a theoretical cohort of interest. This is the ra-
tionale behind the estimation of the incidence in popula-
tion-based registry studies.

In the case of a population confined to a specific region
observed over a calendar time period, such as the one cov-
ered by a population-based disease registry, we are deal-
ing with a concept substantially different from the closed
population described above. In such a case, the popula-
tion is not considered as fixed in terms of size, but rather
as an open or a dynamic population (Fig. 1) [5]. The pop-
ulation living in a geographic region can increase or de-
crease over time due to migration, birth, or death, because
inhabitants “status” of residency dynamically changes
over time. This stands in contrast to closed populations,
such as birth cohorts or a cohort of individuals recruited
for a clinical trial, in which individuals share an experi-
enced “original event,” therefore no new individuals can
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join the population [5]. The idea of a dynamic population,
namely a flow of individuals living in a defined region in
a specified time frame, is widely used in demography and
explains the reason why rates are commonly used in this
discipline [5]. As a matter of fact, the incidence rate is the
only estimable and meaningful measure for assessing the
frequency of new cases in an open population. In order to
estimate the incidence rate of a rare neurodegenerative
disease in an open population, such as the individuals liv-
ing in a specific region, we need 2 quantities: the numer-
ator and the denominator of the rate.

The numerator is the overall number of individuals
living in the region who were diagnosed with the disease
of interest during the study period. These are the inci-
dent cases collected in the population-based registry.
The denominator is the overall amount of person-time
spent at risk in the region during the study period by the
individuals who were able to experience the disease of
interest.

If the size of the open population of individuals living
in the region is constant over the study period, the popu-
lation is in a “steady state” [5]. This state implies that ev-
ery individual who leaves the region, dies, or experiences
the disease is constantly replaced by an individual who is
born or moves into the region.

The steady state can be plausibly assumed in more sit-
uations than expected, especially for short time intervals
(5].

Since we are dealing with a rare disease, which is char-
acterized by a very low prevalence, we can easily assume
that all the individuals in the region have been at risk of
getting the disease, ignoring the presence of the few al-
ready existing cases.

If we assume a steady population without a change in
terms of size during the study period, the overall amount
of person-days in the denominator can be estimated by
simply multiplying the number of living individuals in
the region on one day and the number of days in the time
period under study [5].

If the size of the population of the region increases or
decreases during the study period, we cannot assume a
steady state and a more realistic assumption can be
made: a linear change over the study period. If the
change in size of our open population is roughly linear,
we can estimate the overall amount of person-days in
the denominator by multiplying the number of individ-
uals living in the region at the halfway point of the study
period by the number of days under study [5]. For ex-
ample, if we consider a study period of 1 year, the first
factor can be the recorded number of individuals living
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Fig. 2. Graphical illustration of the recon-
structed cohort design rationale. A popula-
tion-based disease registry, (here represent-
ed as an open book) is a capillary network
of general practitioners, health care facili-
ties and patients associations that covers a
well-defined region. All the individuals
from the general population (left side of the
book) who are new cases of the disease of
interest (in red) during the study period can
access the health care network (here repre-
sented as a hospital), or are identified by the
network, and will be registered as incident
cases (moving towards the right side of the
book). The incidence rate is then estimated
as the ratio between the number of incident
cases recorded by the registry and the over-
all amount of person-time spent at risk by
the population in the region during the
study period. The incidence rate can then
be interpreted, under the fulfillment of cer-
tain assumptions, as an incidence propor-
tion estimated in an “equivalent” popula-
tion-based cohort study.

in the region as on June 30, or the average between the
number of individuals living in the region on January 1
and the number of individuals living in the region on
December 31.

Therefore, we can easily estimate the incidence rate of
a rare neurodegenerative disease in a region using only
the number of collected incident cases from a population-
based disease registry in a calendar time period and infor-
mation on the size of the reference population.

However, we want to go further and find an intuitive
interpretation of this incidence rate.

We can assume that the incidence rate is constant over
time and would be the same as if we had measured it in a
closed population with the same characteristics of the
participating individuals. This is a realistic scenario if we
consider a short time period.

We can also assume that the product between the in-
cidence rate and the length of the time period considered
is a number close to zero. This is usually true if we are
considering rare diseases and short time periods like
1 year.

We need to assume that the incidence rate is not af-
fected by the presence of competing events, such as death.
This means that the incidence rate would be the same
with or without competing events. The idea that the inci-
dence rate is not influenced by competing events is unre-
alistic, but is still very common in survival analysis litera-
ture [4].
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If all these assumptions are met, we can approximate
the incidence proportion of a theoretically closed cohort
without competing events and with the same follow-up
duration by multiplying the estimated incidence rate by
the length of the time period under study [4]. Specifically,
this would be the incidence proportion of a theoretical
cohort without competing events that included all indi-
viduals living in the geographic region of interest at the
beginning of the study, who were surveilled for the diag-
nosis of the rare neurodegenerative disease of interest
over the whole study period.

This theoretically closed cohort is what we call the “re-
constructed cohort” and is the foundation of interpreting
the incidence rates estimated from population-based reg-
istries as probabilities.

Although this theoretical framework has been used for
centuries in practice, we believe that some steps of the
reasoning are not well understood and often misinter-
preted. This mostly happens because the terms defining
different types of cohorts and incidence metrics are often
used interchangeably. We believe the concept of “recon-
structed cohort design” to be suitable for rare neurode-
generative diseases, as it would make the process leading
to the interpretation of an incidence rate estimated in an
open population as an incidence proportion in a closed
population explicit. We also provide a graphical illustra-
tion of the reconstructed cohort rationale to visualize the
concept (Fig. 2).
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Table 1. Advantages of registries in the reconstructed cohort de-
sign framework

Advantages

1. Complete case ascertainment

2. Full phenotypes description including real distribution of
clinical subtypes

3. Inclusion of older cases

4. Biobank population-based

5. Sources of cases for pragmatic trials and analytic
population-based studies

6. Cost-effective estimation of incidence measures

Uncertainty and Comparison of the Estimates in the
Reconstructed Cohort Design

Despite the validity and the cost-effectiveness of the
reconstructed cohort design, the estimation of incidence
rates is always characterized by a high degree of relative
uncertainty when only a few cases are observed. The
confidence interval (CI) of an incident rate is obtained
assuming that the number of recorded incident cases is
a random variable with Poisson distribution, while the
number of person-time at risk accumulated in the study
is a non-random quantity [6].

The variance of the rate estimator, and therefore the
width of the approximate incidence rate’s CI, increases
when the number of incident cases in the numerator in-
creases and decreases when the number of person-time in
the denominator increases [6]. This is why, in absolute
terms, rare disease studies tend to provide more precise
estimates of the incidence compared to studies of com-
mon diseases with the same amount of person-time.
However, the degree of precision of the rate estimate is
clearer on the relative scale [6]. The ratio between the
width of the approximate incidence rate’s CI and its point
estimate is only inversely proportional to the square root
of the number of cases. Hence, it is not surprising to find
point estimates of the incidence rate in populations with
a singular incident case that are almost 40 times the value
of the lower bound, and 5 times less than the value of the
upper bound of their exact 95% Cls. This may pose seri-
ous problems in the interpretation of incidence studies of
rare diseases [6] such as neurodegenerative ones. The low
precision of incidence estimates also negatively affects the
descriptive cross-regional comparisons, which are a cru-
cial step in discovering possible risk factors for rare neu-
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rodegenerative diseases. Such comparisons aim at identi-
fying differences across regions in terms of incidence,
which are not due to a different distribution of well-
known risk factors. For this reason, they are usually con-
ducted to compare age-sex standardized incidence rates
instead of crude incidence rates.

Itisa common misconception that the ratio of age-sex
standardized incidence rates from 2 different popula-
tions is equivalent to the ratio of the crude incidence rates
that would have been observed in 2 hypothetical popula-
tions with the same age-sex structure and underlying ex-
posure conditions of the observed populations. When
incidence is quantified using rates (person-time spent at
risk at the denominator) rather than incidence propor-
tions, except in very particular conditions, this does not
hold true [4].

This is due to the fact that applying incidence rates to
a different population is not the same as applying inci-
dence proportions to that different population, because a
change in the age-specific incidence rates impacts the rel-
ative distribution of the person-time spent at risk [4].

For example, applying a higher age-sex specific inci-
dence rate from one population to the age-sex specific
amount of person-time in a second population would in-
crease the number of cases in this group. However, it
would not have been possible to observe the amount of
person-time recorded in the second population with this
new incidence rate, because a higher incidence shortens
the period spent at risk by persons who now have devel-
oped the disease [4]. A similar issue can arise for a differ-
ence in the occurrence of competing events between the
2 populations [4].

Despite this technical distinction sometimes being
practically negligible, it further highlights the difference
between the concepts of incidence rate and incidence
proportion.

Numerator: Incident Cases

The incident cases collection in a population-based
disease registry with a reconstructed cohort design relies
on the identification of a network of diagnostic facilities
to which subjects diagnosed or suspected with the disease
of interest are referred for ascertainment. The number of
facilities taken into account depends on the characteris-
tics of the specific disease and the health system of the
geographic region. Facilities will be fewer for less preva-
lent diseases. The general characteristics of the healthcare
system involved are also important. An effective referral
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system depends on proper activities linking all levels of
the healthcare system, from general practitioners to spe-
cialized clinical centers. The ideal healthcare system will
allow people to have the best possible care close to home.
Nevertheless, is likely that within large areas only few
multidisciplinary centers are able to diagnose and care for
specific rare neurodegenerative disorders. The use of
multiple sources to collect data is very important to keep
track of all possible incident cases.

The heterogeneity of the clinical presentation is a key
feature of rare neurodegenerative diseases. These diseases
are usually characterized by the wide age of onset ranging
from infanthood to mid-adulthood and older ages, a vari-
able clinical course progression, and by neuronal loss in
different regions of the central nervous system.

Usually, patients present with the classical clinical
phenotypes, but they can also develop extreme pheno-
types that are very different from the most common pre-
sentation. This heterogeneity is one of the reasons why
rare neurodegenerative diseases are particularly challeng-
ing to be studied.

Population-based disease registries play a key role in
the surveillance of rare diseases, because they are the only
cost-effective and valid approach in which the identifica-
tion of the phenotypic spectrum of diseases is relatively
independent of the age and the severity of the clinical pre-
sentation. The inclusion of all cases in the numerator may
determine a complete identification of the whole spec-
trum of phenotypes characterizing the disease of interest,
including those that might otherwise be overlooked. Old-
er individuals with a suspected diagnosis of interest are
less likely to rely on specialized centers where unique care
for neurodegenerative diseases is typically available. This
is due to general practitioners tending to look less pre-
cisely for specific diagnoses in the elderly, thus making
these patients less likely to be included in a registry [7, 8].

Over time, a sharp increase in the size of the numera-
tor for the same geographical region, which is not ex-
plained by a change in the denominator size or popula-
tion structure, can be due to a growing awareness of the
disease or of specific phenotypes previously not searched
for as a possible diagnosis. A good example is Niemann-
Pick Disease type C with adult onset [9]. The presenta-
tion of Niemann-Pick Disease type C is highly variable
and ranges from cases with an aggressive serious clinical
course with perinatal onset to adolescent and adult cases
with a slower disease progression. For many years, this
disease was considered a pediatric disease. For example,
no adult-onset cases were diagnosed in France until 1990
and only 1 out of 5 cases diagnosed in the period between
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2000 and 2008 were adults [9]. In 2009, the only ap-
proved targeted therapy for neurological manifestation
of Niemann-Pick Disease type C, miglustat [10], was in-
troduced in Europe. The introduction of an effective
therapy increased the importance of the diagnosis of Nie-
mann-Pick Disease type C in clinical practice. As a con-
sequence, in the period 2009-2015, adult-onset cases in-
creased up to represent 50% of all the diagnosed cases in
France [9].

Another possible explanation to consider for the rapid
change in the number of collected cases within one geo-
graphical region in a short time period is the revision of
diagnostic criteria that mandate which cases are to be tak-
en into account. For example, the revised El Escorial cri-
teria for amyotrophic lateral sclerosis diagnosis reclassi-
fied “possible” cases as “probable with laboratory sup-
port,” meaning that such cases became eligible for
registries, which only collect probable and definite cases
(11, 12].

Finally, the presence of a registry infrastructure itself
improves the quality and completeness of the inception
of cases and data collection [13]. The best example for this
is the Limousin Registry whose exhaustiveness has been
estimated at 98.4% by capture-recapture analyses [14].

The Denominator: Population at Risk

In epidemiological studies, populations of interest are
defined by eligibility criteria [15]. The main eligibility cri-
terion for registries is a residency in a specific geographic
region. The scope of the reference population’s dimen-
sion should depend on the frequency of diagnosis of the
rare neurodegenerative disease of interest. For diseases
such as fronto-temporal lobar degeneration and amyo-
trophic lateral sclerosis, which generally present an inci-
dence rate between 1.5 and 3.5 per 100,000 person-years
[16], a region with at least 1 million residents is needed
for a 1-year study, although regions with 3—-5 million res-
idents are preferable. As we described above, the number
in the denominator is only estimated based on the statis-
tics of the regional demographics at a certain point in
time. In contrast, for closed-on-the-left cohort studies, it
is actually possible to calculate the time participants
spend at risk. However, in order to find incident cases in
closed-on-the-left cohort studies, we would need to check
the health status of millions of participants during the
whole study period regularly. By using registries and the
reconstructed cohort design, we avoid such a cumber-
some process, substantially saving resources.
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This is an important advantage in the assessment of
rare diseases, because the process of sampling is gener-
ally challenging and can easily be a source of bias. In the
reconstructed cohort design, all possible methodological
problems from a researcher’s perspective relate to the nu-
merator and to the proper interpretation of the results
based on the assumptions.

Limitations of the Registry Methodology

The structural basis of the reconstructed cohort de-
sign is the set-up of population-based disease registries.
Though they have several advantages (Table 1), readers
should also be aware of some limitations. Registries are
complex and expensive infrastructures, despite being
cheaper and simpler compared to classical cohort stud-
ies. The registry network is based on the willingness of
local neurology and neurophysiology departments, and
of public or private neurologists, to participate in them.
The key element is the notification of every incident case
of the rare neurodegenerative disease of interest to the
registry over a sufficiently long time period. Registries
with long durations, such as more than 2 decades, main-
ly contain collected incident cases from 1 or 2 main cen-
ters. Good examples for amyotrophic lateral sclerosis
registries are the Piemonte Val d’Aosta Registry for ALS
[17] in which almost all cases are collected in Turin and
Novara areas, the Irish Registry with almost all the cases
collected in Dublin [18], the Dutch Registry with almost
all the cases collected in Utrecht [19], and the Limousin
Registry in which all the cases are collected in Limoges
[20]. The presence of major multidisciplinary centers,
with numerous staff working in several clinical and re-
search areas, facilitate the proper collection of multidi-
mensional data and avoid part of the difficulties in man-
aging complex networks. Registries for amyotrophic lat-
eral sclerosis based on multiple sites for collection of
data, such as SLALOM in Lombardy [21] or SLAP in
Puglia [22], have a more challenging task in keeping
these structures fully active and collaborative over time.

Today, another big challenge in building registries
seems to be funding, since agencies do not allocate re-
search money to registries due to them being considered
infrastructures, rather than research projects with scien-
tific questions, like most funding agencies require [23].

The majority of registries’ financial resources are ob-
tained for different purposes than research. A notable ex-
ception being the recent funding of the Scottish registry,
due to the recognition of inestimable value for the amyo-
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trophic lateral sclerosis community with regards to both
care and research [24].

The always changing status of the patient’s data pro-
tection regulations represents another common difficul-
ty. Subjects involved in the registration process need to
sign specifically designed informed consent forms pre-
pared by the review boards in Europe and United States’
institutions, which appear to become more and more
stringent. The only possibility to deal with this new trend
is to highlight the immense benefits of registries, which
are unique resources to help in understanding the causes
of diseases, plan better care, and eventually find new ef-
fective therapies.

Discussion

The reconstructed cohort design is the most appropri-
ate study design to estimate the incidence of rare neuro-
degenerative diseases in a population setting in a cost-
effective way, and furthermore provides the theoretical
framework for adequate incidence data collection in reg-
istries. These registries offer the best infrastructure to or-
ganize a collection of information about individuals af-
fected by specific diagnoses or conditions. In the last 2
decades, this approach attained new knowledge about the
distribution of rare neurodegenerative diseases in differ-
ent populations, and led to a better understanding of dis-
ease causation, including genetics and biological mecha-
nisms. In the future, this type of study design could be-
come the preferred method to collect data for clinical
trials and to test new therapies. However, the difficulties
of obtaining sustainable funding and the introduction of
new data protection rules may favor different, less rigor-
ous designs of registries to collect information about spe-
cific diagnoses and conditions at the population level.

For example, a significant change in the data collection
for rare neurodegenerative diseases has been implement-
ed after the “Bucket Challenge.” A wide involvement of
the patients and the public in the initiatives have prompt-
ed the idea of building up structures for the collection of
data, based on the interaction between clinicians and pa-
tients, with a primary role of the patients. In this direc-
tion, nonprofit associations of volunteers have supported
the construction of registries based completely on self-
enrollment and self-reporting by the patients. The pro-
viders of these operations built a platform managing sev-
eral databases as a source of information. Associations,
scientists, clinicians, and patients take part in its manage-
ment [25]. However, we need to be aware of the fact that,
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despite their indisputable advantages and merits, patient-
oriented registries will not guarantee the completeness
and unbiased collection of data for rare neurodegenera-
tive diseases.

The reconstructed cohort design is an optimal study
design for estimating incidence and capturing the hetero-
geneity of rare neurodegenerative diseases across differ-
ent geographic regions [26].

This design may, in a first step, fulfill the need of
a properly representative sample with valid descrip-
tive statistics, and in a second step, provide data to be
used in studying biomedical causes of rare neurodegen-
erative diseases in analytic population-based studies
[15].
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