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Abstract
Cystic Fibrosis (CF) is one of the commonest autosomal recessive genetic diseases that show
a high carrier frequency amongst Caucasian populations. Although there has been
tremendous progress in the available therapies, compared to the past, the disease is still
associated with significant morbidity and mortality. Because of the severe clinical
manifestations and the shortened life expectancy of patients, population based carrier
screening, to identify heterozygous carrier couples at risk of having affected children, has
been recommended. We review the history of population based carrier screening for CF,
focusing on the screening guidelines, the current requirements and the difficulties of
implementation, considering especially the heterogeneity of CF-causing mutations.
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Cystic fibrosis facts
Since the discovery of the DNA double helix, 64 years ago, there has been a tremendous
progress in identifying disease causing genes, especially for the monogenic disorders. For cystic
fibrosis (CF), the responsible gene, cystic fibrosis transmembrane conductase regulator - CFTR, was
identified and its coding regions were sequenced in 1989 [1, 2]. Mutation analysis was offered to
patients fulfilling the criteria for cystic fibrosis diagnosis and that led to the identification of
disease causing mutations and establishment of mutation frequencies to the tested ethnic groups
[3-6]. From these early years of the “mutation-detection era”, there was the aspiration of offering
population carrier screening to identify carrier-couples at risk of having a child with cystic fibrosis
[7-9].
CF is one of the commonest autosomal recessive disorders in Caucasians, with a carrier
frequency of 1 in 25-30 and birth prevalence of approximately 1 in 2300. Cystic fibrosis is one of
the most common, inherited life-shortening diseases of childhood. It affects multiple organ
systems in the body mainly the respiratory and the gastrointestinal system. The severity of the
clinical presentations varies greatly among patients from multi-organ involvement in the most
severe form, which presents in the neonatal period to early childhood, to single organ
manifestations, such as recurrent pancreatitis or male infertility due to congenital bilateral
absence of the vas deferens (CBAVD) that could manifest later in adult life [10, 11]. These
discrepancies are largely due to the different mutations the patients bear but other reasons have
been recognized to influence the outcome such as mutations in modifier genes, environmental
factors and even stochastic events [12-14].
The disorder has been reported in other ethnic groups aside from Caucasians, but it presents
with lower birth prevalence. CF is considered uncommon in Africa and Asia although in most cases,
data on birth prevalence are not available. The lowest reported frequency is in Japan with an
incidence of 1 in 350000 live births [15-17].
CF occurs due to mutations in the CFTR gene, located in the long arm of chromosome 7
(7q31.2). The CFTR mutation database, a database that was initiated in 1989 by the Cystic Fibrosis
Genetic Analysis Consortium to increase and facilitate communications among CF researchers and
is devoted to the recording of CFTR gene mutations for the international cystic fibrosis genetics
research community, currently lists almost 2000 mutations, of which the vast majority are
missense [18]. The CFTR mutation spectrum exhibits a high degree of heterogeneity; with some
mutations being specific in some ethnic groups and others being extremely rare to the degree to
be considered private. The mutation heterogeneity in Europe increases as we move from the more
homogeneous, population wise, north to the less homogeneous south of the continent [19].
However the commonest mutation in almost all ethnic groups is p.Phe508del (legacy name
F508del, ΔF508) reaching almost 100% in the isolated Faroe Islands of Denmark and 25% in Turkey
[19]. Besides p.Phe508del there are at least 3 mutations that are common in all ethnic groups,
with varying frequencies, namely p.Gly542X (legacy name G542X), p.Asn1303Lys (legacy name
N1303K) and p.Gly551Asp (legacy name G551D). The great mutational heterogeneity in CF poses
serious issues to the implementation of a general population screening program. In order to
achieve maximum benefits of such programs, the mutations and their frequencies in the screened
populations should be known beforehand [19-21].
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Definition of carrier screening
“Screening is the systematic application of a test or enquiry to identify individuals at sufficient
risk of a specific disorder to warrant further investigation or direct preventive action, amongst
persons who have not sought medical attention on account of symptoms of that disorder”[22]. In
order to judge if a disorder is suitable for screening, specific criteria should be fulfilled. To name
some, the condition should be well defined and the prevalence should be known, the program
should promote equity and access to screening for the entire target population, the program
evaluation should be planned from the outset and the overall benefits of screening should
outweigh the possible harm, which refers mainly to psychological impact of being informed of a
carrier status [23-28].
Genetic screening for cystic fibrosis can be performed in two different settings, achieving
different goals: a) Newborn screening, aiming at recognizing disease state and b) Carrier screening,
aiming at recognizing unaffected individuals at risk of having an offspring with CF, the latter being
the scope of this paper [29].
At this point a clear distinction should be made between carrier testing and carrier screening.
Carrier testing refers to detecting CF-causing mutations in individuals who have an a-priori
increased risk of being carriers, due to family history of CF or personal history of a CFTR related
disease (CFTR-RD). A CFTR-RD is “a clinical entity associated with CFTR dysfunction that does not
fulfill diagnostic criteria for CF” [11]. If there is a family history, the mutation detection protocol
used should include the mutations present in the family.
Carrier screening on the other hand refers to detecting CF-causing mutations in individuals with
no a-priori increased risk of being carriers (general population) or individuals whose partners are
not CF carriers or CF patients, and therefore are not at an increased risk of having an offspring
with cystic fibrosis. Carrier screening should be voluntary and performed only as an informed
decision. Therefore carrier screening of minors or individuals unable to provide informed consent
should be discouraged. Pre- and post-testing counseling is essential, so that the individuals
understand the procedure, the meaning of a positive test result and the implications for a
subsequent pregnancy if the partner is also tested positive as well as the meaning of a negative
test result and the residual risk of being a carrier.
The best time to perform carrier screening is in the preconception period, when the couple is
planning a pregnancy. At this time all reproductive options are open for the couples that test
positive, including prenatal diagnosis early in the pregnancy, in vitro fertilization (IVF) followed by
pre-implantation genetic diagnosis (PGD) or IVF using donor gametes, adoption and even decision
against having children. Often the occurrence of pregnancy is not planned and in such cases
carrier screening should be performed, at the earliest time possible. In this case the choices of a
carrier couple are limited and anxiety during the test period increases substantially.
There are different strategies of pursuing screening. It can be performed only for one partner,
sequentially to both members of the couple reporting the carrier status of each member or
simultaneously for both partners, reporting results for the couple as entity. The choice for the
approach to be used depends on personal choice, time frame and financial issues. If the decision is
made to screen only one partner, then female testing should be preferred as a negative test result
offers security in cases of undisclosed non-paternity. In the sequential approach, identified carriers
are notified of their carrier status giving opportunity for cascade screening of other members of
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the family at increased risk of being carriers. If screening is performed during an ongoing
pregnancy, testing simultaneously both members of the couple is preferred as it is more time
effective in relation to the pregnancy. Finally if a pregnancy is achieved using gamete donors, it is
essential to counsel the couple that screening for CFTR mutations should be applied to the gamete
donors [21, 29, 30].
Carrier screening: the early years – the first guidelines
Carrier screening for cystic fibrosis has been possible for almost 25 years, but before it could be
implemented there was a great need to investigate parameters such as: who should be tested,
which mutations should be included, when was the right time for testing, did the benefits
outweigh the possible harm, who and how would inform and counsel the participants and finally
who would cover the cost [31-34]. Therefore, although carrier screening was technically feasible
since F508del was identified as the most common causative mutation, the first pilot screening
programs occurred in the early to mid 90s [35, 36].
After the discovery of the gene, diagnostic laboratories mainly in Europe and the U.S. started
offering genetic testing to CF patients in order to identify the causative mutations. The Cystic
Fibrosis Genetic Analysis Consortium was formed in order to catalogue the large, and growing,
number of disease-causing mutations. The purpose of the Consortium was to increase and
facilitate communications among CF researchers who were working on mutation identification in
the CFTR gene [37]. This enabled the definition of the mutation spectrum in each distinct
population. Before CF mutation screening was available for the general population the first groups
that were offered testing, in the early 90s, were relatives of patients and partners of recognized
carriers [38, 39]. Carrier testing was also indicated in cases of couples undergoing IVF due to male
infertility and in cases of pregnancy with sonographic echogenic bowel findings during the 2 nd
trimester [40, 41]. In the late 90s carrier screening for CF started being available for the general
population and was offered mainly to couples considering having a child or at the early stages of
an ongoing pregnancy [35].
Before guidelines for population based cystic fibrosis carrier screening where made available,
the choice of which mutations would be included in a screening panel was a decision made by the
laboratory offering the test. The common practice was to test for the most common mutation in
all ethnic groups p.Phe508del [42], and 5 of the other common mutations (p.Gly542X,
p.Asn1303Lys, p.Gly551Asp, p.Arg553X and p.Trp1282X) [35]. In a study published by Grody et al.
[43], forty-five US laboratories offering CF carrier testing, were interrogated on the number of
mutations covered. The answers varied from 1 mutation to 70 with the median being around 1214 mutations [43].
In 1997, the National Institutes of Health (NIH) recognizing the need for guidelines regarding
carrier screening for CF convened a Consesus Conference on Cystic Fibrosis testing. Following that
in 2001, a joint statement from the American College of Medical Genetics (ACMG), the American
College of Obstetricians and Gynecologists (ACOG) and NIH was released recommending that CFTR
mutation testing was to be made available to all pregnant couples, independently of their
personal/family history or their ethnicity, and to all couples planning a pregnancy [44].
Specifically the committee recommended that CF carrier screening be offered to non-Jewish
Caucasians and Ashkenazi Jews, and made available to other ethnic groups, informing them on the
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detection rates applicable to their ethnic origin. Ideally testing should occur in the preconception
period and should be performed either couple based or sequential depending on a) target
population (frequency of carriers), b) availability of testing, and c) judgment of the referring
practitioner. The recommended mutation panel was pan-ethnic, including variants with allele
frequency ≥0.1% in the general US population. All mutations of this frequency were to be included
in the recommended panel, regardless of their association with severe or mild disease. The
committee proposed a panel of 25 mutations (Table 1) that fulfilled these criteria. Reflex testing of
the benign variants p.Ile506Val, p.Ile507Val, and p.Phe508Cys was suggested for unexpected
homozygosity in healthy individuals for the CF-causing mutations p.Phe508del or p.Ile507del and
for determination of the genotype for the polyT track polymorphism in intron 9 (legacy intron 8),
in case of detection of the mild p.Arg117His mutation was suggested. The genotype of the polyT
track can vary between 5T, 7T and 9T. Individuals carrying p.Arg117His mutation plus the 5T
variant in cis (on the same allele) when combined with a CF causing mutation can develop CF, but
individuals with p.Arg117His and the 7T or 9T variant in cis in combination with a CF causing
mutation have a highly variable phenotype that can range from no symptoms to mild lung disease
[45, 46].
The committee recommended against the routine use of an extended mutation panel following
a negative testing result using the standard mutation panel for a partner of a positive-tested
(carrier) individual (positive/negative couple), the rationale being that it couldn’t be available in
every testing laboratory, it would have an effect of increasing anxiety and it would provide low
additional yield, increasing the detection rate by only a small fraction. However the existence of an
expanded mutation panel should be made available to couples requesting it and its use should be
considered on a case-by case basis [44].
Table 1. Standard mutation panel recommended in 2001 [44].
a

p.Phe508del

p.Ile507del

a

p.Gly542X

c.984delT (1078delT)

c.489+1G>T
(621+1G>T)

p.Arg553X

p.Arg1162X

p.Ala455Glu

p.Arg560Thr

p.Asn1303Lys
p.Gly85Glu

c.3717+12191C>T

c.1585-1G>A

(3849+10Kb T>C)

(1717-1G>A)

c.2052delA (2184delA)

c.2988+1G>A
(3120+1G>A)

p.Trp1282X

p.Arg334Trp

p.Ile148Thr

c.2657+5G>A (2789+5G>A)

c.1766+1G>A
(1898+1G>A)

b

p.Arg117His

p.Arg347Pro

p.Gly551Asp

c.3528delC (3659delC)

c.579+1G>T
(711+1G>T)

a

a

a

Reflex tests: p.Ile506Val , p.Ile507Val , p.Phe508Cys , 5T / 7T / 9T

b

* HGVS nomenclature, in parentheses the legacy nomenclature of the mutation is stated.

Carrier screening: the here and now
The guidelines issued by ACOG/ACMG/NIH in 2001, were revised in 2004 [47]. The revision
aimed to clarify three important points. Firstly, had the observed frequency of any CF mutation
changed significantly; which meant that mutations included in the panel present with a frequency
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<0.1% now had to be removed and mutations not included in the initial panel with a frequency
≥0.1% had to be added. Secondly it was important to verify that the prevalence of CF mutations in
the worldwide general population was as expected, based on predictions made using observed
frequencies in CF patients. And lastly the revision aimed at recognizing any consistent and
recurring issues arising with interpretation of specific mutations that needed to be addressed.
The conclusions were that mutation c.984delT (legacy name 1078delT) had to be removed since
the observed frequency in CF cases was merely 0.03% (well below the inclusion frequency) and
mutation p.Ile148Thr also had to be removed since it was found in higher frequency in the general
population than in CF cases. That finding indicated that p.Ile148Thr was not a CF causing mutation
but rather a rare non-disease associated variant. Indeed, extended mutation testing of patients
carrying p.Ile148Thr showed that the true CF causing mutation was c.3067_3072delATAGTG
(legacy name 3199del6) found in cis with p.Ile148Thr. Since the frequency of
c.3067_3072delATAGTG was considerably lower than 0.1% it was decided that it should not be
included in the screening panel [48].
As mentioned in the consensus document from 2001 [44], p.Arg117His was challenging in
interpretation. This mutation is a mild variant, identified in CBAVD patients and should be
considered a CF-causing mutation only when it is found in cis with the 5T polymorphism. The polyT
track genotype (i.e. 5T/7T/9T) should not be reported in the absence of p.Arg117His. Due to the
frequency of this mutation, the committee recommended to retain p.Arg117His in the screening
panel and emphasized the need for testing the polyT track only as a reflex testing. Currently the
updated panel of 23 mutations is recommended by ACOG/ACMG/NIH [47].
In 2010 a European consensus document was published [21] aiming to outline the principles of
screening. The characteristics of the screening program, namely the voluntary nature, the
accessibility and the pre- and post- counseling were emphasized. The document states that
screening should be made available to all couples, ideally in the preconception period and
especially discourages direct fetal screening, without prior ascertainment of the parental
mutations. This document does not propose a specific mutation panel but instead recommends on
adapting the panel that best fits the target population. Since European populations are highly
heterogeneic, the mutation panel for each distinct population should include only CF causing
mutations that are present in frequencies above 0.5-1% in the CF patient population from which
the individual originates. Recognizing that in the more heterogeneous South of the continent a
high detection rate is difficult to be attained, the committee recommends aiming at a minimally a
70% detection rate to 90% optimally. These guidelines, as the ones from the ACOG/ACMG/NIH,
recommended against gene scanning/sequencing for the initial screen or for the partner of an
identified carrier, as this could lead to identification of mutations of unknown significance
resulting in inability to pass on accurate information for the couple’s risk of having a child suffering
from cystic fibrosis [49]. However it advises than whenever possible, partners of carriers should be
tested with a more accurate mutation panel.
In 2014 the Human Genetics Society of Australasia, published an updated position statement
on population based carrier screening for cystic fibrosis [50]. In this statement the authors also
recommend that all couples intending to have children or who are pregnant should be made
aware of the availability for CF carrier screening. Based on the population composition of
Australasia a recommended panel of 17 mutations, capable of identifying 80% of carriers was
proposed. The panel did not include mutations that are associated with an unclear phenotype or
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lead to atypical disease, therefore p.Arg117His and the polyT polymorphisms were excluded from
testing. Extensive sequencing of the negative partner in a positive/negative screened couple was
also not recommended, however the identification of a carrier pregnant woman whose partner
was unavailable for screening should lead to genetic counseling where one of the issues could be
direct testing of the fetus.
Overall, international directives for population based carrier screening in CF that apply today,
recommend that all individuals who are planning or are in the early stages of pregnancy should be
offered CF carrier screening. The mutation panel used should be specific for the population from
which the individual originates and the pre- and post- testing counseling should be offered in
order for the individual to recognize the benefits and limitations of each screening approach.
However some national organizations, the Society of Obstetricians and Gynaecologists of
Canada (SOGC), the UK National Screening Committee and the National Consultative Ethics
Committee for Health and Life Sciences in France, have decided against universal carrier screening
and recommend carrier testing to be offered only to individuals that are at an increased risk of an
affected child due to ethnic background, personal or family history, or clinical manifestations of
this condition in themselves or the pregnancy [51, 52].
Carrier screening: what lies ahead?
Since the first guidelines, regarding population based carrier screening for cystic fibrosis were
released, a lot has changed in the context of technological advancements as well as in our
knowledge on disease causing mutations [12, 44, 53, 54].
The introduction of Next Generation Sequencing (NGS) platforms has allowed the simultaneous
mutation testing for more than a hundred genetic conditions at a comparable cost as when testing
mutations in a single gene or a small number of population specific mutations in several genes [5558]. In view of the technological advancements the new era of preconception screening is moving
fast towards an Expanded Carrier Screening (ECS) approach. ECS refers to testing for a plethora of
genetic diseases; usually the ones with an autosomal recessive pattern of inheritance and it can be
applied either by sequencing or genotyping. Sequencing will reveal any variation (single nucleotide
variation or small insertion/deletion but not large rearrangements) in the sequenced gene and
genotyping will only reveal specific, pre-defined, mutations. In the context of population carrier
screening, genotyping may be the best approach as only pathogenic variants or likely pathogenic
variants can be included in the analysis.
As we move from the traditional single gene screening to large panels of genes being analyzed,
it is very important to set rigorous criteria for the selection of disease causing genes to be included
in the panel used. The more the merrier should not be the approach used and specific guidelines
indicating the selection criteria have already been published [55, 59]. Cystic Fibrosis is a disease
complying with the selection criteria and therefore it should be included in any preconception ECS
panel.
An issue that will certainly arise though is which CF mutations should be included. Should we
continue proposing the 23 pan-ethnic mutation panel suggested by ACOG/ACMG/NIH [47], should
we test for all pathogenic mutations present in the screened population that appear with a
frequency even lower to the “gold standard” of 0.1% or should we screen the whole gene and
report only pathogenic / likely pathogenic variants even if they are novel following the “Standards
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and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of
the American College of Medical Genetics and Genomics and the Association for Molecular
Pathology” [60]. This question has no easy answer and has raised a lot of debate [61, 62] and we
believe that the best approach should be custom-made for each distinct population.
In South Europe, Greece and Italy present high genetic heterogeneity for CFTR mutations and
the 23 mutation panel reaches a detection rate of less than 80%. For such populations the best
approach for screening would be the use of an expanded mutation panel [63]. Our department
offers genetic testing to patients as well as genetic screening for cystic fibrosis since 1992. Until
now we have tested the majority of Greek patients and more than 20,000 members of the general
population. From our data-set (unpublished data – manuscript in preparation) after screening the
whole coding sequencing and applying MLPA analysis we have identified 64 mutations with
frequencies ≥0.1% and in total 135 disease-causing mutations reaching a detection rate of 95%.
These data emphasize the need for applying an extended CFTR screening protocol to a
heterogeneous population in order to achieve a high detection rate [64].
A major issue that needs to be resolved involves the economic considerations. Unfortunately
the only plausible way to test individuals for cystic fibrosis carrier status is by DNA mutation
analysis. The fact that there is no biochemical or hematological test available, like when testing for
thalassemias, skyrockets the cost for such programs. It is true that most international guidelines
suggest that carrier screening should be made available to all individuals of reproductive age, but
the cost currently is covered on a user-pay basis. This abolishes the equity principle of screening,
as only those who can afford it will benefit. Although the cost-effectiveness of population based
carrier screening for cystic fibrosis has been the issue of many studies [65-69], it is difficult to
reach a uniform conclusion.
Implementation of a cystic fibrosis population-based carrier screening program has to
overcome many obstacles. It is evident that the decision to include CF carrier screening in the
services that the national health system provide should be based on the health economics of each
country and the carrier frequency in the tested population.
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