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ABSTRACT Progressive cystic fibrosis (CF) lung disease is the main cause of mortality in CF patients.
CF lung disease starts in early childhood. With current standards of care, respiratory function remains
largely normal in children and more sensitive outcome measures are needed to monitor early CF lung
disease. Chest CT is currently the most sensitive imaging modality to monitor pulmonary structural
changes in children and adolescents with CF. To quantify structural lung disease reliably among multiple
centres, standardisation of chest CT protocols is needed. SCIFI CF (Standardised Chest Imaging
Framework for Interventions and Personalised Medicine in CF) was founded to characterise chest CT
image quality and radiation doses among 16 participating European CF centres in 10 different countries.
We aimed to optimise CT protocols in children and adolescents among several CF centres. A large variety
was found in CT protocols, image quality and radiation dose usage among the centres. However, the
performance of all CT scanners was found to be very similar, when taking spatial resolution and radiation
dose into account. We conclude that multicentre standardisation of chest CT in children and adolescents
with CF can be achieved for future clinical trials.
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Introduction
Computed tomography (CT) usage has increased over the past two decades to aid with diagnostic and
monitoring purposes in the paediatric population [1]. CT has become an important imaging tool for
patients with cystic fibrosis (CF), who develop lung disease early in life when irreversible pulmonary
abnormalities can still be prevented. Some centres start monitoring the progression of early CF lung
disease with CT at a young age [2–4], as this is currently the most sensitive imaging modality to detect
and monitor the structural changes of early CF lung disease. Chest CT can detect structural abnormalities
even before symptoms occur in a patient [2] and, in general, before it becomes apparent by spirometry [5]
or any other imaging modality [6–9]. Findings on chest CT provide important timely information to CF
caregivers on the presence and progression of structural lung abnormalities, and guides treatment aimed to
prevent progressive pulmonary changes [10].

The sensitivity of chest CT to detect structural lung changes promptly has also resulted in several clinical
trials that include chest CT as an outcome measure [11–13] and more are to be anticipated to evaluate the
efficacy of new, costly, promising disease-modifying agents. Chest CT-related parameters such as
bronchiectasis scores can be of use as primary or secondary outcome measures. Smaller sample sizes may
suffice in studies with more sensitive CT outcome measures [14, 15]. Chest CT can play an especially
important role in clinical trials in young children, and for children and adolescents with CF, as well as in
other lung diseases when sensitive outcome measures are needed [16].

To utilise chest CT in a multicentre clinical trial, it is of great importance to standardise image acquisition
of chest CT scans. Acquired CT scans require sufficient image quality at the lowest possible radiation dose.
Currently, technical scanning parameters and image reconstruction techniques are chosen by each centre
individually, profoundly affecting image acquisition and consistency [17]. Affected image quality could
indicate false disease progression or treatment effectiveness in patients. Differences can also be found not
only in lung density measurements and airway analyses between scanners, but also within a specific CT
scanner over time [18]. Studies have shown either overestimation or underestimation of emphysema and
bronchiectasis depending on the reconstruction algorithm [17] and the inspiration level during CT
acquisition [19]. Next to the variety in image quality and CT acquisition, a spread in amount of radiation
dose used for each scanner and protocol can be expected. Radiation exposure comes with potential risks
and it is therefore important to keep this as low as reasonably achievable, especially in young children, as
they are more sensitive to ionising radiation [1]. The use of a sequential technique with gaps, i.e. a
noncontiguous scan predates a volumetric or spiral scan. Currently, sequential chest CT techniques are,
however, still used as a strategy to reduce radiation dose by some centres [20–22], even though this
strategy comes at the cost of losing information and making longitudinal follow up less sensitive.

CT techniques have improved, with the main goal of decreasing the radiation exposure in patients while
maintaining sufficient diagnostic image quality. Techniques such as automatic exposure control and the more
recent development of iterative reconstruction techniques have been effective in lowering radiation exposure
in paediatric patients [23, 24]. With rapidly improving CT technology and different CT scanners, it can be a
challenge to quantify and maintain consistent image quality of CT scans during a multicentre clinical trial.

The aims of our study were to characterise CT practices and the performance of CT scanners in different
European CF centres involved in CF research, and to optimise CT protocols for children and adolescents.
Standardised chest CT was aimed to be available for future clinical trials in the paediatric CF population.
For these purposes, the Standardised Chest Imaging Framework for Interventions and Personalised
Medicine in CF (SCIFI CF) was founded in 2012. Site visits were conducted at European centres, most of
them being part of the European Cystic Fibrosis Society Clinical Trial Network (ECFS-CTN). We describe
the current routine chest CT protocols used for children and the performance of the CT scanners using
these protocols. Based on these findings, guidelines and recommendations are presented for future chest
CT protocols.

Material and methods
The ECFS-CTN is a European network launched by the European CF society in 2008. It was composed of
30 selected CF sites dedicated to CF clinical research in 11 countries in 2012. All 30 ECFS-CTN centres
were invited to participate with the SCIFI CF initiative. In addition to the ECFS-CTN centres, two other
centres requested to participate, as they were eager to have their CT scanners characterised for research
purposes. A letter was sent to each of these centres explaining the background of the SCIFI CF initiative.
In addition, a questionnaire was sent to acquire general information regarding the paediatric CF centre
and an inventory of the centres’ CT protocols used for CF patients was requested (see the online
supplementary material for full details). Centres were selected based on the commitment of the paediatric
pulmonologist and radiologist, availability of the CT scanner, availability of the employees and technicians
for a site visit, and consent to compensate for the costs of the site visit. To ensure the commitment of
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both the department of paediatric pulmonology and the department of radiology, a letter of agreement
signed by both a paediatric pulmonologist and a radiologist was required.

All participating centres and their data are anonymised in this report.

Site visit
The visits to the selected centres were planned and executed over a period of 2 years starting from 2013. A
SCIFI CF site visit was prepared in close collaboration with the CF coordinator of each centre. During the
2-day visit, a presentation about the SCIFI CF initiative was given, phantoms were scanned on the CT
scanner and training was provided concerning spirometer guided CT. The feasibilities of standardised
inspiration levels acquired during CT scanning have been described separately (E.R. Salomon, S. Lever, W.
Kuo, et al.; unpublished observations).

Evaluation of routine CT protocol
The main CT scanner and the age-specific routine chest CT protocols used in clinical practice to acquire
CT scans in children and adolescents with CF were studied and evaluated with three age-specific
phantoms (QRM; Quality Assurance in Radiology and Medicine, Möhrendorf, Germany). These phantoms
were designed to represent the average patient size of a newborn, a child (5 years old) and a young adult.
The size and geometry of the adult phantom was based on measurements in a European, young-adult
population [25]. The newborn and child phantoms are scaled down versions of this adult phantom. Based
on the phantom sizes and the information available from the Image Gently campaign [26], the newborn,
child and adult phantoms correspond to a patient weight of 4, 18 and 58 kg, respectively. The materials
used in these anthropomorphic phantoms mimic human tissues in the thorax with regards to the
characteristics of X-ray attenuation. The tissues of the phantom include artificial lung parenchyma, bone
and soft tissue-equivalent material. In addition, inserts containing homogeneous solid water, iodine or soft
tissue-equivalent material can be placed on various positions of the phantom. A tungsten wire and golden
disk insert were used to determine the spatial resolution of the scanner. For the child phantom, the
applied X-ray tube voltage and rotation time were noted. To assess the applied radiation dose as a function
of patient size, the newborn, child and adult phantoms were first scanned according to the centres’ current
CT protocol for patients with CF in these age groups. The scanner’s radiation output was determined by
the reported volumetric CT dose index (CTDIvol) in the Digital Imaging and Communications in
Medicine (DICOM) header or from the accompanying DICOM dose report image. When this information
was not available, the CTDIvol was determined manually, with the aid of tabulated dose values in the
software package CT-Expo (version 2.0; Science and Technology for Radiology, Buchholz, Germany) using
the scanning parameters of the protocol. The CTDIvol value of noncontiguous sequential CT protocols was
extrapolated to the corresponding dose of a continuous volumetric CT scan.

The median dose found in the child phantom in all centres served as a reference value for the absolute
dose level. It was assumed that this reference dose level provides images of sufficient quality for diagnosis
as it is based on the protocols used by the centres for their clinical routine. The dose outliers are assumed
to be of too good or too bad diagnostic quality. For each centre, the ratio between the newborn and the
child dose, and the ratio between the adult and the child dose were determined. The median values of
these ratios were multiplied by the reference value for the child phantom to obtain reference values for the
newborn and young adult.

CT scanner performance characterisation
The performance of each scanner was characterised by assessing the quality of the child phantom images
reconstructed with the filtered back-projection technique. The primary measure for image quality QNOISE

was solely related to image noise:

QNOISE ¼ 1
s2

where σ is the standard deviation of the image noise. Image noise was determined in each slice in a 5-cm2

region of the lung parenchyma. A relatively high QNOISE factor corresponds to an image with a relatively
low noise level. Thus, for a given level of image contrast, a relatively high QNOISE factor also corresponds
to a better contrast-to-noise ratio.

It is important to realise that image quality and applied dose are interconnected. Moreover, several aspects
of image quality, in particular image noise and spatial resolution, are closely linked. Therefore, the QNOISE

factor was extended accordingly to take both spatial resolution and applied dose into account.
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In general, a better spatial resolution corresponds to a higher noise level. The spatial resolution of an
image can be described in-plane and out-of-plane by the pre-sampled modulation transfer function (MTF)
and slice sensitivity profile (SSP), respectively. The measure QNOISE,RES incorporates the previously derived
relationship between image noise and spatial resolution [27–30]:

QNOISE;RES ¼ 1
s2

:
M2

Ð
df f 2 MTF2ð f Þ
FWHMSSP

where M is the reconstruction matrix size, FWHMSSP is the full width at half the maximum SSP and f is
the spatial frequency. The integral runs from –fN to +fN, where fN is the Nyquist frequency of the
projection data. The SSP was determined by scanning the insert containing a 10-μm thick golden disk.
The MTF was derived from the point spread function that was determined from the CT scan of the
tungsten wire insert.

In addition to the spatial resolution, the radiation dose applied during the CT scan influences the image
noise as well. The measure QNOISE,RES,DOSE incorporates both the relationship between image noise and
spatial resolution and the relationship between image noise and radiation dose:

QNOISE;RES;DOSE ¼ 1
s2

:
M2

Ð
df f 2 MTF2ð f Þ
FWHMSSP

:
1

CTDIvoI

QNOISE,RES,DOSE is a figure of merit, which is similar to the dose efficiency and imaging performance
parameter used by another group [31]. The higher the Q-factor, the better the imaging performance of the
CT scanner. A CT scanner with a relatively high QNOISE,RES,DOSE produces images with a relatively low
noise level at the same dose level and spatial resolution as another scanner with a relatively low QNOISE,RES,

DOSE factor. CT scanners with equal QNOISE,RES,DOSE factors are able to produce images of equal quality
with respect to noise and resolution at equal dose levels.

The Q-values were determined for all axial slices scanned and averaged over all slices. Based on these
averaged values and corresponding scan parameters, a general recommendation was made including the
radiation dose to be applied as a function of patient age and the scan and reconstruction parameters to be
used. These recommendations will be discussed in the final section of this guideline.

Results
Study population
23 out of the 30 ECFS-CTN centres completed the questionnaires. 19 centres showed interest in
participating in the SCIFI CF study, of which 13 paediatric centres fulfilled the requirements to participate.
In addition, the CT scanner in our own department of radiology at Erasmus MC, Rotterdam, the
Netherlands (also an ECFS-CTN centre) was included in this project. Aside from the 14 ECFS-CTN
centres, two additional European non-ECFS-CTN centres were included. All 16 centres were visited in
2013 or 2014. The following manufacturers of the CT scanners were involved: eight were manufactured by
Siemens, five by Philips, two by GE Healthcare and one by Toshiba.

Evaluation of routine CT protocol
Nine out of the 16 centres routinely monitored CF patients with a chest CT every 2 or 3 years. Seven
centres only acquired chest CT scans on clinical indication. 12 centres acquired volumetric inspiratory
chest CTs, of which nine included volumetric expiratory CT scans and three, noncontiguous expiratory
CTs. Two centres acquired volumetric scans only on the first scan of the patient, followed by
noncontiguous CT scans for follow-up assessment. Two centres never used volumetric CTs in clinical
practice for the check-up of CF patients, but only scanned noncontiguously.

Applied X-ray tube voltage for the child phantom varied between centres (range 70–120 kV, median value
100 kV). X-ray tube rotation time varied as well (range 400–750 ms, median value 500 ms).

Radiation doses applied to the three phantoms for each centre are presented in figure 1. On average, the
applied dose (CTDIvol,32 cm) for the child phantom was 1.8 mGy. The median dose was 1.0 mGy
(horizontal line in figure 1a). The applied dose for the newborn and adult phantoms relative to the dose
for the child phantom is shown in figure 1b. The horizontal lines in figure 1b correspond to the median
relative dose levels of 64% and 223% for the newborn and adult phantom, respectively. The deviation of
the bars from these lines indicates how well the dose for a newborn child was reduced and, conversely,
increased for an adult relative to the dose for a 5-year-old child. For instance, site 10 was in agreement
with the recommended dose levels for both absolute and relative values.
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Young children were scanned while spontaneously breathing in 14 centres and under general anaesthesia
in two centres. Starting from the age of 5–6 years old, when children can cooperate, inspiration CTs were
scanned with voluntary breath hold in 15 centres and with spirometer guidance in one. Expiration CTs
were scanned with voluntary breath hold in 15 centres (and in the lateral decubitus position in two) and
with spirometer guidance in one.

CT scanner performance
The factors QNOISE, QNOISE,RES and QNOISE,RES,DOSE for each centre are shown in figure 2 relative to the
average value for QNOISE, QNOISE,RES and QNOISE,RES,DOSE, respectively. Large variability between scanners
can be observed for QNOISE and QNOISE,RES. The large difference seen in QNOISE is also seen in the qualities
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FIGURE 2 Q factors for each centre normalised to the average Q factor. a)QNOISE based on image noise. b)
QNOISE,RES based on image noise and compensated for differences in spatial resolution between centres. c)
QNOISE,RES,DOSE based on image noise and compensated for differences in spatial resolution and radiation dose
between centres. Centres are sorted from small to large QNOISE,RES,DOSE.
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FIGURE 1 Dose levels applied in all centres. a) Volumetric computed tomography dose index (CTDIvol) applied in
each centre for the child phantom (grey bars) and the median dose value (grey line), the adult (black bars) and
the newborn phantom (white bars). The smaller bars represent the CTDIvol used for the newborn (white) and a
young adult (black). b) CTDIvol values relative to the dose applied to the child phantom for the phantoms
representing a newborn (white bars) and young adult (black bars). Grey and black dashed lines correspond to
the recommended relative dose for a newborn and young adult, respectively. The order of the centres is the
same as that in in figure 2. #: extrapolated CTDIvol values derived from a sequential computed tomography scan.
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of the phantom scans (figure 3). The variability found in QNOISE can partly be explained by the variability
found in in-plane spatial resolution as determined by the MTF. Figure 4 shows the large variation in MTF
shapes found across the centres. The influence of the MTF can for example be seen in the QNOISE factor of
site 9, which is relatively low because of the relatively sharp reconstruction kernel used (site 9 in figure 2a
for QNOISE and the arrow in figure 4 for MTF). After correcting for the negative influence of the sharp
kernel on the image noise, the Q-factor (QNOISE,RES) increases and is even better than average (figure 2b).
The latter can be explained by the relatively high dose level used by this centre (figure 1a).

After compensation for differences in dose, the figure of merit QNOISE,RES,DOSE shows less variation over all
centres. The performances of 10 scanners (40–128-slice scanners) were approximately equal. Thus, for a given
dose level, the image quality can be standardised in the majority of the participating centres. A prerequisite is that
equal reconstruction matrix size, a comparable in-plane spatial resolution and slice sensitivity profile are present.

Five scanners (16–64 slice scanners) performed below average and one scanner (>128-slice scanner)
performed above average. No relation between applied X-ray tube voltage and scanner performance was
found. These deviations from the average Q-factor might be explained by differences in in-plane sampling
frequency. The scanners involved show differences in the number of detector elements per detector row and
rotation time, which is directly related to the number of projection measurements per rotation. The number
of detector elements per detector row is a hardware property of the scanner that cannot be changed by the
user. The user can change the rotation time but options are limited. Longer rotation times do improve the
sampling frequency and, thus, the performance of the scanner. This appeared to be the case for site 6, which
used a rotation time of 750 ms and performed better than similar scanners from the same manufacturer at
rotation times of 400–500 ms. A disadvantage of long rotation times is the correspondingly longer total scan
time. Alternatively, a site-specific dose level might be used at centres with scanners that perform below or
above average to achieve an equal image noise level at all centres.

a) b)

FIGURE 3 Examples of the child phantom scans made with two different CT scanners. a) The highest QNOISE,
as seen at site 6, and b) the lowest QNOISE, seen at site 16, are both shown with window level −400 Hounsfield
units (HU) and window width 1500 HU. Notice the influence of the edge enhancing reconstruction kernel in b):
the outer edges of the phantom appear brighter (arrowhead) and outer edges of the lung equivalent tissue
appear darker (arrow).
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Discussion
The SCIFI CF project aimed to compare CT scanners and optimise CT protocols for children and adolescents
with CF. This study showed considerable differences within CT protocols among the 16 participating CF
centres. All participating centres have received general and site-specific reports including recommendations to
optimise their CT protocol for (future) clinical trials. Table 1 shows the general guidelines recommended by
SCIFI CF. In addition to standardising CT image quality, we explored the feasibility of standardised
lung volume levels acquired during CT scanning, as observed by E.R. Salomon, S. Lever, W. Kuo, et al.
(unpublished observations).

Standardisation of CT became an important aspect in clinical trials and in clinical practice. The QIBA
(Quantitative Imaging Biomarkers Alliance) working group was founded to standardise CT scanners and
techniques for diseases such as chronic obstructive pulmonary disease (COPD) and asthma [18]. CT
standardisation has also been performed for a large observational COPD study with assessment of CT
lung attenuation variation between CT scanners and the determination of longitudinal variation for
individual scanners [32, 33]. A custom designed phantom for adult patients was developed to perform
quality control in CT scanners. Another study by ROBINSON et al. [34], used a Plexiglas airway phantom to
standardise CT protocols in children with CF. This study, however, did not have the human equivalent
study material to assess the general image quality, such as image noise. Neither of these phantom studies
included paediatric-sized anthropomorphic thorax phantoms to assess the automatic exposure control
systems of each CT scanner.

Indication and applied scan technique
This initiative showed that 44% of the centres acquired chest CT scans only on clinical indication, while
56% of centres monitor their CF patients routinely with CT. Acquiring chest CT scans only on clinical
indication could impose missed or delayed diagnosis of structural lung changes in a patient. Structural
changes can be detected on chest CT scans when infants with CF do not present any clinical symptoms
[16]. It is important to identify early pulmonary changes so treatment can be initiated promptly. Diagnosis
of structural changes, such as bronchiectasis, was estimated to be delayed by 3 years when no routine
check was performed [35].

Another finding was that four centres acquired noncontiguous chest CT scans. For CF lung disease, it has
been shown that structural abnormalities will be underestimated with noncontiguous acquisition [36]. In
addition, the use of limited slices will make it difficult to evaluate progression of lung disease in
longitudinal follow-up or to reconstruct the image in different planes to facilitate recognition of anatomical

TABLE 1 Summary of the recommended guidelines for computed tomography protocols based
on this SCIFI CF initiative’s findings

Data acquisition mode Volumetric, helical scan technique
Patient position Supine with arms above the head
CTDIvol

# for inspiratory scan mGy
1 year old 0.6
5 years old 1.0
Young adult 2.2

Field of view As close as possible to the entirety of the lungs
without cutting off the lung borders

CTDIvol for expiratory scan 50% lower than inspiratory scan
Tube voltage Low enough such that the recommended CTDIvol can be

reached (e.g. 80 kV)
Tube current Adapt to recommended CTDIvol
Pitch <1, lower limit determined by maximum scan time allowed
Slice thickness Thinnest slice thickness (e.g. 1 mm)
Reconstruction increment 50% overlap (e.g. 0.5 mm with 1-mm slice thickness)
Kernel for automated analysis Sharp reconstruction filter without under-

or overshoot at edges, preferably a dedicated
kernel for quantitative image analysis

Iterative reconstruction technique If available, iterative reconstruction techniques
can be applied in addition to the requested filtered
back-projection techniques

Shielding Breast shielding by bismuth, for example, is discouraged

SCIFI CF: Standardised Chest Imaging Framework for Interventions and Personalised Medicine in Cystic
Fibrosis; CTDIvol: volumetric computed tomography dose index. #: in 32-cm body phantom.
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and abnormal structures of the lungs. Some centres aim to forego possible radiation risks and radiation
exposure. However, with the recent improvements in scanning time and reduction in radiation exposure of
volumetric CTs, the increased benefits of acquiring continuous CTs routinely justifies its use [1]. Based on
the many advantages for the detection and monitoring of the heterogeneous CF lung disease we
recommend acquiring volumetric CT scans in patients with CF and to forego sequential scanning [37].

Finally, chest CT was acquired during spontaneous breathing in most centres when children are
non-cooperative and with voluntary breath hold when children are old enough to cooperate in most centres.
General anaesthesia was only used in two centres. Since more CT scanners currently have short acquisition
times, it is possible to acquire images with sufficient diagnostic quality in spontaneous breathing children. A
disadvantage of this approach is that the lung will mostly be scanned at a volume near functional residual
capacity, which has been recognised to reduce the sensitivity for the detection of bronchiectasis [19].

Radiation dose
Based on the dose applied to the phantoms of various sizes for all centres, recommended dose levels were
derived. As the phantoms have no shoulders, these are not very representative of actual patient anatomy. In
patients, tube current modulation algorithms might increase the dose in the shoulder region. The
recommended dose levels here are therefore valid for the thorax region away from the shoulder region only.

The median radiation dose of 1 mGy applied to the child phantom in all centres is in fairly good agreement
with previous levels in the literature [1] and this value was typical for an ongoing multicentre trial in Australia.
We advised all centres to be aware of their applied radiation doses in comparison to the median radiation dose
used within the SCIFI CF initiative. For the majority of scanners, our recommendation is to consider
adjustment of the radiation dose for a 5-year-old child to the median CTDIvol of 1 mGy. In this SCIFI CF
initiative, we found 10 out of 16 centres differed by more than 40% from the median value of 1 mGy.

The recommended dose for the newborn child was based on the median dose for a 5-year-old child and
on the median ratio between the dose for the newborn child and the dose for the 5-year-old child.
Similarly, the recommended dose for the young adult was derived. Only two centres deviated by 20% or
less from the recommended dose for an adult CT scan and only two centres deviated by 20% or less from
the recommended dose for a newborn CT.

The Image Gently campaign provides dose reduction factors in order to establish paediatric patient
diagnostic reference levels based on established levels for adult-sized patients [26]. The reduction factors are
given as a function of patient size. Three series of reduction factors are provided that result in a “limited”,
“moderate” or “aggressive” reduction of the paediatric patient dose relative to the dose for an adult patient.
Based on the “aggressive” reduction factors, the recommended dose in a newborn and adult would be 64%
and 190% of the dose in a child, respectively. Thus, the relative dose recommended by Image Gently for a
newborn is in agreement with our recommendations based on the median relative dose found in this study.
The relative dose recommended by Image Gently for an adult patient is approximately 15% lower than our
recommendation (190% versus 223%). The reduction factors of the Image Gently campaign were designed
for a community unaccustomed to adjusting the dose for children. The “limited” and “moderate” dose
reduction factors changed less with size than what we found in clinical practice in this study. Apparently,
the centres involved in this study are more accustomed to adjusting the dose for children with CF than the
centres that the Image Gently campaign had in mind while developing the dose reduction factors.

Doses of expiratory CTs were recommended to be 50% lower than an inspiratory CT. A different dose level
is recommended for six out of 16 scanners, to compensate for differences in performance of the scanner.

In two centres dose values were extrapolated from a noncontiguous scan. At these centres, the CTDIvol value
was adjusted automatically in the scanner’s dose report to reflect the dose reduction due to noncontiguous
scanning. This adjusted value does not, however, reflect the dose used for a single image in case of a
volumetric scan. Therefore the unadjusted CTDIvol value was used in this study instead. We do feel it is
reasonable to report the relatively high unadjusted values because this makes the comparison between sites
easy, as if every site uses a volumetric scan protocol and these two extrapolated dose values did not affect the
median dose level of all centres. Naturally, when we reported the dose–length product as well, the sites using a
noncontiguous scanning protocol would not have had such a high dose level. This report indicates, however,
that these sites should consider lowering the dose per image before switching from noncontiguous to
volumetric scanning. The associated loss of image quality is expected to be limited, as for the same exposure
settings, image noise is different in sequential and spiral acquisition even for the same reconstruction kernel.

Some centres also discussed the use of breast shielding with a bismuth shield as a method to decrease the
radiation exposure of the patient. This is not recommended as the use of a bismuth shield counteracts
the automatic exposure control used in most modern CT scanners, leading to higher and unpredictable
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radiation doses [38]. Alternatively, by reducing the tube current, similar reductions in radiation dose can
be achieved with equivalent image noise levels.

Scanner performance
SCIFI CF demonstrated large variations in image noise among centres (figures 2a and 3) when CT scanner
protocols were not standardised. After compensation for differences in spatial resolution, differences in image
noise will remain (figure 2b). When standardising, both resolution and radiation dose image quality are
expected to become equal for the majority of scanners (figure 2c). Remaining differences can be compensated
for by doubling the recommended dose for the five centres with a QNOISE,RES,DOSE factor 50% below average.
Before doing so, the actual influence of the reconstruction kernel should be assessed as the equations used in
this manuscript were predictions on a theoretical model only. The same holds true when lowering the dose
for the centre with a performance above average. It should be noted that image noise, spatial resolution and
dose could not be fully characterised by the variables used in the equations. The standard deviation of the
image noise reflects the noise magnitude only. It ignores the spatial correlations introduced into the noise by
the reconstruction algorithm [39]. To minimise the effect of reconstruction filters on the Q-factor, the images
reconstructed with a typical lung reconstruction filter were used for calculating the Q-values.

As no relationship was found between scanner performance and applied tube voltage, no
recommendations on the tube voltage to be applied are given. In practice, a relatively low tube voltage may
be preferred because the relatively low dose levels technically cannot be reached at high voltages.

All SCIFI CF-related results have been discussed so far in this guideline. The following is some additional
recommendations concerning chest CT in children and adolescents based on previous literature.

Selection of scan protocol for clinical studies including image analysis
The scan protocol to be selected depends on the image analysis method that will be used. CF lung disease on
chest CT has become important to compare individual patients longitudinally and cross-sectionally between
patients. Several scoring techniques have been developed to assess the extent and severity of CF lung disease
[15, 19, 40–43]. It has been well recognised that adequate scoring methods require a constant image quality
and standardisation. Scoring techniques like the CF-CT [40] and Perth–Rotterdam Annotated Grid
Morphometric Analysis for CF (PRAGMA-CF) [15] currently rely on visual assessment by an experienced
observer; hence, the image quality should be on par with clinically accepted diagnostic image quality. For the
CF-CT method, it is essential for CTs to be acquired volumetric in order to detect and score the complete
lobes. For the SALD (severe advanced lung disease) [41] and PRAGMA-CF scoring methods, a volumetric
CT is not required per se as long as there are at least 10 slices between the top and bottom of the lung.
However, being able to visualise the entire part above and below the structure needed to be scored improves
the accuracy of the different lung structures. For the airway artery method [19, 43], it is crucial to have thinly
sliced volumetric CTs with an overlapping increment to allow measurement of the airway and artery
diameters in reformatted slices perpendicular to the airway axis. Fewer slices could be an option when
measuring the airway and artery dimensions in an axial, coronal or sagittal view only. Reconstructions with
0.5–1 mm thickness using a sharp reconstruction filter, possibly with enhancement of the edges, results in
images with the impression of a higher resolution. This is needed to detect and manually delineate the
smaller airways. Selection of the scoring technique is dependent on the end-point of the (multicentre) trial.
Chest CTs of a multicentre trial should be scored centrally instead of at each centre separately.

Automated image analysis
Automatic image analysis methods exist and are in development for quantification of lung parenchyma
[44, 45], air trapping [44] and airway properties [46–49]. These methods can replace time-consuming
manual annotations and are capable of obtaining a much larger number of high-precision measurements
at any point in the airway structure or lung without additional costs. Because of their automatic nature,
measurements are always performed in the exact same way and will not be influenced by inter- or
intraobserver variability issues.

Automatic methods rely on mathematical models that characterise the CT image properties. A high degree
of homogeneity between analysed images is often required. Consequently, small variations in acquisition
protocols or inspiration level, barely perceivable to the human eye, can greatly affect the obtained
measurements. Therefore, standardisation of inspiration level and image acquisition protocol is very
important when automated image analysis methods are used, even more so than for visual inspection. The
requirements to the image acquisition protocol differ for different automated analyses. Quantification of
trapped air and consolidation based on CT intensity values can be performed in thicker slice and soft
reconstructions, while quantification of the airway walls, identification of the lobes and characterisation of
parenchymal texture patterns benefit from thin slices and a sharper reconstruction, showing more detail.
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For all automated image analysis purposes, we recommend to store thin-slice reconstructions (slice
thickness ⩽1 mm) with overlapping slices with a relatively sharp reconstruction kernel. The reconstruction
kernel should be as sharp as possible, without under- or overshooting (over-enhancing). Then, if desired,
thick-slice resampling or image denoising can be easily performed as image post-processing. Because each
automatic method relies on different image assumptions, the ideal kernel may vary from technique to
technique. A safe choice would be a dedicated kernel for quantitative image analysis as shown in figure 4
with the dashed line. All the lung kernels we had analysed deviated strongly from this kernel.

To conclude, in order to optimise the image properties for automated image analysis, a careful selection of
reconstruction kernel and a high level of image quality standardisation are required to balance between
radiation dose and image quality.

For clinical practice, there are currently no automated analysis methods available. Using a spirometer-controlled
volumetric scan protocol allows comparison with great precision slice per slice to detect changes between the
most recent scan and previous scans. It is strongly recommended to use structured reporting to improve
consistency between and within radiologists. These reports should at least include the components used in the
scoring systems [50].

Iterative reconstruction techniques
Iterative reconstruction techniques are more and more commonly applied in clinical practice. Often a dose
reduction is reported when switching to these techniques [51]. Since effect of iterative reconstruction on
(automated) image analysis is not yet known, it is recommended to store a second reconstruction using
filtered back-projection aside from the iterative reconstruction kernel. Most importantly, large dose
reductions should be avoided when compared to the recommended dose levels in table 1.

Conclusion
In conclusion, considerable variation was found in radiation dose applied in the paediatric CF population
among European centres. This difference cannot be explained by differences in scanner performance.
Specific CT protocols are needed to balance radiation dose and image quality in both clinical practice and
for research purposes. With increasing demand for more sensitive outcome measures in upcoming clinical
trials the SCIFI CF project shows that standardisation of chest CT is required and more importantly
feasible in a multicentre cohort.
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