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Abstract

Cystic fibrosis (CF) is one of the most common life-shortening hereditary disorders, caused by a defect in the cystic fibrosis transmem-
brane conductance regulator (CFTR) protein. This defect causes multi-system disease, but primarily it affects the lungs and pancreas.
Over 2000 CFTR gene variants have been identified; these can result in variable CFTR protein function and, consequently, a diverse
clinical phenotype. CF is not only diagnosed in children but also in adults and is present in non-White populations. In adults, CF often
presents with an atypical phenotype, usually due to residual CFTR protein function, which can be caused by rare CFTR variants. As
a result, diagnosing CF in adults can be challenging. In this review, we discuss who should be considered for CF, how and where the
diagnosis is made, and why a timely CF diagnosis is important for all patients, as well as their families.

Keywords: cystic fibrosis; CFTR-related disorder; diagnosis; sweat chloride concentration; nasal potential difference; intestinal current
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1. Introduction
Cystic fibrosis (CF) is one of the most common au-

tosomal recessive life-shortening diseases, affecting more
than 11,000 people in the UK and over 160,000 people
worldwide [1,2]. It is caused by mutations on both alleles
of the cystic fibrosis transmembrane conductance regulator
(CFTR) gene, located on the long arm of chromosome 7,
encoding an anion channel expressed on the apical surface
of epithelial cells [3], playing a crucial role in regulating
the fluidity of intraluminal secretions. CFTR dysfunction
can affect many organ systems, with diverse clinical man-
ifestations, including thick mucus production in the lungs,
exo- and endocrine dysfunction of the pancreas, altered gut
motility, chronic rhinosinusitis, infertility in men, and a risk
of subfertility in women [3].

Historically, CF was considered a childhood disease
with poor survival into adulthood due to severe suppu-
rative lung disease. Over the decades, survival rates
have significantly improved, for a variety of reasons, in-
cluding high quality multi-disciplinary team (MDT) care
and therapies, such as pancreatic enzymes. However,
with the introduction of mutation-specific CFTR modula-
tor therapies since 2011—and more specifically—since the
widespread introduction of the triple combination Elexa-
caftor/Tezacaftor/Ivacaftor (ETI) therapy, for which ~90%
of people with CF (pwCF) are eligible, survival rates and
quality of life have dramatically improved further. Com-
putational (‘microstimulation’) projective models suggest
that with the early initiation of these treatments, pwCF may
have a life expectancy approaching normal [4].

Before the widespread introduction of newborn
screening (NBS) programs (e.g., 2007 in the UK), CF was
usually diagnosed in infants/children presenting with seri-
ous conditions, such as meconium ileus, recurrent chest in-
fections or failure to thrive. However, with NBS, most di-
agnoses are now made soon after birth, often before sig-
nificant symptoms develop [5]. Nevertheless, a significant
proportion of pwCF are still diagnosed in adulthood—e.g.,
according to the UKCF Registry 2024 Annual Report, 12%
of all pwCF diagnosed between 2020 and 2024 were aged
≥16 years [2]. There are various reasons for this: they
could have been born before the availability of NBS, they
could have immigrated from a country where NBS was not
implemented when they were born, or they could have had
a false-negative NBS at birth, particularly in the presence of
rare or unusual CFTR variants with ‘residual’ or unknown
function (see below) [6,7]. Importantly, despite tradition-
ally being considered a disease of White populations, CF
exists across all ethnicities, with varying incidence rates [8].

PwCF diagnosed in adulthood often present with a
variable phenotype, which can sometimes be explained by
residual CFTR protein function, highlighting the concept
of variable CFTR protein function across a spectrum. De-
spite CF being a monogenetic condition, more than 2000
variants in the CFTR gene have been identified, many of
which are exceedingly rare, making it challenging to deter-
mine their pathogenicity [9]. Additionally, some individ-
uals with CFTR variants and/or borderline functional tests
(e.g., sweat chloride; see below) do not exhibit classic CF
features. Consequently, Bombieri et al. [10] introduced the
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Fig. 1. Schematic representation of the clinical spectrum of CFTR dysfunction and associated clinical conditions. In heterozygotes,
CFTR protein function is approximately 50%. The question mark indicates that the association between CFTR dysfunction and these
clinical symptoms has not been definitively established. Abbreviations: CFTR, cystic fibrosis transmembrane conductance regulator;
CRS, chronic rhinosinusitis; RLRTI, recurrent lower respiratory tract infections; ARP, acute recurrent pancreatitis; GI, gastrointestinal;
DIOS, distal intestinal obstruction syndrome; CAVD, congenital absence of vas deferens. Figure adapted from [18], available under the
CC BY-NC license (https://creativecommons.org/licenses/by/3.0/).

concept of CFTR-related disorders (CFTR-RDs) to classify
individuals whose genetic and functional profiles do not
meet the strict diagnostic criteria for CF, but whose condi-
tions are still linked to CFTR dysfunction. The diagnostic
criteria and management of CFTR-RD have recently been
updated by a series of papers from the European CF Society
(ECFS) [11–14].

In light of this greater understanding of the functional
and genetic aspects of CF, combined with the therapeutic
advancements, we provide an up-to-date review of the di-
agnostic process, suggest a pragmatic diagnostic algorithm
and discuss some of the complexities and uncertainties that
remain. This review is not only targeted at CF specialists,
but also non-CF specialists in primary and secondary care
across many specialities, as patients with conditions asso-
ciated with CFTR protein dysfunction may present under
their care, and will need to be appropriately investigated
and diagnosed.

2. When to Think of CF or CFTR-RD?
2.1 Spectrum of CFTR Dysfunction and Associated
Conditions

CFTR protein is an adenosine-triphosphate (ATP)-
binding ion channel which transports negatively charged

ions (mostly chloride and bicarbonate) across apical ep-
ithelial cell membranes, regulating the viscosity and pH of
epithelial secretions. It is expressed variably in multiple
organs, including the upper and lower airway epithelium,
sweat glands, pancreatic, biliary, and intestinal epithelia, as
well as the female and male reproductive tracts [3,15–17].
Additionally, CFTR regulates other ion channels, particu-
larly the epithelial sodium channel (ENaC) which plays a
crucial role in salt reabsorption [3].

CFTR protein dysfunction can therefore result in a
broad spectrum of symptoms which typically lead to mul-
tisystem disease. Clinically, some individuals develop se-
vere multi-organ disease from birth, whereas others present
in adulthood with mild or even mono-organ conditions.
This variability supports the hypothesis that CFTR pro-
tein function exists in a continuum, where each individual’s
combination of CFTR gene variants determines their CFTR
function, ranging from “wild type” (100% function) to com-
plete absence of function (Fig. 1, Ref. [18]). Evidence sup-
porting this hypothesis stems mostly from data based on in
vitro studies of different CFTR gene variants, investigating
transepithelial chloride transport [19,20].

The classic CF phenotype—characterised by meco-
nium ileus in the neonatal period, severe pancreatic insuf-
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Fig. 2. Schematic representation of the relationship of CFTR gene variants, CFTR protein function and the resulting phenotype.
Despite CF being a monogenetic disease, the genotype-phenotype correlation is variable, as each of the steps (gene variant, protein func-
tion, clinical phenotype) is influenced by various and sometimes unknown mechanisms (illustrated by the question marks). In the black
boxes, known influences on CFTR gene variant expression, CFTR protein function, and clinical phenotype, are listed. Abbreviations:
CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator. The figure was created using Microsoft PowerPoint
2019 and Paint (Windows 10), both Microsoft Corporation, Redmond, Washington, USA.

ficiency leading to failure to thrive in infancy, and suppu-
rative lung disease from a very young age—is usually as-
sociated with CFTR gene variants that result in a loss of
CFTR protein function below 5% of wild type [21]. When
CFTRprotein function is approximately 10%ofwild type, a
milder CF phenotype is usually present, with preserved pan-
creatic function and less severe (or delayed onset) lung dis-
ease [13,22,23]. Above the threshold of 10% wild type, ex
vivo cell studies show much improved transepithelial chlo-
ride transport [19,24], although still at a level where patho-
logical features can develop, but usually with a milder phe-
notype or CFTR-RD [10].

In pwCF diagnosed in adulthood, clinical symptoms
may therefore be less characteristic. However, if somebody
presents with symptoms typically associated with CFTR
dysfunction affecting several organ systems (Fig. 1) or
in patients with severe mono-organ disease (e.g., severe
bronchiectasis, idiopathic pancreatic exocrine insufficiency
or acute recurrent pancreatitis), CF and CFTR-RD need to
be ruled out.

Debate continues over whether CFTR protein func-
tion ≥50% of wild type—such as in heterozygotes or
‘carriers’—can contribute to clinical disease. Large cohort
studies suggest a higher prevalence of CFTR gene vari-
ants in conditions such as bronchial asthma [25,26], allergic
bronchopulmonary aspergillosis (ABPA) [27], bronchiecta-
sis [28], primary sclerosing cholangitis [29], andmale infer-
tility [30]. Additionally, environmental factors also influ-
ence CFTR protein function directly in some situations. Re-
cent studies confirm impaired CFTR expression and func-

tion in chronic obstructive pulmonary disease (COPD) in
the context of smoking [31,32], and inflammation, hy-
poxia and bacterial infection [33,34]. Other environmental
factors—such as socioeconomic status—influence pheno-
type and outcomes via multiple mechanisms (e.g., nutrition,
pollution exposure, access to care, etc.). The impact of age-
ing in CF is of increasing importance with the recognition
of increased bowel cancer rates and a potential risk of in-
creased cardiovascular events in the CF population [35–37].
Furthermore, in vitro studies suggest decreased CFTR ex-
pression with age may lead to decreased mucociliary clear-
ance [38], and some data suggest sweat chloride concentra-
tion increases with age [39].

It is therefore important to note that despite CF being
a monogenetic disease, a direct correlation of genotype to
phenotype is usually not possible, with various and some-
times unknown mechanisms at each level (genetic expres-
sion, protein expression, and phenotype; see Fig. 2).

2.2 Epidemiology

In several countries, national CF registries have been
established, which have been crucial for improving our un-
derstanding of the epidemiology and clinical characteris-
tics of the disease. For example, the UK CF Registry re-
ported on 11,381 pwCF in 2024, highlighting that 65.2%
are currently aged ≥16 years and 17.2% are aged 40 years
or above. Between 2012 and 2024, individuals diagnosed
aged ≥16 years most commonly presented with persis-
tent or acute respiratory infections (23.3%), bronchiectasis
(29.5%), or were diagnosed due to a family history of CF
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(21%). In the UK, 94.6% of all pwCF are of White ethnic-
ity, followed by 3.4% Asian, 0.3% Black, and 1.2% Mixed
ethnicities [2].

3. How to Confirm a Diagnosis of CF or
CFTR-RD?

In the following section, we discuss the stepwise ap-
proach to assessing a patient in whom a diagnosis of CF or
CFTR-RD is suspected and how to reach the final diagnosis,
presenting a pragmatic diagnostic algorithm (Fig. 3). Fur-
thermore, we explain the different CFTR functional tests
and their application, discuss the challenges of CFTR ge-
netics, and provide a systematic approach to the clinical
evaluation and eventual diagnosis. This is also illustrated
using two clinical cases.

3.1 Assessing CFTR Function
As outlined above, CFTR is expressed widely and

functions as both a chloride and bicarbonate channel, so it
is challenging to develop a clinical test that can reflect all
these different characteristics. Here and in Table 1, we de-
scribe the available diagnostic tests.

3.1.1 Sweat Test
The sweat test was the first diagnostic test developed

for CF in the 1950s, following the observation that affected
children had abnormally salty skin [40]. CFTR protein, ex-
pressed in sweat glands, plays a crucial role in reabsorbing
chloride ions, thereby minimising salt loss through sweat.
Consequently, CFTR dysfunction in pwCF, leads to an ele-
vated sweat chloride concentration [41]. The sweat test re-
mains the most widely used biomarker for CFTR function.
The procedure involves placing electrodes on the forearm
to generate sweat production via a mild electrical current,
stimulated by pilocarpine (‘iontophoresis’). The collected
sweat is then analysed for chloride concentration in the lab-
oratory [42].

A sweat chloride concentration in the pathological
range (≥60 mmol/L) is usually diagnostic of CF, however
limitations with sweat testing exist. For example, some CF-
causing CFTR variants (e.g., 3849+10kbC>T) can be as-
sociated with normal (<30 mmol/L) or borderline (30–59
mmol/L) sweat chloride values [22,43]. Furthermore, het-
erozygotes may have slightly higher sweat chloride values
than the general population which leads to an overlap be-
tween people with CF, CFTR-RD and CFTR carriers [44].
Moreover, there is overlap with CF and CFTR-RD with
currently no defined CFTR-RD thresholds, so in border-
line cases, additional measures of CFTR function may be
required (see below).

3.1.2 Nasal Potential Difference (NPD) and Intestinal
Current Measurement (ICM)

When the sweat test is not diagnostic (<60 mmol/L)
and/or first-line genetic testing is inconclusive, two further

clinical tests used to assess CFTR function should be con-
sidered: NPD, an in vivo test, and ICM, an ex vivo test.

NPD evaluates CFTR function by measuring the elec-
trical potential difference across the nasal epithelium. This
is done by sequentially applying solutions with two main
purposes—first to inhibit sodium absorption via ENaC and
then to induce chloride secretion. The chloride response in
a healthy (non-CF) individual should be at least 5 mV. In
pwCF, chloride secretion is absent or reduced [45]. The
principle of ICM is similar to NPD, but conducted on rec-
tal biopsy samples ex vivo, measuring transepithelial mem-
brane potential difference in response to a series of in-
hibitors and secretagogues. Due to their complexity and
need for highly trained personnel, both NPD and ICM are
only performed in select specialist CF centres worldwide
with sufficient expertise and experience [6,13].

Both ICM and NPD help to distinguish between
healthy controls, obligate heterozygotes, CF and CFTR-
RD, although even with these tests, overlap exists [13].

3.1.3 Emerging Diagnostic Tests
To address the limitations of the currently used CFTR

functional tests, several new diagnostic approaches are un-
der development, although they are currently limited to re-
search settings. The β-adrenergic sweat stimulation test
measures CFTR-dependent β-adrenergic sweat secretion
rate. It can discriminate healthy carriers from CF [46,47].
Interestingly, however, in contrast to sweat chloride con-
centration, sweat rate responds less consistently to CFTR
modulators. Themechanisms underpinning this require fur-
ther investigation [48].

Other approaches include ex vivo studies using
patient-derived organoids—three-dimensional structures
formed from stem cells. When wild type CFTR channels
are stimulated (e.g., by forskolin), the organoids swell, but
in the presence of CFTR dysfunction, cells fail to reabsorb
chloride, thus swelling is reduced or absent completely.
This technique is particularly promising for personalised
medicine, as it also enables the assessment of individual re-
sponses to novel CFTR-targeted therapies. Recent progress
in the diagnostic field has shown that the shape (‘circular-
ity’) and luminal properties of the organoid correlate well
with diagnostic outcomes, including people with an unclear
diagnosis by conventional methods [49–51].

Of these emerging tests, the β-adrenergic sweat stim-
ulation test may have an advantage over others as it can pro-
vide almost immediate results (i.e., without a laboratory), so
it has the potential to be implemented in less well-resourced
countries or where sweat test services are difficult to es-
tablish [52,53]. Other methodologies, such as pilocarpine
microneedle patches, are also being investigated for such
purposes [54].

Finally, one of the biggest challenges with each of the
functional tests is that they are designed to differentiate be-
tween healthy controls and CF, but an overlap between
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Table 1. Diagnostic tests of CFTR function.
Main features Indications Advantages Disadvantages/Limitations Clinical application

Sweat test Assessment of sweat chloride concentra-
tion. Sweat is collected after stimulating
sweat production by iontophoresis.

Most widely used biomarker for as-
sessing CFTR function. Used for
diagnosing CF, CFTR-RD.

-Non-invasive and well-tolerated.
-Relatively inexpensive.
-Extensively validated.
-Single-visit test (although some-
times needs to be repeated).

-Not able to definitely distinguish
between CF/CFTR-RD/healthy
controls.

First-line test.
CF diagnosis if SCC ≥60 mmol/L,
borderline range 30–59 mmol/L,
normal <30 mmol/L.-Some CF-causing variants are

associated with low SCC (e.g.,
D1152H) so a CF diagnosis might
be missed.

Nasal potential dif-
ference

Measures the electrical potential differ-
ence across nasal epithelium in vivo by
applying pharmacological solutions to
the nasal surface.

In situations where sweat tests are
non-diagnostic (<60 mmol/L) to
further rule in/out CF or CFTR-RD.

Able to distinguish between healthy
controls, obligate heterozygotes,
CF and CFTR-RD (although over-
lap can still occur).

-Operator-dependent, technically
demanding.
-Uncomfortable and time-consu-
ming for the patient.
-Nasal inflammation can lead to
inconclusive findings.
-Only available in specialised
centres.

Diagnostic second line test if
CF/CFTR-RD cannot be deter-
mined with sweat test and genetic
analysis.

Intestinal current
measurement

Ussing chamber assay using rectal ep-
ithelium (from a rectal biopsy). CFTR
function is assessed ex vivo after phar-
macological stimulation of CFTR.

In situations where sweat tests are
non-diagnostic (<60 mmol/L) to
further rule in/out CF or CFTR-RD.

Able to distinguish between healthy
controls, obligate heterozygotes,
CF and CFTR-RD (although over-
lap can still occur).

-Invasive intestinal biopsy.
-Requires highly specialised set-up.

Diagnostic second line test if
CF/CFTR-RD cannot be deter-
mined with sweat test and genetic
analysis.

β-adrenergic sweat
secretion

CFTR-dependent pathways for sweat se-
cretion are stimulated by β-adrenergic
agonists.

Further complementary diagnostic
test—differentiates heterozygotes
from CF/CFTR-RD, from healthy
controls.

Delivers immediate results as point
of care testing.

-No standardised commercial kits
available.
-Requires subcutaneous injections.

-So far mostly used in research set-
tings.
-Emerging evidence that test result
may be independent of CFTRm ex-
posure.

Patient-derived
organoids (e.g.,
intestinal or airway
organoids)

3D-cultures grown from patient stem
cells that serve as a model for the or-
gan cell architecture. When stimulating
CFTR (e.g., with forskolin), organoids
swell. The amount of swelling is a mea-
sure of CFTR function. Themorphology
(unstimulated) of the organoid is under
development as a diagnostic test.

-Functional testing of rare CFTR
variants, mostly to predict response
to CFTRm.
-Emerging data to support its role in
diagnostics.

-In vitro model of a patient’s own
tissue.
-Testing of several compounds
simultaneously.

-Invasive technique as requires
biopsy of target organ.
-Cost-intensive and only in spe-
cialised research facilities.

So far mostly used in research set-
tings to predict responsiveness to
CFTRmand earlywork onmorpho-
logical assessment and diagnosis.
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Table 1. Continued.
Main features Indications Advantages Disadvantages/Limitations Clinical application

Pilocarpine mi-
croneedle patches

Pilocarpine (parasympathomimetic
agent which induces sweating) is di-
rectly applied in the epidermis with
microneedles.

Rapid, point-of-care, sweat induc-
tion for CF testing.

-Painless, portable equipment/pro-
cedure.
-Suitable for low-resource settings.

-No standardised commercial kits
available.
-Limited validation so far.
-Regulatory approval in many re-
gions pending.
-Accuracy for CFTR-RD diagnosis
unknown.

Relatively new alternative to sweat
testing, especially suitable for low-
resource settings.

Abbreviations: CFTR, cystic fibrosis transmembrane conductance regulator; CF, cystic fibrosis; CFTR-RD, CFTR-related disorder; SCC, sweat chloride concentration; CFTRm, CFTR modulator therapy.

Table 2. Clinical manifestations linked to CFTR dysfunction and preliminary investigations for further characterisation.
Clinical manifestations Further investigations

Upper respiratory airways -Chronic rhinosinusitis -Sinus CT scan/MRI
-Polyps -Nasoendoscopy

Lower respiratory airways -Chronic cough +/- sputum production -High-resolution CT scan of thorax
-Recurrent lower respiratory tract infections -Lower respiratory tract sample (sputum culture or cough swab [induced sputum cul-

ture or bronchoscopy if not available and/or more definitive culture required])
-Bronchiectasis
-ABPA

Gastrointestinal tract -Pancreatic insufficiency -Faecal elastase measurement
-Acute recurrent pancreatitis, sometimes resulting in exocrine pan-
creatic insufficiency

-Liver ultrasound

-Liver fibrosis/cirrhosis -MRCP and/or ERCP
-Primary Sclerosing Cholangitis -Blood tests assessing liver enzymes and function, coagulation, fat-soluble vitamin

levels

Uro-genital tract -Uni- or bilateral congenital absence of the vas deferens In men:
-Subfertility in women (e.g., history of fertility treatments) -Semen analysis

-Scrotal (or rectal) ultrasound imaging
-Pelvic MRI

Skin -Aquagenic wrinkling of the palms Based on clinical examination (biopsy not required)
Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; MRCP, magnetic resonance cholangiopancreatography; ERCP, endoscopic retrograde cholangio-
pancreatography; ABPA, allergic bronchopulmonary aspergillosis.

6

https://www.imrpress.com


CFTR-RD and carrier status or CF still exists. Therefore,
in this situation, added benefit could be derived by se-
quentially testing with different methodologies (sweat test,
NPD, ICM) across different tissue types (skin, nasal mu-
cosa, rectal mucosa), to provide complementary data to
maximise the diagnostic potential [55]. Combining mul-
tiple tests may yield the most accurate assessment of CFTR
function, though further research is needed [13].

3.2 Assessing the Genetic Information
The CFTR gene is located on chromosome 7 and

contains 27 exons, the coding regions of the gene. The
exons are interspersed by introns which undergo splicing
(i.e., removal/editing) to produce mature messenger RNA
(mRNA) for protein translation. An individual’s phenotype
is determined by the presence of at least two CFTR gene
variants, one inherited from each parent. In rare cases, more
than two variants are present, such as when a ‘complex al-
lele’ is identified [56].

To date, over 2000 gene variants in CFTR have been
described—they lead to varied clinical manifestations by
affecting CFTR protein at different levels: mRNA and
protein synthesis, protein maturation, protein trafficking
(whether a protein reaches its target destination within the
cell), and ion channel activity. ‘Nonsense’ variants intro-
duce premature stop codons into the mRNA sequence, lead-
ing tomRNAdegradation and an absence of protein produc-
tion [9]. The molecular impact of many variants is difficult
to predict—especially with rare variants where clinical cor-
relations are limited. Consequently, interpretation is based
on in vitro (cell lines) or in silico (computer-generated pro-
tein folding) data.

Following the discovery of CFTR in 1989, Welsh and
Smith [57] proposed a functional classification for CFTR
variants (this has since been extended from five to seven
classes). The first three classes (I–III) include variants that
result in defective protein synthesis, failed protein traffick-
ing, or proteins with complete loss of function, and these
are generally associated with severe disease phenotypes. In
contrast, classes IV–VII generally result in milder disease
manifestations due to reduced protein quantity, function, or
stability [58]. However, this classification does not fully
capture the broad spectrum of phenotypic variability asso-
ciated with some variants. An alternative approach, which
is particularly relevant to the CF diagnosis, is based on the
potential of the variant to cause CF:

• Variants known to cause CF—when combined with
another CF-causing variant, the individual will have CF.

• Variants with varying clinical consequences—when
combined with another CF-causing variant, some individu-
als will have CF, some may have CFTR-RD and some will
be healthy with neither condition.

• Variants that do not cause CF (when combined with
a CF-causing variant) but could cause CFTR-RD in certain
situations.

• Variants of unknown significance, for which to date
insufficient data is available to determine their impact.

Large reference datasets to classify CFTR gene vari-
ants and assess their clinical significance have been devel-
oped [59–61]. One widely used database in clinical practice
is ‘CFTR2’ (https://cftr2.org/) [62].

CFTR gene variants vary widely between different
ethnic and geographical origins. The most common CF-
causing variant in the Northern European population is
F508del, affecting 81% of all CF-causing alleles in the UK,
but its prevalence is very variable across the globe with
only 20% of pwCF carrying this variant in Qatar, but 94.2%
in Serbia [63]. Most commercial genetic screening kits
test for only the most common CFTR variants, usually tai-
lored to the population in which they are used. To detect
rarer variants, extended analysis is implemented which in-
cludes exon sequencing and multiple ligation probe ampli-
fication (MLPA) for large deletions/duplications, although
some laboratories analyse further with next generation se-
quencing of CFTR covering nearly the whole gene, includ-
ing deep intronic regions [64].

3.3 Assessing the Clinical Phenotype
A systematic approach to assess potential organ in-

volvement in both CF and CFTR-RD is important [11].
Evaluation should include looking for evidence of pul-
monary, sinus, gastrointestinal, pancreatic, hepatobiliary,
dermatological, and reproductive pathology (Table 2). In
the presence of chronic respiratory symptoms, it is ad-
vised to have a low threshold for a chest computed to-
mography (CT) and obtain a lower respiratory tract sample.
In men, the guidelines suggest performing semen analysis
[11]. Other investigations will be guided by clinical suspi-
cion.

3.4 How to Reach the Final Diagnosis
When patients present with a phenotype suspicious for

CF or CFTR-RD—particularly if presenting as an adult—
the non-CF specialist should first exclude common non-
CFTR-related causes (e.g., of bronchiectasis) and then, if
negative, refer to the CF centre for a further diagnostic
work-up. At the CF centre, the patient will undergo sweat
testing and appropriate genetic analysis [11]. A CF diag-
nosis is unlikely when the sweat test is normal (sweat chlo-
ride ≤29 mmol/L) (Fig. 3). In the context of a pathologi-
cal sweat test (sweat chloride ≥60 mmol/L) the diagnosis
of CF is highly likely (although false positives are possi-
ble, albeit rare). Although, theoretically, a high sweat chlo-
ride (≥60 mmol/L) with consistent clinical manifestations
is sufficient for the diagnosis, every effort should be made
to determine the genotype, particularly in the context of
challenging borderline diagnostic cases [65]. Equally, it is
vital to confirm eligibility for CFTR modulator treatment
and important for genetic counselling purposes. Should
the sweat test be in the equivocal range (30–59 mmol/L),
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Fig. 3. Schematic work-up for a patient presenting with clinical manifestations in whom a condition caused by CFTR dysfunction
is suspected. Abbreviations: CFTR, cystic fibrosis transmembrane conductance regulator; ARP, acute recurrent pancreatitis; CBAVD,
congenital bilateral absence of the vas deferens; CF, cystic fibrosis; SCC, sweat chloride concentration; NPD, nasal potential difference;
ICM, intestinal current measurement; CFTR-RD, CFTR-related disorder. The figure was created using Microsoft PowerPoint 2019,
Microsoft Corporation, Redmond, Washington, USA.
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genetic work-up is always necessary. In the presence of
two CF-causing gene variants, the CF diagnosis is con-
firmed. In the absence of any CFTR variants after ex-
tended analysis, CF is highly unlikely, even if the sweat
test is not normal and further work-up depends on the phe-
notype of the patient; this can include exclusion of other
genetic disorders, such as Primary Ciliary Dyskinesia in pa-
tients with bronchiectasis [66], or serine peptidase inhibitor,
Kazal type 1 (SPINK1) mutations in patients with recurrent
acute pancreatitis [67]. If the patient’s genotype is incon-
clusive (e.g., in the presence of variants of varying or un-
known clinical significance), particularly if the sweat test is
<60 mmol/L, further functional testing by NPD or ICM is
recommended. Should these tests demonstrate CFTR dys-
function, the diagnosis of CF (or sometimes CFTR-RD) is
usually confirmed, whereas if CFTR function is preserved,
CF is unlikely [68] (Fig. 3).

3.5 Case 1: The Importance of Re-Visiting the Diagnosis,
Regardless of the Age of the Patient

A 57-year-old woman of White British ethnicity was
referred for a CF diagnostic work-up by the local respira-
tory clinic as she had bilateral bronchiectasis of unknown
aetiology. In addition, she had a long-standing history of
ABPA, chronic airway infection with Pseudomonas aerug-
inosa, and episodes of significant haemoptysis, prompting
a further search for an underlying diagnosis, despite hav-
ing had CF ‘excluded’ 30 years earlier. She did not report
a history of sinusitis or nasal polyposis and had no history
of pancreatitis or malabsorption. Of note, she underwent
intrauterine insemination to conceive, and described aqua-
genic wrinkling of the palms (a condition associated with
CFTR variants [14]).

Targeted first-line genotyping (50 variant panel) de-
tected one variant only (heterozygous F508del), but as
her sweat chloride concentration came back high (60
and 64 mmol/L), extended genetic analysis was initiated.
This confirmed a rare second pathogenic splice variant
(c.579+3A>G), thus confirming the diagnosis both geneti-
cally and biochemically. Importantly, this made her eligible
for CFTR-modulators, which have significantly positively
impacted her health status, and facilitated a successful wean
of long-term prednisolone treatment for ABPA.

This case highlights the need to continually consider
the underlying diagnosis, particularly as historical diagnos-
tic criteria have changed (e.g., sweat test electrolytes and
thresholds) and our knowledge of CFTR (and the technol-
ogy to analyse it) has advanced significantly over the last
few decades, i.e., the period since the patient’s original di-
agnostic work-up for CF (which would have been around
the time of the discovery of the CF gene in 1989).

3.6 Case 2: The Importance of an Accurate Diagnosis:
CF or CFTR-RD

A 17-year-old adolescent male of White British eth-
nicity underwent diagnostic review due to prolonged ex-
cellent health despite a longstanding CF diagnosis (i.e., he
failed to develop a CF phenotype). He was originally di-
agnosed with CF antenatally when his mother underwent
chorionic villus sampling after the 20-week scan showed in-
creased nuchal thickness. He was found to have two CFTR
variants (F508del and R117H+7T) and was therefore fol-
lowed up in the paediatric service where he remained well
with stable (normal) lung function (although he did have a
one-off growth of Pseudomonas aeruginosa aged 13 years
for which he received antibiotic eradication therapy). Fur-
ther testing at 17 years revealed sweat chloride concentra-
tions in the equivocal range (37 mmol/L and 37 mmol/L).
As his genotype was not conclusive for CF (R117H+7T is
a variant of varying clinical consequences), he underwent
NPD measurement. This confirmed CFTR function with
evidence of chloride secretion. For social/psychological
reasons he did not wish to undergo semen analysis at that
stage in his life but did agree to a pelvic magnetic resonance
scan which confirmed congenital bilateral absence of the
vas deferens (CBAVD) [69]. Cross-sectional chest imaging
of his chest was normal, and he was pancreatic sufficient.

In light of the findings, a diagnosis of CFTR-related
disorder was considered appropriate due to the absence of
the full clinical phenotype, borderline chloride transport on
functional tests and the absence of a definitive CF-causing
genotype. He has since had dornase alpha stopped (muco-
active therapy which had been started earlier in life) and
is followed up in a dedicated CFTR-RD clinic being seen
on a less frequent (but appropriate) basis. This has reduced
his treatment and visit burden, thus reducing risks of ‘over
medicalisation’ and anxiety from a CF diagnosis, while still
ensuring a balanced level of follow-up.

4. Why Is an Accurate Diagnosis Important?
Diagnosing patients with CF gives them access to CF-

specific multi-disciplinary team (MDT) care and treatments
(e.g., CFTR modulator therapy [70,71], dornase alpha [72]
and CF-specific inhaled antimicrobials [73–75]). Novel CF
treatments are highly effective, including for patients with
low lung function and a high burden of multisystem dis-
ease [76]. This is important as an older age at diagnosis has
been recognised to be a risk factor for death or transplan-
tation [77]. CF care is usually organised in specialised CF
centres where patients are regularly followed by an MDT
consisting of specialised physicians, nurses, physiothera-
pists, dietitians, pharmacists and psychologists. It has been
shown that newly diagnosed adult CF patients with regu-
lar CF-MDT follow-up have significant improvements in
lung function [78]. As CF is associated with other health
complications, such as diabetes [79] and CF-bone disease
[80]—and importantly has an association with an increased
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cancer risk (especially bowel cancer with a 5-to-10-fold risk
compared to the general population) [37]—a timely CF di-
agnosis facilitates the introduction of important preventa-
tive monitoring and treatment strategies.

CFTR-RD is a very heterogeneous group of conditions
where the long-term prognosis is currently still unclear, and
the management has not yet been standardised. The ECFS
Standards of Care Committee recommends regular follow-
up in specialised CF centres allowing for regular health
monitoring and early intervention when indicated. People
with CFTR-RD are currently not eligible for CF-specific
treatments (e.g., CFTR modulator therapy, but also inhaled
therapies such as dornase alfa and some inhaled antibiotics)
[12]. In the context of CFTR modulator therapy, benefits
have been reported in bronchiectasis patients carrying one
CFTR variant with variable evidence of CFTR dysfunction,
but more robust studies on well characterised cohorts with
accurate diagnostics are urgently required, as are data on
long-term outcomes for people with CFTR-RD [12,81,82].

Being newly burdened with the diagnosis of a life-
long condition (with its life expectancy implications) can
be daunting, so psychological support by the CF psychol-
ogy team, and advocacy by regional or national patient as-
sociations can be helpful. As CF and CFTR-RD are ge-
netic disorders, a new diagnosis also has an impact on the
wider family and future family planning. Access to genetic
counselling is therefore important for the patients and their
families.

5. Conclusion
CF is often diagnosed in childhood, but an important

proportion of patients are diagnosed as adults. Despite hav-
ing strong historical associations with White populations,
CF exists across all ethnicities. PwCF can present with dif-
ferent clinical phenotypes, from bronchiectasis to acute re-
current pancreatitis to fertility issues. More than 2000 gene
variants have been identified in CFTR with variable world-
wide distribution and effects on protein function. This is
further complicated as disease expression is also affected by
numerous other factors—some genetic, such as splicing ef-
fects and complex alleles—and some non-genetic, so-called
‘environmental’ factors.

Confirming a CF diagnosis in adults is often not
straightforward and needs a stepwise approach. In patients
with symptoms affecting several organ systems and/or se-
vere mono-organ dysfunction of unknown aetiology, CFTR
dysfunction should be suspected regardless of ethnicity.
After excluding alternative, non-CFTR-related diagnoses,
individuals should be referred to a CF centre where CFTR
investigations, including sweat and genetic testing, will be
performed. If the sweat test and genetic analysis are in-
conclusive, further tests to assess CFTR protein function,
such as NPD or ICM, will be considered to further differ-
entiate between conditions lying in the spectrum of CFTR
dysfunction (CFTR-RD and CF). Confirmation (or exclu-

sion) of the CF/CFTR-RD diagnosis is vital to ensure pa-
tients have access to appropriate care. Ultimately, patients
need to be fully informed about their condition, so they have
the knowledge and understanding, supported by an expert
team, to effectively optimise their health status and reduce
morbidity for the long-term.

Key Points
• CF is not only diagnosed in children, but also in

adults, often presenting with an ‘atypical’ phenotype.
• When clinical features which could be caused

by CFTR dysfunction are present (e.g., unexplained
bronchiectasis, azoospermia, recurrent pancreatitis, and
chronic rhinosinusitis), CF must be considered, particularly
when other, more common, causes have been excluded.

• The diagnosis of CF may not be straightforward, es-
pecially in patients with rare mutations or equivocal func-
tional tests, necessitating referral to a CF centre for further
essential assessment.

• Confirming CF or CFTR-RD is important as this not
only provides access to specialist care (and therapies), but
also has important implications for genetic counselling and
family planning.
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