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A B S T R A C T

The European Cystic Fibrosis Society-Clinical Trials Network (ECFS-CTN) herein proposes guidance for the use of 
chest CT-scans for the regular monitoring of lung disease in CF. Statements were completed in a 3-step process: 
the questions were identified via an anonymous online survey, followed by a comprehensive literature search, 
and a final Delphi process. The guidance recommends the use of ultra-low dose CT scans (effective radiation 
dose, 0.08 mSv; equivalent to 2 to 4 chest X-rays), tracking of patients’ cumulative radiation and effective 
communication strategies using “de-medicalized” information for shared decision making. Chest CT scans (with 
lung volume monitoring) are not recommended systematically in both children and adults. Ultimate re
sponsibility for justifying a chest CT scan lies with the individual professionals directly involved, the final de
cision being influenced by indications, costs, expertise, available material, resources and/or the patient’s values, 
as well as possible impact on treatment modalities.

1. Introduction

Thoracic imaging in cystic fibrosis (CF) has become increasingly 
important in recent years as it allows direct visualisation of structural 
lung disease at a very early age [1]. The reluctance to use these tech
niques more widely is due to many factors such as the choice of method 
used (conventional chest radiography, CT scan, magnetic resonance 
imaging of the lung (MRI), etc.), the type of strategy used to reduce the 
CT radiation dose [2], the possible need for sedation and the importance 
of these techniques compared to spirometry and measurement of the 
lung clearance index (LCI) [3]. The peculiarities of imaging in adults 
compared to children must also be considered. Although the technique 
of chest CT is not new, it has evolved over time [1,2,4], and in the era of 
more modern devices, CF transmembrane conductance regulator (CFTR) 
modulators, and the advent of lung MRI, the use of chest CT has changed 
dramatically [3].

Some studies have evaluated the use of chest CT scans in CF and 
suggested priorities for their use in people with CF (PwCF). In one study, 
responses were obtained from 27 clinical leads and 22 senior radiogra
phers in the UK [5]. Ninety-three percent of clinicians reported that 
chest CT was useful in monitoring disease progression and 70 % said it 
often changed management. However, only 5 (19 %) performed routine 
scans. When indicated, 6 (27 %) used sedation and 16 (73 %) used 
general anaesthesia. Only 1 (5 %) routinely used intravenous contrast 
and 3 (14 %) routinely took expiratory images [5].

A consortium of 21 experts in pulmonology and radiology in CF from 
the ten largest specialist centres in Italy presented an overview of the 
state of lung imaging in CF with recommendations for the “iMAging 
managEment of cySTic fibROsis” (MAESTRO) [6]. Although rigorous 
PICO (patient/population, intervention, comparison and 
outcomes)-style responses were provided, firm recommendations could 
not be made for some important clinical situations. [6]. It was concluded 
that international guidance is needed on the appropriate timing and 
choice of imaging modalities for patients with CF lung disease depend
ing on the clinical situation, patient age, lung function and type of 
treatment.

Here we propose practical European guidance based on 1) 2 online 
surveys by the European CF Society Clinical Trials Network (ECFS CTN), 
2) the available literature, and 3) a Delphi method of validation to 
produce such guidance [8].

2. Methodology

Our guidance is based on a careful review of the literature and on 
surveys and consensus discussions with experts in the field. A multi
disciplinary committee of 7 pediatric pulmonologists, 5 adult 

radiologists, 5 pulmonologists, 1 standardization specialist, 1 federal 
patient organisation representative, all experienced in CF care, and a 
study methodologist were involved in overseeing this work.

An initial survey to identify the most important issues on the subject 
was sent to all 57 ECFS CTN CF centres and the members of the ERS CF 
Task Force. A total of 43 responses were received for the pediatric 
questionnaire and 22 for the adult questionnaire, mainly from CF pul
monologists, but also from radiologists (9 and 4 in the questionnaires, 
respectively). Questions, in PICO format where appropriate, were 
elaborated.

Databases were then searched, using PubMed, Cochrane Library, 
Scopus, Embase and Web of Science. The reference lists of all included 
articles were also searched for additional articles of interest. Where 
appropriate, more detailed search strategies are provided in the sub
sections of this manuscript. The authors considered original research, 
randomized controlled trials, systematic reviews or meta-analyzes, 
guidelines and consensus statements. Articles and case reports not 
written in English were excluded. The search was conducted regardless 
of the date of the study. Relevant papers were ranked, and the level of 
evidence was graded according to the United States Preventative Ser
vices Task Force (USPFTF) system for assessing the quality of evidence 
and strength of recommendations. In this document, systematic analyses 
were not considered possible due to the lack of homogeneous studies.

The committee drew up a list of guidance proposals based on either 
evidence or expert opinion. To counter possible bias from selection of 
key issues from the initial survey of pulmonologists and radiologists, the 
Delphi rounds were then used to reach agreement or disagreement 
amongst a wider group of >20 specialists in CF from ECFS CTN paedi
atric and adult specialist centres including radiologists, medical physi
cists, allied health professionals and pulmonologists, voting online using 
an anonymous electronic voting system via an encrypted ePlatform and 
meeting via Zoom for discussion of each subsequent Delphi round of 
voting.

Participants voted using a nine-point Likert scale: strongly disagree 
(score 1), disagree (score 3), neutral (score 5), agree (score 7) and 
strongly agree (score 9) [9]. In accordance with methodology recom
mendations we excluded a maximum of one extreme value per 15 
members if no value was missing [9], e.g. the minimal value if the 
median was >5 or the maximal value if the median was ≤5). Rounds 
were ended when consensus was reached or when it was clear that no 
agreement could be reached: stable disagreement ≥2 rounds or when a 
maximum of 3 rounds were completed [10]. Round 1, round 2 and 
round 3 comprised 19, 14 and 24 participants, respectively. Voting 
outcomes for each Delphi statement are reported in individual tables for 
each statement.
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3. Radiation dose

3.1. From the patient perspective

Informing the patient about radiation exposure in connection with 
an imaging examination is now a mandatory part of the radiology pro
cedure and contributes to the relationship of trust between the patient 
and their caregiver. The European Union Council Directive states that 
“Information on the patient’s radiation exposure shall be part of the report on 
the medical radiological procedure.” There is much debate about the 
optimal method of communicating such information, with recent 
research showing that patients are widely under-informed about the 
risks of medical radiation and do not understand the terminology for 
imaging procedures [7,8]. The efforts of all healthcare professionals to 
develop an effective communication strategy are crucial [9]. Related to 
the concept of a unified message to patients, there is a need to develop 
more user-friendly, patient-centered educational materials that are not 
written at a higher than recommended reading level [10–12], and to 
consider modified language when communicating concepts related to 
the complex issue of radiation exposure and associated risks [13]. “What 
is needed is a systemic and seismic shift in educating physicians and patients, 
in having candid conversations with patients around imaging that acknowl
edge the trade-offs, and in justifying the use of all medical radiation exposure. 
In doing so, we improve the safety of medical imaging while reducing the 
physical, social, and economic toll of overuse and disease.” [14].

There has been much discussion about the optimal content of 
patient-friendly information, ranging from communicating the extent of 
radiation exposure of an imaging examination in terms of its equiva
lence to that of a CXR, to the time for equivalent background radiation 
exposure or comparison with international flight times [15,16] (see 

section 3.4 below).
Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

1 The 
communication 
of radiation 
dose and 
associated risks 
must be done 
through an 
effective 
communication 
strategy and 
concrete, “de- 
medicalized” 
information so 
that both 
patients and 
physicians can 
develop a better 
understanding 
and improve 
shared decision- 
making

Grade D* 4 9 [6–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

3.2. Risk-benefit analysis of sequential chest-CT in different dose levels 
and age groups

Sequential chest-CT continues to be used in certain facilities because 
it can limit radiation dose by acquiring incremental images with gaps 
and no overlap between slices [17,18]. However, the use of sequential 
CT is limited by the possibility of missed pathology and may impact the 
visualisation and characterization of disease that spreads 

Fig. 1. Availability of low-dose CT scans.
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craniocaudally, i.e., outside the axial imaging plane (e.g., airway pa
thology) and is therefore incompletely visualised in a single axial image, 
potentially problematic in longitudinal follow-up. Furthermore, the 
protocol cannot be readily used with manual or automated scoring 
systems [19,20]. For patients who have difficulty holding their breath or 
remaining still during the scan, such as young children or patients with 
movement disorders, sequential imaging may be preferable to a helical 
protocol to avoid motion artefacts.

Advances in CT technology and the implementation of dose opti
mization techniques, such as tube current modulation, kilovoltage peak 
(kVp) selection, organ-based dose modulation, and advanced image 
reconstruction algorithms, such as iterative reconstruction, have 
enabled the development of low-dose and ultra-low-dose CT protocols 
[1,21]. These protocols aim to minimize radiation exposure without 
significantly compromising diagnostic image quality. Although the 
benefit-risk ratio of low-dose and ultra-low-dose CT is generally 
favourable, the diagnostic accuracy and clinical utility of these protocols 
must be carefully evaluated on a case-by-case basis, taking into account 
factors such as the patient’s age, clinical presentation, underlying dis
ease, availability of previous imaging studies, and most importantly, the 
underlying clinical question or specific diagnostic task [1,6,22].

3.3. Definition of the low dose

In the online survey, half of the respondents indicated that ultra-low 
dose chest CT was “available” in their centres (Fig. 1). Of note, the 
definition of ultra-low dose was not provided, nor were the clinical in
dications for the use of these protocols or whether they are used in 
specific patient groups.

There is no universal definition of a “low dose” or “ultra-low dose” in 
CT, as dose can vary by country and change over time with technological 
advances resulting from the continuous efforts of radiologists and 
physicists to optimise dose [23]. Previous studies have used different 
dose values and measurements, including effective dose (ED) and 
size-specific dose estimation (SSDE), making it difficult to compare re
sults [24,23,25]. The advent of new CT technologies, including image 
reconstruction algorithms, tube potential optimization, and noise 
reduction algorithms, has accelerated this dose reduction [26–28], 
resulting in protocols previously considered low dose becoming the 
accepted standard dose [23]. With the rapid pace of technological 
advancement, the meaning of today’s term “low dose” will become even 
more ephemeral and will likely become obsolete.

ED, measured in millisieverts (mSv) (1 mSv = 100 mrem = 1 mGy), a 
calculated value that cannot be measured directly [24], is based on the 
hypothetical relative radiosensitivity of the organs exposed during a 
given CT scan protocol [21,24]. The International Commission on 
Radiological Protection (ICRP) defines weighting factors that are 
assigned to these organs based on a “reference human” that is regularly 
re-evaluated [29] (ED = DLP (dose-length product) x weighting factor). 
DLP considers the dose per slice and the length of the scan as well as the 
stochastic risk for an examination type covering the same anatomical 
region. For chest CT, the weighting factor is 0.039, 0.026, 0.018, 0.013 
and 0.014 for 0, 1, 5, 10-year-old children and adults respectively [30,
31].

The typical ED of a standard dose chest CT has been reported as 3–8 
mSv [32], while a low dose study is typically described as less than 1 
mSv [33] and the ultra-low dose is approximately 0.08 mSv [34]. With 
the increasing availability of modern CT scanners with improved tech
nology to optimise radiation dose, conventional CT thorax has recently 
been performed at lower CT radiation doses approaching 1–1.7 mSv, 

although radiation dose varies by geographic location [32,35,36].
Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

2 The typical 
effective dose of 
a single 
standard dose 
chest- CT scan 
should be in the 
range of 1.5–8 
mSv, a low-dose 
scan should 
typically be less 
than 1 mSv, and 
an ultra-low- 
dose 
approximately 
0.08 mSv 
(equivalent to 
1.5 to 4 PA 
[posterior- 
anterior] chest 
radiographs).

Grade C* 3 9 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF MODERATE CERTAINTY.
Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

3 Performing 
ultra-low-dose 
CT scans in 
every 
institution 
should be 
considered a 
priority in the 
management of 
PwCF

GRADE D* 4 9 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.
Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

4 In PwCF in whom the 
main goal of the CT 
scan is to evaluate the 
bronchi 
(bronchiectasis), 
bronchioles and lung 
parenchyma for 
ground-glass or 
consolidation 
changes (without a 
thorough 
examination of the 
peripheral 
interstitium), low- 
dose and ultra-low- 
dose CT techniques 
are adequate.

Grade C* 2+ 9 [7–9] 
APPROPRIATE 
(Strong 
Agreement)

*RECOMMENDATION OF MODERATE CERTAINTY.

However, the effective dose is unsuitable to describe the dose for a 
particular individual, mainly because it does not consider the influence 
of a patient’s size on the dose and because the organ coefficients are 
averaged over age groups and genders. To assess the risk for a particular 
individual, it is best to consider the specific organ doses received by the 
patient [23,37,38].
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3.4. Communicating imaging tests and their equivalence (comparators)

When communicating the risk associated with ionising radiation, it is 
common to use a comparator to put the radiation dose into perspective. 
The choice of comparators can have a significant impact on how people 
perceive the risk associated with a particular exposure.

A common approach is to compare the radiation exposure from a 
particular imaging study with the radiation exposure that humans 
naturally absorb from the environment, often referred to as background 
radiation. The average background radiation is reported to be around 3 
mSv per year [39], although this can vary depending on geographical 
location, altitude, and other factors.

In addition, healthcare providers may wish to use multiple com
parators or different formulations to provide patients with a better un
derstanding of the risks associated with medical radiation exposure. For 
example, they may compare the radiation dose from a medical imaging 
study with the dose they receive from other everyday activities, such as 
flying on an airplane (a transatlantic flight = 0.08 mSv) or the effects of 
ultraviolet radiation from sun exposure [40]. This can help to provide a 
more comprehensive picture of the risks associated with medical radi
ation exposure and make it easier for patients to make informed de
cisions about their healthcare.

3.5. How can we reduce patient anxiety levels?

The experience of undergoing medical imaging procedures, 
including CT scans, can cause a high level of anxiety in some patients. A 
number of factors contribute to patient anxiety during such a diagnostic 
procedure [41]. These include fears about potential diagnostic findings 
or possible changes in therapeutic treatment, being in an unfamiliar 
environment, the need to remain still for a period of time during the 
scan, the acoustic disturbances associated with the scan, communication 
difficulties during the procedure and concerns related to radiation 
exposure [42]. The use of a sedative poses potential risks to the patient, 
complicates the scanning process and prolongs the patient’s stay in the 
radiology department [43].

Numerous strategies can be implemented to alleviate patient anxiety 
both prior to and during CT examinations. A cornerstone of such anxiety 
management is thorough patient education. The role of the radiographer 
goes beyond image acquisition; continuous reassurance and regular in
formation about the progress of the examination contributes to a more 
personal, patient-centered experience [44]. This consistent communi
cation can transform the procedure from an intimidating clinical process 
into a manageable, less stressful event for the patient. Studies assessing 
anxiety during MR imaging, which is more commonly associated with 
claustrophobia, have shown favourable reductions in anxiety scores 
through the use of relaxation techniques [45], music [46], audio-visual 
systems [47] and anxiolytics [43]. If institutional guidelines allow, a 
familiar person accompanying the patient during the procedure can 
provide essential emotional reassurance, especially in paediatric pa
tients or those with cognitive impairment.

3.6. Impact of radiation passport or radiation dose monitoring software/ 
tracking systems on radiation dose in CF

PwCF often require recurrent imaging, particularly chest X-rays and 
CT of the abdomen and thorax, to monitor the progression of their dis
ease, detect acute illness or disease exacerbations, and make treatment 
decisions [24]. Over time, repeated imaging can result in a significant 
cumulative radiation dose, which may raise concerns about lifetime 
malignancy risk [24,48]. To address this issue, large multinational 
companies with expertise in medical imaging have developed radiation 
dose monitoring software or tracking systems that monitor and manage 
all aspects of radiation exposure associated with medical imaging.

Currently, many countries have adopted radiation tracking as stan
dard practice [49], and there are systems that can also record a patient’s 

radiation exposure history and are able to convert the radiation dose 
from the imaging procedure into an effective dose and perform a 
calculation to determine the cumulative effective dose (CED) [50]. An 
International Atomic Energy Agency-supported multinational study 
evaluating CED data from patients with chronic conditions requiring 
recurrent imaging recommended the establishment of cumulative radi
ation exposure thresholds in dose management systems to alert health
care providers to potential risks to patients who have previously 
received high cumulative doses [50]. Previous studies have shown 
better justification and optimization of radiation protection by tracking 
individual patient doses [49,51]. National radiation dose tracking sys
tems integrated into the electronic medical record [49,52] or a personal 
radiation passport [53] would provide a more accurate representation of 
the patient’s CED and further improve physicians’ access to this relevant 
information.

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

5 A national 
tracking 
system (or 
personal 
radiation 
passport) 
integrated into 
the electronic 
patient record 
to monitor 
cumulative 
radiation dose, 
to establish 
cumulative 
dose 
thresholds and 
to better 
justify and 
optimise 
radiation 
protection at 
PwCF is 
warranted

Grade B* 2++ 9 [7–9)] 
APPROPRIATE 
(Strong 
agreement)

*RECOMMENDATION OF MODERATE TO HIGH CERTAINTY.

4. Early structural lung disease and early interventions

4.1. Physiopathology of early lung disease

Observational data from infant and animal models show that CFTR 
dysfunction in the airways can be present from the first days of life, 
causing a muco-inflammatory milieu with dehydrated airway surface 
fluid and abnormal mucin secretion. This leads to airway obstruction, 
which favours early infection and triggers inflammation [54] leading to 
bronchiectasis.

In light of these data, screening for early lung injury is a key process 
in the clinical management of PwCF. However, the extensive use of 
invasive methods such as flexible bronchoscopy and bronchoalveolar 
lavage is not always feasible both in routine clinical practice and as an 
endpoint of studies. In addition, spirometry alone is not considered 
sensitive enough for detecting early changes, especially in young PwCF, 
whose participation might be inadequate [55].

4.2. CT features of early CF lung disease

Our understanding of early lung injury in neonates and preschool 
children with CF (CwCF) has been enhanced by several research studies 
using flexible bronchoscopy and chest CT scans as clinical endpoints 
[56–58]. While bronchoalveolar lavage (BAL) detects neutrophilic 
inflammation, high-resolution chest CT (HRCT) has been shown to be a 
sensitive method to detect early structural changes, even without 
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clinical signs of airway manifestations. Thickening of the airway walls 
and air trapping were the most common radiological changes in this 
group. In a cornerstone series of studies conducted by the Australian 
AREST-CF team, bronchial wall thickening was found in approximately 
45 % and air trapping in approximately 66 % of infants with CF at 3 
months of age diagnosed by newborn screening (NBS), the majority of 
whom had no clinical signs of CF lung disease at the time of investigation 
[56].

The improvement in radiological scores following treatment of pul
monary exacerbations suggests that early structural changes may be 
reversible, at least to some degree [59]. However, a recent longitudinal 
study using annual MRI scans showed progression of early CF lung 
disease in the first four years of life under symptomatic therapy [60]. 
Children diagnosed with NBS had milder structural CF lung disease in 
the first years of life than clinically diagnosed infants and preschool 
children, but the annual rate of progression was comparable between 
these groups, emphasising the need for more effective therapies to 
prevent or slow progression [60], such as CFTR modulator therapy.

4.3. Effects of early interventions on structural changes in thoracic CT

The early initiation of appropriate preventive and curative treat
ments, carried out in specialised CF centres, is crucial to reduce the 
severity of the disease. In terms of lung disease, it remains a challenge to 
prevent irreversible lung damage due to lung infections and inflamma
tion that develop in CwCF early in childhood [61]. In 2005, Robinson 
et al. studied the effect of DNAse on respiratory function and anatomical 
damage on chest CT images in 25 children with CF who were treated for 
one year. After three months, the treated group showed a 13 % decrease 
in the presence of air trapping at T0 compared to the untreated group, 
which showed a 48 % increase in the same parameter [62].

Studies with twice-daily inhaled hypertonic saline (7 % NaCl) have 
shown an improvement in lung clearance index and structural lung 
changes in preschool children compared to children treated with 

isotonic saline, as measured by chest CT after 48 weeks of treatment [63,
64]. Total lung disease (%Disease) was approximately 57 % higher in 
the isotonic saline (IS) group than in the hypertonic saline (HTS) group 
after 48 weeks. This was mainly due to the progression of bronchiectasis 
(1.20 % (0.93–1.47) in the IS group versus 0.72 % (0.45–0.99)) in the 
HTS group (p = 0.021)) and air trapping (2.94 % (2.30–3.59) in the IS 
group and 0.90 % (0.33–1.47) in the HTS group (p = 0.0063). This 
suggests that inhaled HTS should be introduced as maintenance therapy 
in early childhood.

The COMBAT study, in which oral azithromycin was administered to 
infants from the time of diagnosis of CF after NBS, showed a reduction in 
airway inflammation and morbidity. Improvements in clinical outcomes 
included reduced days hospitalised for pulmonary exacerbations, and 
days of hospitalisation in the first year of life, reduced inhaled or oral 
antibiotics, and decreased concentrations of airway inflammation bio
markers in the BAL (IL-8 and neutrophil elastase activity at 36 months of 
age) [65]. However, azithromycin treatment had no effect on the pri
mary outcomes of structural lung disease, with Perth-Rotterdam Anno
tated Grid Morphometric Analysis-CF (PRAGMA-CF) scores showing a 
similar degree of bronchiectasis at 36 months (active treatment group 
(88 %) versus placebo (94 %)). These results suggest that thrice-weekly 
azithromycin can be considered for routine early treatment of CwCF, but 
that its effects on structural lung disease remain to be demonstrated.

New CFTR modulator therapies that correct the underlying molec
ular defect are available at a young age. These treatments give great 
hope that this severe and life-threatening disease can finally be brought 
under control at an early age. A preliminary real-life retrospective study 
including a few preschool children showed that CFTR modulators 
improve several quantitative CT outcomes [66]. This study included 16 
modulator-exposed PwCF and 25 unexposed PwCF. Median (range) age 
at baseline was 12.55 (4.25–36.49) years and 8.34 (3.47–38.29) years, 
respectively. PRAGMA-CF %Airway disease (− 2.88 (− 4.46, − 1.30), p =
0.001) and %Bronchiectasis extent (− 2.07 (− 3.13, − 1.02), p < 0.001) 
improved in exposed PwCF vs. unexposed patients [66].

Fig. 2. Current diagnostic algorithm for cystic fibrosis (CF) imaging at the Erasmus MC-Sophia Children’s Hospital, Rotterdam, The Netherlands, 
reproduced with permission from Ciet et al [76]. Current diagnostic algorithm for cystic fibrosis (CF) imaging. CR chest radiography, CT computed tomography, 
FB free breathing, FU follow-up, MRI magnetic resonance imaging, PEx pulmonary exacerbation, y.o. years old. The term “CT” in the flow chart is a general term, 
where dose should be set according to current dose reference level for paediatric chest CT imaging. § Non-cooperative children are generally those who are younger 
than 5 years or have developmental disabilities, * depending on cystic fibrosis centre expertise, ⊖ CT can be performed in cases of negative chest radiography findings 
and persistent symptoms despite therapy, y at our centre we use MRI for short-term follow-up of pulmonary exacerbation and as follow-up technique in stable CF 
subjects in alternation with CT (1 year CT and the year after MRI).
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5. Indications, timing and frequency of CT imaging

5.1. In children

5.1.1. Initial CT scan examination in very young infants
In a recent ECFS CTN survey, 63 % of centres performed an initial CT 

scan of the chest, mostly at the age of 5 years. In CwCF aged less than 1 
year, frequent [67] structural changes detected on chest CT are gener
ally mild [68] and poorly reproducible (Brody II scores), with the 
exception of air trapping [69]. Other scores such as quantitative 
PRAGMA-CF outcomes show high intra-observer and inter-observer 
agreement [70] in the majority of studies conducted in the 
Netherlands and Australia. However, in one study conducted in 
Denmark in children aged 6–18 years, although the intra-observer cor
relation coefficients (ICCs) were excellent for %Bx (the proportion of the 
lung volume with bronchiectasis), %Dis (the proportion of the lung 
volume with total disease) (both ICCs >0.92), and %TA (the proportion 
of the lung volume with trapped air) (ICC = 0.83), the inter-observer 
intra-class ICC for PRAGMA-CF scores were lower: %Bx 0.56, %Dis 
0.75, and %TA 0.96 [71]. PRAGMA-CF is not available for general use 
like the Brasfield or Brody II scoring systems (in addition to special 
software, approval from the owner of PRAGMA-CF is required). Overall, 
although the risk of chest CT is low, this examination is of dubious value 
on an individual basis [72] and should therefore not be routinely used in 
very young infants (age 1 year) [68,69] if other parameters are satis
factory (body growth, no recurrent infections or exacerbations, normal 
LCI, etc.).

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

6 Chest CT should 
not be routinely 
used in very 
young infants if 
other 
parameters are 
satisfactory (no 
overt infections 
requiring 
antibiotics 
beyond the 
usual range for 
such infants, no 
exacerbations, 
normal lung 
clearance 
index, etc.).

GRADE D* 4 9 (5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

A chest CT is justified as soon as the physician considers that the 
child is unwell (pancreatic insufficiency with poor growth, repeated 
intravenous antibiotic treatment, recurrent lower respiratory tract in
fections in the first three years of life and inflammation of the lower 
respiratory tract) [72], regardless of the patient’s age, since a single CT 
scan is not associated with an increased risk of subsequent intracranial 
tumors, leukaemia or lymphoma in children [73]. In this case, a CT scan 
outperforms CXR (higher sensitivity of CT in detecting bronchiectasis) 
[6,74].

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

7 An initial chest 
CT is justified if 
the doctor 
believes that a 
child with CF is 
not doing well 
(repeated 
intravenous 

GRADE D* 4 9 [6–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

(continued on next column)

(continued )

Statement 
n◦

Statement Strength of 
recommendation 

Quality 
of 
evidence 

Median [Range] 
Delphi Score

antibiotics, 
recurrent lower 
respiratory 
tract infections 
in the first three 
years of life and 
inflammation 
of the lower 
respiratory 
tract) and if 
other 
investigations 
without 
radiotherapy 
do not find a 
cause.

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

5.1.2. First CT scan in older children
In older children, the potential risks of radiotherapy are less 

considered [75]. In some centres, planned age-based CT scans are per
formed (Fig. 2).

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

8 An initial 
routine baseline 
CT scan should 
be considered at 
around 5–7 
years of age, 
regardless of the 
child’s clinical 
condition.

GRADE D* 4 8 [1–9] 
UNCERTAIN 
(No 
consensus)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

5.1.3. Follow-up CT-scan
In the ECFS CTN survey, 67 % of centres performed repeat CT scans, 

even if the child remains healthy, mostly at three-year intervals. For 
children and adults with stable disease, the ECFS recommends an annual 
CXR [77,78]. Systematic biennial (every two years) follow-up chest CT 
scans have been proposed for children of all ages [76]. However, the 
time interval between two consecutive CT examinations must be 
adapted to the clinical picture. This is because the progression of 
bronchiectasis is different in older children: slow or rapid. Salamon et al. 
identified all patients in a rapid progression group as pancreatic insuf
ficient [79], whereas this was the case in 80 % of patients in the slow 
progression group. Most bronchiectatic airways developed within 2 
years (rapid progression between consecutive scans) without visible 
precursors and may be missed on biennial CT scans. Therefore, in chil
dren with marked mucus plugging (filling of clearly identifiable 
bronchi), an annual CT scan may be considered to detect rapid pro
gression of bronchiectasis [80].

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

9 In preschool 
children, 
routine follow- 
up CT scans are 
not 
recommended; 
they should be 
guided by the 
child’s clinical 
condition and 

GRADE D* 4 9 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

(continued on next page)
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(continued )

Statement 
n◦

Statement Strength of 
recommendation 

Quality 
of 
evidence 

Median 
[Range] 
Delphi Score

clinical scenario 
and/or previous 
imaging results 
and the ability 
to perform 
ultra-low dose 
free-breathing 
CT scans

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

This statement is further supported by the following: There were no 
significant, meaningful changes in structural lung disease measured by 
chest CT at 1 and 3 years of age as assessed by PRAGMA-CF [70]. The 
median results at 1 and 3 years of age with CwCF showed a very low 
degree of bronchiectasis [70]. The extent of air trapping on CT (%TA) 
was low and was related to the extent of structural lung disease and LCI, 
but not to hyperinflation (increased FRC/TLC ratio measured on CT). 
There are also marked differences in the rate of progression, with sub
jects often showing improvement in lung disease [81].

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

10 In preschool 
children who 
are clinically 
unwell (with 
declining lung 
function and 
increased LCI, 
if available), a 
follow-up 
chest CT scan 
should be 
performed.

GRADE D* 4 9 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.
Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

11 The time 
interval 
between 2 
consecutive CT 
scans must be 
adapted to the 
clinical picture

GRADE D* 4 9 [8–9] 
APPROPRIATE 
(Strong 
Agreement)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.
Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

12 School-age 
children with 
significant 
structural 
abnormalities 
should have 
repeat chest CT 
scans (rather 
than chest X- 
rays) every 2 or 3 
years, even if 
they remain 
clinically healthy

GRADE D* 4 8 [1–9] 
UNCERTAIN 
(No 
consensus)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

Other protocols are proposed in individual centres, depending on the 
possibility of performing ultra-low dose free-breathing CT scans and/or 
contrast MRIs of the lung to evaluate specific treatments [76,82]. In 
cooperative children with CF, they recommend performing an 
end-inspiratory and end-expiratory non-contrast-enhanced CT scan. 

Such teams should be able to use low-dose CT protocols and strategies 
that utilize similar radiation doses to those used in chest radiography to 
monitor patients with bronchiectasis [74].

5.2. In adults

De novo diagnoses of CF in adults account for up to 7 % of all new 
cases [83]. Pulmonary manifestations are rare in this population.

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

13 A baseline 
chest-CT 
should be 
performed at 
the time of a 
new diagnosis 
of CF in 
adults.

GRADE D* 4 9 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

In patients with acute exacerbations, imaging should be performed in 
the clinical context, considering the cumulative radiation dose. Chest 
radiographs are less sensitive for selecting the underlying disease but are 
a useful tool for monitoring clinical response [6]. In patients with clin
ical progression where lung transplantation is a viable option, imaging 
should be in accordance with the healthcare system’s pre-transplant 
protocol. Since chest radiographs are not sensitive enough to visualise 
changes in bronchial wall thickness or interstitial abnormalities, CT 
should be the preferred choice [84]. Technical progress should be 
considered while adhering to the ALARA (As Low as Reasonably 
Achievable) principle. A well-performed and dose-guided chest-CT 
every two years could reveal early signs of progressive disease. How
ever, this was not retained during the Delphi process.

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

14 In adult 
patients 
without 
respiratory 
complications, 
chest CT 
imaging should 
be considered 
every 3–4 years.

GRADE D* 4 8 [1–9] 
UNCERTAIN 
(No consensus)

15 Imaging follow- 
up should be 
performed 
according to the 
clinical picture 
in adults.

GRADE D* 4 9 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

Low-dose CTs may not be the optimal choice in adults. There is 
limited evidence on optimal techniques for this population. Options 
using photon-counting CT techniques are not yet widely available, but 
studies should be conducted to evaluate their use in clinical practice 
[85].

6. Harmonizing imaging protocols

6.1. Rationale

Most studies report improved detection of early lung disease, espe
cially air trapping, in PwCF when expiratory volumetric settings are 
used in chest-CT. Expiratory volumetric settings may provide additional 
information, particularly in relation to air trapping, an early finding in 
PwCF that may allow for immediate diagnosis and treatment and 
potentially alter the course of disease [86,87]. However, the increased 
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radiation exposure associated with the addition of expiratory volumetric 
settings raises concerns about the risk-benefit ratio.

CT has been shown to be more sensitive than pulmonary function 
tests for detecting early and progressive lung disease in cooperative and 
uncooperative PwCF [88–90]. Chest-CT in CF includes both inspiratory 
and expiratory phases, which are recorded during periods of voluntary 
breath-holding. The end-inspiratory phase of chest-CT is primarily used 
to detect structural changes in the lungs, including bronchiectasis, 
peri-bronchial thickening, and consolidation. In contrast, expiratory 
volumetric settings aid in the detection of air trapping indicative of 
distal small airway disease, a potential early indicator of lung disease in 
CF [86,87]. This appears as hypodense areas reflecting regions of hy
perinflation and/or hypoperfusion [87]. This results in the imaging sign 
seen on CT during air trapping, namely mosaic attenuation, which has 
been defined by the Fleischner Society as a “patchwork of regions of 
varying attenuation in the lung” and is characterised by heterogeneous 
lung attenuation with clearly defined borders corresponding to sec
ondary lobules [91]. Along with bronchiectasis, air trapping has been 
associated with later progression of structural lung disease in a study of 
CwCF [70,92].

However, it remains uncertain whether areas of air trapping indicate 
a permanent obstruction of the small airways or a fluctuating and 
reversible condition [93]. Previous literature has emphasised that 
approximately one third of cases persist over time, suggesting irrevers
ibility [94], however effective therapy has shown some degree of 
reversibility [62]. Nonetheless, CT imaging with expiratory volumetric 
settings is an effective modality for monitoring changes in air trapping 
before and after treatment [95]. However, it remains unclear whether 
CT is a more accurate tool for tracking small airway pathology compared 
to spirometry or parameters obtained by multiple gas washout [93]. LCI 
has been found to correlate with mosaic lung on CT, which indicates 
areas of air trapping/hypoperfusion [96,97]. Over the past decade, 
measurements of LCI and gas trapping have been increasingly favoured 
over FEV1 for early monitoring of CF lung disease progression. This shift 
reflects their utility in tracking both radiological changes and clinical 
manifestations associated with disease progression [97–99]. The 
assessment of air trapping has been facilitated by several visual scoring 
systems over the past two decades, including the Bhalla [100], Brody II 
[101] and CF-CT [102].

6.2. Expiratory vs. inspiratory & expiratory volumetric chest-CT: clinical 
benefits/techniques/training modalities

The primary concern associated with recurrent CT imaging to 
monitor lung disease in CwCF is repeated exposure to ionising radiation. 
It is suggested that the radiation dose for expiratory CT scans should be 
set at 50 % less than for inspiratory CT scans [103]. In a cohort analysis 
of CwCF who underwent ultra-low-dose CT over the age of five years, a 
strong correlation between end-inspiratory and end-expiratory CT 
scores was observed, suggesting that end-expiratory alone may be suf
ficient, allowing a potential dose reduction of up to 75 % [104]. In a 
French study, 78 CT scans of 57 children aged 5–18 years were assessed 
using the full protocol images and expiratory sequence images only 
[105]. The correlations between the Brody global scores of the two 
different CT protocols were very good (r = 0.90 for both observers), for 
the bronchiectasis score (r = 0.72 and 0.86), the mucus plugging score 
(r = 0.87 and 0.83) and the expiratory air trapping (r = 0.96 and 0.92) 
[105]. The total dose of ionising radiation was reduced, with the 
measured dose-length product (DLP) reduced from 103.31 mGy cm (full 
protocol) to 3.06 mGy cm (expiratory protocol) (p < 0.001) [106]. It is 
therefore possible to complete inspiratory and expiratory chest CT scans 
to reveal early lung changes. In PwCF with more advanced changes, i.e. 
already developed bronchiectasis, inspiratory scans are considered more 
important than expiratory scans, and expiratory-only scans are not 
warranted.

It is noteworthy that the benefits of respiratory gating (a radiation 

therapy technique that uses computer software, a chest marker and 
infrared camera to track breathing) have mainly been demonstrated in 
children. In adults with CF the benefit of expiratory gating has not yet 
been clearly demonstrated [79].

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

16 The 
incorporation of 
expiratory views 
in longitudinal 
chest-CT follow- 
up assessments of 
PwCF should be 
considered.

Grade D* 4 7.5 [1–9] 
UNCERTAIN 
(No 
consensus)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

6.3. Is sedation mandatory? What alternatives are there?

The radiologist decides whether sedation is necessary, taking into 
account the clinical context, the child’s age and their ability to coop
erate. The rapid performance of a CT scan allows it to be performed 
without anaesthesia in most cases, eliminating the complicated logistics 
and associated recovery times [6]. Therefore, it is often possible to 
perform free-breathing, non-enhanced CT [5,103], even in uncoopera
tive children, with the newer fast CT-devices [76]. This is a key 
advantage over MRI, which requires moderate sedation for uncoopera
tive patients [6].

In a survey conducted in 27 UK centres, 27 % reported that sedation 
was used because patients were uncooperative, previous CT without 
sedation failed or there was a learning disability. Reportedly 73 % used 
general anaesthesia in patients who were uncooperative and holding 
their breath, had a learning disability or were young [5].

6.4. Preparation of young children for CT

In cooperative school aged children and above, chest-CT should be 
regulated by spirometry to achieve a volume level close to the residual 
volume, in order to maximize the contrast between normal lung tissue 
and regions with low density [107]. However, institutions will require 
an adequately trained lung function technician/nurse to optimise re
sults, which may not be logistically possible in all institutions [108]. 
Paediatric patients aged three to six years can be successfully taught 
breathing techniques by a trained technician in approximately half 
cases, without requiring spirometry guidance [108]. In uncooperative 
young paediatric patients, CT scans are typically performed with free 
breathing at their functional residual capacity (FRC). Typically, areas of 
air-trapping can be identified as the FRC level in these children is closer 
to the residual volume (RV) level compared to older children. Similarly, 
expiratory scans in anesthetized children are also performed at the FRC 
level, given that there is no active expiration to the RV level [108].

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

17 In cooperative 
children of 
school age and 
older, lung 
volume control 
during chest- 
CT should be 
optimised 
through 
coaching by 
staff trained in 
this technique.

Grade C* 2+ 8.5 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

18 For research 
purposes, 

Grade D** 4 9 [5–9] 
APPROPRIATE 

(continued on next page)
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(continued )

Statement 
n◦

Statement Strength of 
recommendation 

Quality 
of 
evidence 

Median [Range] 
Delphi Score

ideally a 
technician/ 
staff member 
trained in 
volume 
optimization 
should be 
present to 
supervise the 
subject and 
check that they 
are 
maintaining an 
optimal 
respiratory 
rate (with or 
without 
spirometry) 
during the CT 
scan.

(Relatively 
Strong 
Agreement)

*RECOMMENDATION OF MODERATE CERTAINTY.
**RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

7. Reporting of results

The severity of lung disease can be assessed either subjectively, based 
on the radiologist’s experience, or more objectively, using visual or 
automated scoring methods. Several visual scoring methods have been 
proposed to quantify CF-related morphological abnormalities in CT 
imaging. These methods are based on quantifying the extent and 
severity of the main morphological abnormalities, which include bron
chiectasis, bronchial wall thickening, mucoid impaction and mosaic 
perfusion/air trapping. The three main visual scoring methods are the 
Bhalla score [100,109,110], the Brody score (derived from the score 
proposed by Mafessanti et al.) and its derivatives [55,109,111,112] and 
the PRAGMA-CF score [64,65,66,70,113].

The use of scoring methods in clinical practice implies a benefit at the 
individual level. Their intra- and inter-observer reproducibility is 
excellent, but requires specific training, and reproducibility decreases 
over time [114]. They can be performed in 10–15 min [20], which is 
time consuming but potentially acceptable, and they can discriminate 
multiple severity levels [21]. However, the impact of visual scores on the 
management of PwCF patients has not yet been demonstrated, and their 
ability to detect longitudinal changes in disease severity at the indi
vidual level is uncertain. The role of visual CT scores in clinical practice, 
particularly in patient monitoring, therefore, remains to be established.

Automated scoring methods are a promising alternative to visual CT 
scores [115,116]. The advantage of these automated CT scores is that 
they can be calculated within seconds to minutes with perfect repro
ducibility. However, for most of these scores, the sensitivity to longi
tudinal change in disease severity has not been evaluated. Visual chest 
CT scores can be used to assess disease severity, but there is insufficient 
evidence to recommend any particular scoring system. Automated 
scoring methods require longitudinal validation. Current visual scores 
are unsuitable for assessing improvement on an individual scale.

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median [Range] 
Delphi Score

19 Current visual 
scores (e.g. 
Bhalla, Brody, 
PRAGMA-CF, 
etc.) can be 
used to assess 
disease 

GRADE D* 4 8 [5–9] 
APPROPRIATE 
(Relatively 
Strong 
Agreement)

(continued on next column)

(continued )

Statement 
n◦

Statement Strength of 
recommendation 

Quality 
of 
evidence 

Median [Range] 
Delphi Score

severity, but 
are less useful 
for assessing 
longitudinal 
improvement 
at an individual 
level, as their 
impact on 
patient 
management 
has not yet 
been 
demonstrated.

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

The radiology report can be free text or structured. Whilst free text is 
prone to heterogeneity, structured reports aim to standardise organi
zation and language, which may improve reporting of relevant findings 
and communication with referring physicians [117–120]. However, a 
clear benefit of its use over the free text has not yet been demonstrated in 
clinical practice. Although pulmonologists and radiologists favoured 
adopting structured reporting, less than 20 % used it in practice. There is 
still insufficient data to support its systematic implementation. Further 
studies could explore variability by expertise and assess its added value 
for longitudinal evaluation of disease.

Statement 
n◦

Statement Strength of 
recommendation

Quality 
of 
evidence

Median 
[Range] 
Delphi Score

20 A structured 
chest CT report in 
CF is currently 
not generally 
recommended as 
further studies 
are still pending

GRADE D* 4 7 [1–9] 
UNCERTAIN 
(No 
Consensus)

*RECOMMENDATION OF LOW TO MODERATE CERTAINTY.

8. ‘Added value’ of CT-scans and morphomics

Clinical teams should consider the added value that imaging can 
provide beyond its original purpose. For example, CT chest scans whose 
clinical indication is to assess the respiratory system may yield addi
tional information about body composition, cardiovascular risk or bone 
health, which will be of increasing value in a complex, ageing CF pop
ulation [121]. In a cross-sectional study, CT measurements of muscle 
mass at T4 and T12 in adults showed a significant correlation with 
handgrip strength and fat-free mass index. T12 also showed a significant 
correlation with FEV1 and not with body mass index [121]. In another 
longitudinal study of adult PwCF on Elexacaftor/Tezacaftor/Ivacaftor, 
in addition to a significant increase in BMI, body composition also 
changed with an increase in the cross-sectional area of subcutaneous, 
thoracic and visceral upper abdominal fat. Even in those who had a 
normal BMI at the time of follow-up, epicardial and upper abdominal 
visceral fat and subcutaneous fat had increased significantly over the 
interval [S. Blackburn 2024, personal data].

9. The future

Improvements in therapeutic management (modulator and gene 
therapies) and in the performance of CT-devices, allowing for minimal 
radiation exposure, are to be expected in the future.

The advent of CFTR modulator therapy (MT) will change the long- 
term course of CF lung disease [122]. Already, clinicians caring for 
PwCF recognise different groups within the modulator-available popu
lation: children and adolescents who started MT before the onset of 
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severe irreversible lung damage, young adults with improved moderate 
lung changes and adults with advanced CF lung disease at the onset of 
MT in whom stabilisation has been achieved. However, the long-term 
effects of MT are currently unclear, so the frequency of imaging must 
be weighed against the radiation risk.

When it comes to imaging, there is ongoing research between newer 
chest CT methods and radiation-free MRI. An example of the former is 
photon counting CT. In recent years, CT technology has evolved with the 
newly available photon counting detectors, representing further prog
ress in both radiation reduction and spatial resolution. In contrast to 
conventional energy integrating detectors (EID), which use scintillator 
detectors to convert photons into light signals, photon counting de
tectors convert photon energy directly into electrical signals using 
cadmium electrode semiconductors [123,124]. Photon-counting CTs 
(PCCTs) have now become routine clinical practice in a few specialised 
centres, with initial studies showing that LD-HR PCCT lung scans pro
vide comparable or better image quality while requiring significantly 
lower radiation doses compared to EID CT scans [125–128]. Dettmer 
et al. demonstrated that it is possible to achieve the radiation dose 
corresponding to a CXR as defined in the German diagnostic reference 
value for CXR of 52 cGy cm2 (12 cGy cm2 for a posterior-anterior and 40 
cGy cm2 for a lateral exposure) with a ULD thoracic protocol on the 
PCCT [129,130]. This suggests that CT will replace CXR in certain 
clinical scenarios due to its improved diagnostic capabilities. In addi
tion, due to its low radiation exposure, photon counting CT could serve 
as a baseline and follow-up examination in paediatrics, and emergency 
situations, as well as when MRI availability is limited [131].

10. Conclusion

We recommend the use of ultra-low dose CT scans and a system for 
tracking cumulative radiation per patient. Our guidance defines effec
tive radiation doses and radiation risk in order to further fine-tune 
radiological techniques in European CF centres. Even if individual ra
diation risks are quite low, radiation protection in imaging is a public 
health issue due to the large population exposed to these risks. Children 
can be two to three times more sensitive to radiation than adults [132]. 
When indicated and available, imaging techniques without ionising ra
diation, e.g. ultrasound (sound waves) or MRI (radiofrequency and 
electromagnetic waves), should be preferred, especially in very young 
preschool children and pregnant women.

Potential limitations of this guidance include the variability in 
consensus in the Delphi process and the low to moderate level of evi
dence for many of the recommendations. These limitations highlight the 
challenges in this evolving field of study and reinforce the need for 
further research in this area, such as the importance of automated 
techniques to facilitate the search for minimally clinically meaningful 
differences for relevant outcomes and disease trajectories particularly in 
the era of CF modulator therapy. Moreover, this guidance stresses the 
importance of being more user-friendly to reduce the burden of imaging 
and radiation risk. Patients and families should be involved in the 
risk–benefit discussion about imaging procedures so that they can best 
understand the information and make an informed decision [132].

Ultimately, indications will depend on the ability of radiologists and 
physicists in the field to perform chest and other CT scans at ultra-low 
doses and to track lifetime risk using radiation passports. The final de
cision may also be influenced by cost, expertise, availability of resources 
and/or the patient’s values, as well as a possible change in treatment.
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disease starts in the small airways: can we treat it more effectively? Pediatr. 
Pulmonol. 45 (2) (2010) 107–117.

[94] M. Loeve, T. Rosenow, V. Gorbunova, W.C. Hop, H.A. Tiddens, M. de Bruijne, 
Reversibility of trapped air on chest computed tomography in cystic fibrosis 
patients, Eur. J. Radiol. 84 (6) (2015) 1184–1190.

[95] R. Bec, M. Reynaud-Gaubert, F. Arnaud, R. Naud, N. Dufeu, M. Di Bisceglie, et al., 
Chest computed tomography improvement in patients with cystic fibrosis treated 

M. Fayon et al.                                                                                                                                                                                                                                  Respiratory Medicine 241 (2025) 108076 

13 

http://refhub.elsevier.com/S0954-6111(25)00138-6/sref44
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref44
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref44
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref45
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref45
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref45
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref46
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref46
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref46
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref47
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref47
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref47
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref48
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref48
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref49
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref49
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref49
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref50
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref50
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref50
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref51
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref51
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref52
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref52
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref52
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref53
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref53
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref54
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref54
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref55
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref55
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref55
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref56
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref56
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref56
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref57
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref57
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref57
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref58
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref58
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref58
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref59
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref59
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref59
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref60
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref60
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref60
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref60
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref61
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref61
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref61
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref61
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref62
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref62
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref62
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref62
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref63
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref63
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref63
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref63
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref64
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref64
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref64
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref65
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref65
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref65
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref65
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref66
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref66
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref66
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref66
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref67
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref67
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref67
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref67
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref70
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref70
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref70
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref71
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref71
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref71
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref72
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref72
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref72
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref73
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref73
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref73
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref73
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref74
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref74
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref74
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref74
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref75
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref75
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref75
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref75
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref76
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref76
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref76
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref77
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref77
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref77
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref77
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref78
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref78
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref79
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref79
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref79
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref80
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref80
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref80
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref81
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref81
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref81
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref82
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref82
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref82
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref110
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref110
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref110
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref83
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref83
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref83
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref83
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref84
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref84
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref84
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref85
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref85
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref85
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref86
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref86
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref86
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref87
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref87
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref87
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref88
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref88
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref88
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref88
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref88
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref90
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref90
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref90
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref90
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref91
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref91
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref91
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref92
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref92
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref92
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref93
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref93
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref93
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref94
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref94
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref94
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref95
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref95
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref95
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref95
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref96
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref96
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref97
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref97
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref97
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref98
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref98
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref98
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref99
http://refhub.elsevier.com/S0954-6111(25)00138-6/sref99


with elexacaftor-tezacaftor-ivacaftor: early report, Eur. J. Radiol. 154 (2022) 
110421.

[96] S. Verbanck, G.G. King, W. Zhou, A. Miller, C. Thamrin, D. Schuermans, et al., 
The quantitative link of lung clearance index to bronchial segments affected by 
bronchiectasis, Thorax 73 (1) (2018) 82–84.

[97] T. Rosenow, K. Ramsey, L. Turkovic, C.P. Murray, L.C. Mok, G.L. Hall, et al., Air 
trapping in early cystic fibrosis lung disease-Does CT tell the full story? Pediatr. 
Pulmonol. 52 (9) (2017) 1150–1156.

[98] K.A. Ramsey, C. McGirr, S.M. Stick, G.L. Hall, S.J. Simpson, Effect of posture on 
lung ventilation distribution and associations with structure in children with 
cystic fibrosis, J. Cyst. Fibros. 16 (6) (2017) 713–718.

[99] S.A. Rowan, J.M. Bradley, I. Bradbury, J. Lawson, T. Lynch, P. Gustafsson, et al., 
Lung clearance index is a repeatable and sensitive indicator of radiological 
changes in bronchiectasis, Am. J. Respir. Crit. Care Med. 189 (5) (2014) 586–592.

[100] M. Bhalla, N. Turcios, V. Aponte, M. Jenkins, B.S. Leitman, D.I. McCauley, et al., 
Cystic fibrosis: scoring system with thin-section CT, Radiology 179 (3) (1991) 
783–788.

[101] A.S. Brody, H.A.W.M. Tiddens, R.G. Castile, H.O. Coxson, P.A. de Jong, J. Goldin, 
et al., Computed tomography in the evaluation of cystic fibrosis lung disease, Am. 
J. Respir. Crit. Care Med. 172 (10) (2005) 1246–1252.

[102] W. Kuo, E.R. Andrinopoulou, A. Perez-Rovira, H. Ozturk, M. de Bruijne, H. 
A. Tiddens, Objective airway artery dimensions compared to CT scoring methods 
assessing structural cystic fibrosis lung disease, J. Cyst. Fibros. 16 (1) (2017) 
116–123.

[103] W. Kuo, M.P.C. Kemner-van de Corput, A. Perez-Rovira, M. de Bruijne, I. Fajac, H. 
A.W.M. Tiddens, et al., Multicentre chest computed tomography standardisation 
in children and adolescents with cystic fibrosis: the way forward, Eur. Respir. J. 
47 (6) (2016) 1706–1717.

[104] M. Loeve, M.H. Lequin, M. De Bruijne, I.J.C. Hartmann, K. Gerbrands, M. Van 
Straten, et al., Cystic fibrosis: are volumetric ultra-low-dose expiratory CT scans 
sufficient for monitoring related lung disease? Radiology 253 (1) (2009) 
223–229.

[105] S. Simon, C. Baunin, J. Vial, E. Mas, L. Roditis, M. Michelet, et al., [Computed 
tomography in children with cystic fibrosis: the role of an expiratory protocol], 
Rev. Mal. Respir. 37 (5) (2020) 355–363.

[106] J.C. Davies, C.E. Wainwright, G.S. Sawicki, M.N. Higgins, D. Campbell, C. Harris, 
et al., Ivacaftor in infants aged 4 to <12 Months with cystic fibrosis and a gating 
mutation. Results of a two-Part Phase 3 clinical trial, Am. J. Respir. Crit. Care 
Med. 203 (5) (2021) 585–593.

[107] T.E. Robinson, A.N. Leung, R.B. Moss, F.G. Blankenberg, H. al-Dabbagh, W. 
H. Northway, Standardized high-resolution CT of the lung using a spirometer- 
triggered electron beam CT scanner, Am. J. Roentgenol. 172 (6) (1999) 
1636–1638.

[108] M. van Straten, A.S. Brody, C. Ernst, R.P. Guillerman, H.A.W.M. Tiddens, S. 
K. Nagle, Guidance for computed tomography (CT) imaging of the lungs for 
patients with cystic fibrosis (CF) in research studies, J. Cyst. Fibros. 19 (2) (2020) 
176–183.

[109] T.H. Helbich, G. Heinz-Peer, I. Eichler, P. Wunderbaldinger, M. Gotz, 
C. Wojnarowski, et al., Cystic fibrosis: CT assessment of lung involvement in 
children and adults, Radiology 213 (2) (1999) 537–544.

[110] L. Dorlochter, H. Nes, G. Fluge, K. Rosendahl, High resolution CT in cystic 
fibrosis–the contribution of expiratory scans, Eur. J. Radiol. 47 (3) (2003) 
193–198.

[111] A.S. Brody, Early morphologic changes in the lungs of asymptomatic infants and 
young children with cystic fibrosis, J. Pediatr. 144 (2) (2004) 145–146.

[112] M. Maffessanti, M. Candusso, F. Brizzi, F. Piovesana, Cystic fibrosis in children: 
HRCT findings and distribution of disease, J. Thorac. Imag. 11 (1) (1996) 27–38.

[113] P. McNally, K. Lester, G. Stone, B. Elnazir, M. Williamson, D. Cox, B. Linnane, 
L. Kirwan, D. Rea, P. O’Regan, T. Semple, C. Saunders, H.A.W.M. Tiddens, 
E. McKone, J.C. Davies, RECOVER Study Group, Improvement in lung clearance 
index and chest computed tomography scores with elexacaftor/tezacaftor/ 
ivacaftor treatment in people with cystic fibrosis aged 12 Years and older - the 
RECOVER trial, Am. J. Respir. Crit. Care Med. 208 (9) (2023 Nov 1) 917–929, 
https://doi.org/10.1164/rccm.202308-1317OC. PMID: 37703083.

[114] P.A. de Jong, M.D. Ottink, S.G.F. Robben, M.H. Lequin, W.C.J. Hop, J.J. 
E. Hendriks, et al., Pulmonary disease assessment in cystic fibrosis: comparison of 
CT scoring systems and value of bronchial and arterial dimension measurements, 
Radiology 231 (2) (2004) 434–439.

[115] G. Dournes, C.S. Hall, M.M. Willmering, A.S. Brody, J. Macey, S. Bui, B. Denis de 
Senneville, P. Berger, F. Laurent, I. Benlala, J.C. Woods, Artificial intelligence in 
computed tomography for quantifying lung changes in the era of CFTR 
modulators, Eur. Respir. J. 59 (3) (2022 Mar 3) 2100844, https://doi.org/ 
10.1183/13993003.00844-2021. PMID: 34266943.

[116] Y. Chen, J.-P. Charbonnier, E.-R. Andrinopoulou, P.D. Sly, S.M. Stick, H.A.W. 
M. Tiddens, on behalf of the COMBAT-CF Study Group, Azithromycin reduces 
bronchial wall thickening in infants with CF, J. Cyst. Fibros. 23 (2024) 870–873.

[117] European Society of Radiology (ESR), ESR paper on structured reporting in 
radiology, Insights into Imag. 9 (1) (2018) 1–7.

[118] D.B. Larson, A.J. Towbin, R.M. Pryor, L.F. Donnelly, Improving consistency in 
radiology reporting through the use of department-wide standardized structured 
reporting, Radiology 267 (1) (2013) 240–250.

[119] P.A. Marcovici, G.A. Taylor, Journal Club: structured radiology reports are more 
complete and more effective than unstructured reports, AJR Am. J. Roentgenol. 
203 (6) (2014) 1265–1271.

[120] L.H. Schwartz, D.M. Panicek, A.R. Berk, Y. Li, H. Hricak, Improving 
communication of diagnostic radiology findings through structured reporting, 
Radiology 260 (1) (2011) 174–181.

[121] B. Bryl, S. Merrix, D. Proud, A. Marin, A. Byrne, J. Duckers, Are we missing the 
opportunity to measure muscle mass on computed tomography thorax? J. Thorac. 
Imag. 36 (2) (2021) W32–W33.

[122] M.A. Mall, N. Mayer-Hamblett, S.M. Rowe, Cystic fibrosis: emergence of highly 
effective targeted therapeutics and potential clinical implications, Am. J. Respir. 
Crit. Care Med. 201 (10) (2020) 1193–1208.

[123] T. Flohr, M. Petersilka, A. Henning, S. Ulzheimer, J. Ferda, B. Schmidt, Photon- 
counting CT review, Phys. Med. 79 (2020) 126–136.

[124] M.J. Willemink, M. Persson, A. Pourmorteza, N.J. Pelc, D. Fleischmann, Photon- 
counting CT: technical principles and clinical prospects, Radiology 289 (2) (2018) 
293–312.

[125] M.M. Woeltjen, J.H. Niehoff, A.E. Michael, S. Horstmeier, C. Moenninghoff, 
J. Borggrefe, et al., Low-dose high-resolution photon-counting CT of the lung: 
radiation dose and image quality in the clinical routine, Diagnostics 12 (6) 
(2022).

[126] V. Van Ballaer, A. Dubbeldam, E. Muscogiuri, L. Cockmartin, H. Bosmans, 
W. Coudyzer, et al., Impact of ultra-high-resolution imaging of the lungs on 
perceived diagnostic image quality using photon-counting CT, Eur. Radiol. 34 (3) 
(2024) 1895–1904.

[127] M. Remy-Jardin, A. Hutt, T. Flohr, J.B. Faivre, P. Felloni, S. Khung, et al., Ultra- 
high-resolution photon-counting CT imaging of the chest: a new era for 
morphology and function, Investig. Radiol. 58 (7) (2023) 482–487.

[128] M.J. Siegel, S.M. Bugenhagen, A. Sanchez, S. Kim, A. Abadia, J.C. Ramirez- 
Giraldo, Comparison of radiation dose and image quality of pediatric high- 
resolution chest CT between photon-counting detector CT and energy-integrated 
detector CT: a matched study, AJR Am. J. Roentgenol. 221 (3) (2023) 363–371.

[129] S. Dettmer, T. Werncke, V.N. Mitkovska, T. Brod, O. Joean, J. Vogel-Claussen, et 
al., Photon counting computed tomography with the radiation dose of a chest X- 
ray: feasibility and diagnostic yield, Respiration 103 (2) (2024) 88–94.

[130] Bekanntmachung der aktualisierten diagnostischen Referenzwerte für 
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