
Implementation and evaluation of ultra-low dose CT in early
cystic fibrosis lung disease

To the Editor:

Optimal characterisation of early structural abnormalities has been highlighted as critical to future efforts to
detect and prevent cystic fibrosis (CF) lung disease progression [1]. Computed tomography (CT) is
currently the gold standard, detecting structural disease at an earlier stage than radiography or lung
function testing, with predictive value for subsequent progression and later forced expiratory volume in 1 s
(FEV1) decline [1]. Compared to other emerging radiological modalities for early disease detection, such
as magnetic resonance imaging (MRI), CT is more widely accessible and MRI at present is not able to
directly quantify the extent of bronchiectasis due to its limitations in spatial resolution. Current US CF
Foundation clinical guidelines state that CT should be “considered every 2–3 years, using the lowest
possible radiation dose” [2]. Early lung disease is identified on CT by air trapping, increase in airway wall
thickness and airway diameter, and potentially irreversible bronchiectasis [3]. Spirometer-directed CT has
standardised lung volume acquisition and outlined the importance of both inspiratory and expiratory image
acquisition [4]. Consensus recommendations for “low dose” CT scanning were published in 2016 [5], but
radiation exposure remains a concern, given the six-fold increase in CT use and ongoing increase in
cumulative radiation exposure for CF patients [6]. Imaging requires optimal structural information at the
lowest possible radiation dose [5]. Given the increased vulnerability of children to ionising radiation, “low
dose” CT protocols have already been incorporated in paediatric clinical trials using CT-based primary
outcome measures [7], and use of ultra-low dose (ULD) CT has emerged in adult CF research and in
isolated paediatric patients [6]. However, formal validation of the effects on quantitative measures of
structural disease has not been performed. Low dose (LD) CT shows limitations compared to standard
dose CT because of known drifts in CT lung density dependent on dose [8]. We hypothesised that ULD
implementation would not detrimentally affect structural disease detection in early CF lung disease, and
specifically targeted an age range to explore this where volume variation during spirometry-directed CT
could be minimised between imaging modalities. Thus, the primary aims in this study were to
1) implement spirometer-directed novel ULD CT in school-aged children with CF, and 2) validate its
outcomes against same-session LD CT using visual as well as fully automated quantitative CT analysis for
structural airway disease.

Participants were recruited from a single centre between May 2018 and September 2020. Inclusion criteria
were: 1) confirmed CF diagnosis from genotype, 2) age 5–18 years, 3) FEV1 ⩾70% predicted,
4) exacerbation free, and 5) indication for routine surveillance CT by local standards. Ethics committee
approval was granted (18/SCHN/469) and written informed consent/assent was obtained from all parents/
guardians and children.

Consecutive paired inspiratory–expiratory chest CT scans were performed on a third-generation dual-source
scanner (SOMATOM Force, Siemens Healthineers AG, Germany) at LD and ULD in the same session
using spirometry direction [9]. LD CT settings complied with current consensus recommendations [5].
ULD CT adjusted mAs values to achieve target CT dose index (CTDI) per age (0.09 mGy for 5 years and
0.13 mGy for 10 years). Each scan was iteratively reconstructed at Kernel Br49d\3 with a slice thickness of
0.6 mm (and 50% or 0.3 mm overlap), which was selected following an in-house analysis of the
performance of six reconstruction settings on an initial cohort of 10 inspiratory–expiratory scan pairs in
both LD and ULD.
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FIGURE 1 Quantitative analysis software output (YACTA) for a representative participant in the study for the
low dose (LD) computed tomography (CT) scan (a and c) and the corresponding ultra-low dose (ULD) CT scan
(b and d). The top panels show the YACTA airway segmentation (a and b) and the middle panels show the air
trapping (A1) identification: LD 15.7% (c) and ULD 18.2% (d). Radiation dose was reduced in ULD compared to
LD (0.0846 mSv versus 0.2538 mSv). The bottom panels summarise Bland–Altman analysis of LD and ULD
comparison for air trapping (e) and bronchiectasis index (f ). The representative subject is a 12-year-old male
with cystic fibrosis. Demographics: height 153 cm (−0.33z), weight 43.6 kg (0.36z), forced expiratory volume in
1 s (FEV1) 91% pred (−0.52z), forced vital capacity (FVC) 92% pred (−0.51z), FEV1/FVC 85%. Lung volume during
the spirometry-directed CT scans were similar between LD and ULD for inspiration and expiration (3847.9
versus 3648.2 and 1378.1 versus 1451.7 mL). e and f) Dotted horizontal lines indicate mean and 95% limits of
agreement for the difference between LD and ULD CT based values of the index.
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Fully automatic software (YACTA v2.9.1.12) analysed for the primary outcomes of interest, air trapping
(parameter A1) [10] and bronchiectasis (bronchiectasis index [11]), plus additional outcomes tracheal air
density, mean lung density, total airway diameter, lumen area, airway wall thickness, wall area percentage,
and number of airways segments detected. Bronchiectasis index and air trapping were examined as both
continuous and categorical variables with the latter defined as normal/abnormal based on thresholds of >1
for the presence of bronchiectasis and >5% for the presence of air trapping. This latter threshold was based
on updated analysis of a school-aged healthy paediatric cohort (n=10) from within a previously published
study [12, 13], and agrees with recent MRI-based recommendations [14].

As the fully automated software is not widely available, a blinded radiologist (H. Issa) also performed a
visual assessment across all 50 scan pairs to assess intra-observer agreement for detection of findings. In a
subset of 10 participants, interobserver agreement was assessed against a second radiologist (R. Goetti).
The scoring system assessed the presence (yes/no) of eight different criteria for each lobe. Statistical
analyses were performed using GraphPad Prism (version 8.4.3, GraphPad Software, USA) and R (version
4.0.2, R Foundation for Statistical Computing, Austria).

From 57 subjects, 50 were included in the final analysis: seven were excluded due to 1) CT export error
(n=4), 2) no suitable LD and ULD scans to compare (n=2), and 3) incorrect spirometer-directed technique
(n=1). Effective radiation dose [15] for paired inspiratory and expiratory CT was 78% lower with ULD
(median (range) LD 0.66 (0.33–2.0) versus ULD 0.15 (0.06–0.34) mSv; p<0.0001) with lower CTDI for
both inspiratory (LD 0.70 (0.24–2.08) versus ULD 0.11 (0.04–0.14) mGy; p<0.0001) and expiratory scans (LD
0.37 (0.18–0.82) versus ULD 0.12 (0.04–0.29) mGy; p<0.0001) and lower size-specific dose estimates for
both inspiratory (LD 1.12 (0.38–3.31) versus ULD 0.17 (0.07–0.22) mGy; p<0.0001) and expiratory scans
(LD 0.58 (0.15–1.62) versus ULD 0.19 (0.08–0.48) mGy; p<0.0001). Spirometry technical quality was
good/excellent in 92% of inspiratory and 100% of expiratory scans, with almost identical LD and ULD CT
lung volumes between corresponding inspiratory and expiratory scans.

Concordance in classification for bronchiectasis was 94% (κ=0.95). Bronchiectasis was detected in 24%
and 26% of LD and ULD CTs (p=1.00), with strong correlation (r=0.79, p<0.001) and no difference in
bronchiectasis index values (0.57 (0.01–10.3) versus 0.63 (0.06–4.46); p=0.38). Two subjects (4%) were
false-positives for bronchiectasis on ULD, using LD CT as the gold standard, with one subject (2%) a
false-negative. Concordance in classification for air trapping was lower at 70% (κ=0.32). Abnormal air
trapping was detected in 58% and 88%, respectively (p<0.0001) with very strong correlation (r=0.91,
p<0.001) but a systematic difference in air trapping values (9.3% (0.2–38.4%) versus 17.1% (1.2–56.1%);
p<0.0001). 15 subjects (30%) were false-positives for air trapping on ULD, using LD CT as the gold
standard, with no false-negatives. Quantitative outputs from a representative subject and Bland–Altmann
analyses of agreement between LD and ULD CT for bronchiectasis index and air trapping across the entire
cohort are shown in figure 1. In general correlations were strong for airway and parenchyma quantitative
indices (r=0.82–0.99, p<0.0001), and just moderate for airway wall thickness (r=0.65 (0.46–0.79),
p<0.0001). Segmented airway number was reduced for ULD (94 (32–202) versus 133(33–424); p<0.0001)
(figure 1), with significant differences from generation 5 onwards and increasing magnitude of difference
with increasing airway generation. Visual reporting revealed substantial intra-observer inter-method
agreement for detection of bronchial wall thickening (κ=0.75), bronchiectasis (κ=0.63), mucous plugging
(κ=0.75), atelectasis (κ=0.63), ground-glass opacities (κ=0.66) and features of bronchiolitis (κ=0.80) and
was almost perfect for consolidation (κ=0.84) and air trapping (κ=0.85) [16]. Inter-observer agreement was
substantial for both LD (κ=0.76) and ULD (κ=0.72) groups.

This is the first study to perform and compare same-session spirometer-controlled LD and ULD CT in
school-aged CF children. A fully quantitative analysis software was specifically chosen to enhance
resolution to detect small differences compared to semi-quantitative analysis software available (e.g.
PRAGMA-CF [7]). ULD CT was highly feasible and significantly reduced effective radiation dose by 78%
whilst balancing image quality with diagnostic acceptability, as called for in the literature [6], for
bronchiectasis. However, higher rates of air trapping compared to LD CT were observed, although it was
reassuring to see that strong (or near perfect) agreement for visual reporting between LD and ULD across
all indices was achieved. Decreased peripheral airway number on ULD may reflect increased noise on
ULD, as standard deviation in attenuation (in Hounsfield units; SD HU) of tracheal air was also increased
versus LD. The appearance of unsegmented peripheral airways as lower density regions may partially
explain larger amounts of air trapping detected. There are two important areas required before clinical
implementation can be recommended. Firstly, using this unique dataset we will train artificial intelligence
and neural networks for quantitative CT analyses in the future to address concerns that wider
implementation of ULD imaging may falsely increase the degree of air trapping present [17]. Secondly,
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ability to detect change over time in longitudinal data is required. The results presented here highlight the
potential utility of ULD CT to reduce radiation burden in this susceptible population, by outlining its
ability to accurately detect bronchiectasis. Further work is required to achieve this for air trapping but is
underway by our group. Given that “low dose” protocols are already being used in intervention studies [7]
and in clinical care (as evidenced by our site’s use of them), our data serve as an important reminder that
further efforts to reduce radiation with CT imaging will need to be assessed for detrimental effects on
diagnostic sensitivity and the ability to apply advanced image analysis techniques to quantify structural
lung disease.
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