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Abstract

Purpose With the advent of CFTR modulators for cystic fibrosis (CF) like Trikafta®, robust, radiation-sparing imaging
strategies are urgently needed for monitoring therapeutic effects in both adult and pediatric patients. We investigated whether
low-dose and ultra-low-dose lung CT could serve as innovative tool for short-term monitoring of treatment response in adults
and children, respectively.

Methods A total of 30 CF patients (15 adults, 15 paediatric) initiated Trikafta® and underwent baseline CT and 12—18-month
follow-up scans. Adults and children were imaged with low- and ultra-low-dose protocols, respectively. Disease severity and
extent were quantified using Brody score through both qualitative and quantitative analysis. Pre- and post-treatment CT data
were compared (paired t-tests), and results were correlated with spirometry and sweat chloride values.

Results Remarkably, low and ultra-low-dose protocols maintained high diagnostic quality while reducing radiation exposure
(effective dose 2.4 and 0.56 mSv respectively). The Brody score showed significant improvements across all patients, dem-
onstrating substantial decreases in mucous plugging (73%) and bronchial thickening (51%). Each patient exhibited a drop
in Brody score after therapy, paralleled by better lung function (r;=—0.71, p<0.0001) and sweat test outcomes (r,=0.7,
p<0.0001).

Conclusions Low- and ultra-low-dose lung CT protocols represent an important advancement in cystic fibrosis imaging,
providing sufficient detail to evaluate disease status while substantially reducing cumulative radiation exposure. By enabling
reliable short-term assessment of CFTR modulator efficacy through established disease scoring systems, these protocols fill
a critical gap in the routine follow-up of patients who require frequent imaging.
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Abbreviations ICM Intestinal current measurement
CF Cystic fibrosis CST Chloride sweat tests
CFTR Cystic fibrosis transmembrane conductance LD Low-dose
regulator ULD Ultra-low-dose
CT Computed tomography CTDIvol Computed tomography dose index-volume
FEV1 Forced expiratory volume in 1 s
IRT Immunoreactive trypsin
PND Nasal potential difference Introduction

Cystic fibrosis (CF) is the most common life-threatening
genetic disease among Caucasians, with an incidence of
approximately 1 in 3000-4000 live births, as determined
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transport results in reduced hydration of airway secretions,
contributing to hyperviscosity, obstruction, and chronic
respiratory complications, the leading cause of CF-related
mortality. CF diagnosis is often made at birth through
mandatory newborn screening involving immunoreactive
trypsin (IRT) assay [7, 8]. Further diagnostic confirmation
is achieved via sweat testing, CFTR gene sequencing, and,
if necessary, advanced techniques like nasal potential dif-
ference (PND) or intestinal current measurement (ICM).
Disease progression is characterized by chronic infec-
tion, inflammation, and structural lung damage, which
can occur even before pulmonary symptoms manifest in
childhood [9-11].

Pharmacological therapies for CF have significantly
evolved during the last few years, shifting focus from
managing symptoms to addressing CFTR protein dysfunc-
tion. CFTR modulators, such as Trikafta® (a combina-
tion of ivacaftor, tezacaftor, and elexacaftor), represent a
breakthrough by targeting structural and functional abnor-
malities of CFTR, potentially altering disease progression
[12-19].

Diagnostic imaging, particularly lung CT, plays a criti-
cal role in monitoring CF progression and evaluating treat-
ment efficacy. Over the past two decades, lung CT has
largely replaced traditional radiographic methods due to
its superior accuracy and detail [20-23]. CT can detect
key CF-related lung abnormalities such as consolidations,
mucous plugging, bronchial thickening, air trapping, and
bronchiectasis [24].

The Brody II is a widely used CT scoring system which
focuses on the lobar subdivision of the lungs and evaluates
the extent and size of bronchiectasis, mucoid impactions,
peri-bronchial thickening, parenchymal consolidations, and
air trapping. Brody II has shown great reproducibility, appli-
cability across age and sex, enhanced sensitivity to early
alterations, and ability to predict exacerbations [25]. Addi-
tionally, it facilitates better correlation between low-dose CT
and clinical imaging [26]. Current guidelines recommend
routine CT scans every 24 months for asymptomatic patients
or more frequently for symptomatic cases, depending on dis-
ease severity [27-30].

Recent advances in low-dose and ultra-low-dose CT
protocols may enable more frequent imaging with reduced
radiation exposure, enhancing monitoring of disease pro-
gression [31-34].

Our purpose was to assess the efficacy of low and ultra-
low-dose CT in monitoring short-term results (12—18
months) of new CFTR modulators, following changes in
imaging parameters during treatment both in pediatric and
adult CF patients using the Brody II CT scoring system.
Imaging results will be compared with clinical markers,
including forced expiratory volume in 1 s (FEV1) and chlo-
ride sweat tests (CST).
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Methods
Patient cohort

This prospective, parallel-group, monocentric study was
conducted on patients affected by CF candidates to undergo
new therapy with CFTR modulators on the basis of clini-
cal evaluations. Patients displayed a spectrum of disease
severities typical for individuals initiating CFTR modulator
therapy with Trikafta®.

All selected adult and pediatric patients underwent base-
line LDCT and ULDCT respectively, Forced Expiratory
Volume in 1 Second (FEV1), and chloride sweat test (CST)
prior to and 12—18 months after starting treatment with Tri-
kafta® from February 2020 and January 2023. Data col-
lection and analysis were carried out at the Department of
Radiological, Oncological, and Anatomo-Pathological Sci-
ences and the Regional Cystic Fibrosis Centre of the Poli-
clinico Umberto I Hospital, Rome.

Patients were selected among all adult and pediatric pop-
ulation affected by CF that had access to the radiological
Department, according to the following criteria.

Inclusion criteria

1. Access to baseline low-dose (LD) or ultra-low-dose
(ULD) CT lung scans.

2. Clinical test data performed for the month corresponding
to the basal CT acquisitions.

3. Confirmed CF diagnosis based on gold standard criteria
(positive sweat test and CFTR genetic mutation).

4. Eligibility for Trikafta® treatment

Exclusion criteria

1. Previous exposure to conventional-dose lung CT.
2. Incomplete or out of time range basal clinical test data.

After basal CT and clinical examination, selected patients
submitted to Trkafta® treatment were monitored with
12—18-month follow-up LD/ULD CT lung scans, and a par-
allel clinical evaluation with spirometry and sweat test was
performed.

CT imaging acquisition and reconstruction

Chest CT low- and ultra-low dose protocols were set-up in
agreement with the most recent available literature and con-
sensus data [35-40]. Images were acquired using a Philips
Ingenuity 64-slice CT scanner with a low-dose technique
on inspiration, without contrast medium. Acquisition
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parameters included a slice thickness of 1 mm, 80-100 kV,
a pitch of 1, and a rotation time of 0.4 s, with milliampere
adjusted based on patient size.

All CT images were acquired in volumetric scan mode
and inspiratory breath-hold with the following parameters:
tube voltage of 80—100 kVp; tin filtration enabled; tube cur-
rent mAs adjusted on patient size; collimation of 1 mm; gan-
try rotation time of 0.4 s.; pitch of 1. The field of view was
tailored to each patient’s requirements. These parameters
were chosen to acquire the CT scans at a dose length product
(DLP) corresponding to a mean effective dose of 2.4 (LD)
and 0.56 (ULD) mSv. CT images were reconstructed both
in coronal and transverse orientations at a section thickness
(ST) 1 mm and a reconstruction interval (RI) of 0.5 mm,
respectively. An iterative reconstruction algorithm was used.
All images were transferred and stored to the local PACS
system for prospective analysis and reporting.

The CT dose index volume (CTDIvol) and the dose length
product (DLP) were recorded for each patient. To allow
for intermodal comparison of radiation doses, the respec-
tive dose parameters were transformed into effective dose
in mSv, which is widely used to compare radiation doses
between imaging methods. The effective radiation dose (in
millisieverts) was estimated by multiplying the DLP by a
chest-specific conversion coefficient (0.014 mSv/mGy X cm).

Low-dose CT protocols were used for adult patients,
while ultra-low-dose CT protocols were applied to pediat-
ric patients. A summary of technical parameters utilized for

standard, as reported in literature, low- and ultra-low-dose
computed tomography protocol is shown in the following
(Table 1).

Image analysis

First reading. FM with respectively 30 years’ experience,
assessed the extent and severity of lung disease according
to the Brody II scoring system, a validated tool for evalu-
ating CF severity. Score was calculated for all patients as
described in the literature [41] independently from clinical
data.

Second reading. 1t was performed within 3 months from
first reading by three readers, blind of clinical data and pre-
vious reading (FM and NL, radiologists with respectively
30- and 10-years’ experience, AL 4th year resident in radiol-
ogy). Interobserver agreement was calculated. Disagreement
was solved on consensus. Intra-observer agreement (FM)
between first and second reading was also calculated.

Using Brody II scoring, readers independently re-eval-
uated both quantitatively and qualitatively bronchiectasis,
bronchial wall thickening, consolidations, bullae, air trap-
ping and mucous plugging (considering lingula as a separate
lobe) (Table 2).

Moreover, image quality was quantified subjectively
by the same three radiologists who scored disease sever-
ity; they used five indexes after images examination at lung
window settings. Image noise, streak artifact and diagnostic

Table 1 Parameters utilized for standard, low-dose and ultra-low-dose computed tomography (STD, LD CT and ULD CT respectively)

Parameter

STD CT

LD TC

ULD TC

Instrument

Scan direction
Z-axis extension

Tube voltage (kVp)
Tin filtration
Tube current time product

Tube current modulation CARE-
Dose

Collimation (mm)
Gantry rotation time
Pitch

Slice thickness / reconstruction
interval (mm)

Field of view (mm)
Pixel matrix

Effective dose vs standard radiog-
raphy

Philips Ingenuity 64-slice CT
scanner
Cranio-caudal

Pulmonary apices—costophrenic
sinuses

120
Enabled

Automated tube current modula-
tion (reference mAs: 122)
CARE DOSE 4D

Enabled (weak)

128x0.6
05s

12
0.6/0.6

300
520%520
60-fold

Philips Ingenuity 64-slice CT
scanner
Cranio-caudal

Pulmonary apices—costophrenic
sinuses

100
Enabled
Average 40 mAs

Disabled

128x0.6
0.4s

1

1/0.5

300
520%520
20-fold

Philips Ingenuity 64-slice CT
scanner
Cranio-caudal

Pulmonary apices—costophrenic
sinuses

80
Enabled
Average 20 mAs

Disabled

128x0.6
04s

1

1/0.5

300
520%520
5-fold
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Table 2 Brody II chest CT scoring system

Extent of bronchiectasis in
central lung

O=none

1=1/3 of lobe

2=1/3-2/3 of lobe

3>2/3 of lobe

Bronchiectasis score (range =
0-12)

Where average bronchiectasis = Size of largest dilated bronchus

size 1<2x
2=2x-3x
3>3x
Mucous plugging score (range =  Extent of mucous plugging in
0-6) central lung
O=none

1=1/3 of lobe
2=1/3-2/3 of lobe
3>2/3 of lobe

Extent of peribronchial thick-
ening in central lung

O=none

1=1/3 of lobe

2=1/3-2/3 of lobe

3>2/3 of lobe

Extent of dense parenchymal
opacity

O=none

1=1/3 of lobe

2=1/3-2/3 of lobe

3>2/3 of lobe

Extent of air trapping
O=none

1=1/3 of lobe
2=1/3-2/3 of lobe
3>2/3 of lobe

Peribronchial thickening score =
(range 0-9)

Parenchyma score (range 0-9) =

Hyperinflation score (range =
1-4.5)

Extent of bronchiectasis in X Average bronchiectasis size
peripheral lung multiplier
O=none Average multiplier size
1=1/3 of lobe 0.5=0
2=1/3-2/3 of lobe 1=1
3>2/3 of lobe 1.5=1.25
2=15
25=1.75
3=2
Average size of dilated bronchi + 2
1<2x
2=2x-3x
3>3x
Extent of mucous plugging in
peripheral lung
O=none

1=1/3 of lobe
2=1/3-2/3 of lobe
3>2/3 of lobe

Extent of peribronchial thick-  x Severity of peribronchial

ening in peripheral lung thickening
0O=none 1=mild
1=1/3 of lobe 1.25 =moderate
2=1/3-2/3 of lobe 1.5 =severe

3>2/3 of lobe

Extent of ground glass opacity x
O=none

1=1/3 of lobe

2=1/3-2/3 of lobe

3>2/3 of lobe

Extent of cysts or bullae
0O=none

1=1/3 of lobe
2=1/3-2/3 of lobe
3>2/3 of lobe

Appearance of air trapping
1 =subsegmental
1.5 =segmental or larger

acceptability were scored at each of the levels that were
imaged by using a five-point scale: 1, unacceptable; 2, mini-
mally acceptable; 3, acceptable; 4, highly acceptable; and 5,
excellent. Grade was expressed as mode values.

Clinical markers analysis

Clinical biomarkers, including FEV1 and sweat chloride test
(CST), were recorded and correlated with CT findings for
the same cohort of patients. Data for these markers were
obtained from patient admissions to the Regional Cystic
Fibrosis Center at Policlinico Umberto I Hospital, Rome,
over the 12—18-month period. Information was sourced from
paper records and the Camilla® database.

To ensure close temporal correlation between clinical and
imaging results, clinical data were collected exclusively for
the month corresponding to the relevant CT acquisitions.
FEV1 was measured by spirometry using Sensormedics
Vmax® 22, while CST was performed using a conductivity
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method. Following pilocarpine iontophoresis, sweat collec-
tion was conducted with the Macroduct® Wescor system,
and chloride concentration was measured via potentiostatic
coulometry with a chlorometer.

Statistical analysis

Statistical analyses were performed using the GraphPad
PRISM software (web-based version) and a free available
web statistics tool (https://www.socscistatistics.com). Con-
tinuous variables are reported as mean + standard deviation
(SD). Density measurements from the low-dose CT series
were analyzed via repeated measures, followed by paired
t-tests. Statistical significance was set at p <0.05. Correla-
tion between radiologic and clinical parameters were evalu-
ated by Pearson correlation test and expressed as correla-
tion coefficient (r,). Variability in inter- and intra-observer
readings was assessed using Cohen's kappa statistics and
expressed as k.
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Results

A total of 30 patients affected by CF and subjected to Tri-
kafta® treatment were analysed. Data coming from 15
paediatric patients (12 females and 3 males, age ranging
between 11 and 18 years) and 15 adults (12 females and 3
males, age ranging between 21 and 57 years) (for baseline
characteristics see Table 3) were evaluated for CT param-
eters follow-up as described in the methods section.

The selected patients showed varied disease severities
measurable by the Brody II scoring system on lung CT, with
baseline values reflecting moderate to severe structural lung
abnormalities. This cohort was considered representative for
monitoring CF progression under Trikafta® therapy. Low-
dose CT protocols were used for adult patients, while ultra-
low-dose CT protocols were applied to pediatric patients. CT
outputs measured by using the ionization chamber were used
to confirm that the displayed CT dose readings on the CT
instrument were within acceptable tolerance limits of +20%.
The low-dose protocol for adults reduced the potential dif-
ference to 100 kV with respect to standard CT, with a mean
exposure of 41 mAs and CTDIvol of 2.4 mSv. The ultra-
low-dose protocol for pediatric patients reduced the potential
difference of further 20 kV, with a mean exposure of 20
mAs, achieving an effective dose of 0.56 mSv. This effective
dose corresponds to about fivefold dose received performing
a standard radiography [37]. Effective doses were reduced
by 65%—75% in pediatric patients compared with low-
dose standard thin-section CT. Lung doses were inversely
related to patient size, with average doses summarized as
0.35/0.56 mGy (ULD-CT) and 1.6/2.4 mGy (LD-CT) for
children and adults, respectively.

Regarding image quality, at lung window settings, each
of the three qualitative indexes of low dose thin-section CT
image quality (diagnostic acceptability, image noise, and
streak artifact) was graded. In particular, image noise was
graded as 4 in most of patients (n=10), range 3-5) and 3
for ultra-low dose CT (n=9, range 2—4). Similarly, diag-
nostic acceptability was graded between highly accept-
able and excellent for low-dose CT (graded as 5, n=38§,
range 3-5) but between acceptable and highly accept-
able for ULD-CT (graded as 4, n=_8, range 2-5). Streak

Table 3 Baseline characteristics of the study cohort

Characteristic Value
number of patients 30
pediatrics (6-18 y) 15

adults (> 18 y) 15

mean age +SD 30.15+13.9
gender (Men vs Women) 6 vs 24

artifacts were observed more often in protocol ULD- CT
than in low-dose images as they were graded as 4 in most
of patients (n=9), range 3-5) and 3 for ultra-low dose CT
(n=9, range 2-4).

Qualitative and quantitative analysis of disease sever-
ity parameters reveals that in most of the patients treated
with CFTR modulators a significant improvement can be
observed both on clinical and radiological tests (Figs. 1,
2 and 3).

Quantitative analysis of CT images showed a signifi-
cant improvement in all evaluated parameters after treat-
ment despite the significant low dose of radiations applied
(Fig. 4).

Among the parameters, mucous plugging showed the
most notable improvement, with the average score reduced
from 19+5.5 to 5 +4.8 (mean + SD), representing a 73%
reduction (p < 0.0001). Bronchial thickening also exhibited
a substantial decrease, with the average score dropping
from 26 +6.3 to 12 + 3.1, corresponding to a 51% reduc-
tion (p <0.0001).

Baseline Brody scores averaged 96 + 25 indicating
significant disease lung involvement. After treatment the
average Brody Score showed a global reduction to 50+ 18
(48% reduction, p <0.0001), reflecting a significant
improvement across all patients. However, bronchiectasis
and air trapping exhibited comparatively smaller reduc-
tions: bronchiectasis scores decreased from 33 + 11 to
23413 (34%, p <0.005), and air trapping scores reduced
from 7.5+ 6.7 to 3.3 +3.5 (44%, p<0.01). Notably, in
pediatric patients, the treatment was particularly effective
for bronchiectasis, with scores decreasing from 31 + 15 to
17.8+£5.5 (42%, p <0.005).

Moreover, interobserver agreement was calculated and
it showed a substantial correspondence both for LD (k
0.82) and ULD (k 0.70) readings. Also, intra-observer
reading showed a significant reproducibility (k 0.73) for
all reading data.

Clinical parameter analysis (Fig. 5) further supported
these findings. Data evidenced abnormal FEV1 and
sweat test values at baseline (1.94 L and 94.9 mEq/mL
respectively). After treatment, sweat chloride levels were
significantly reduced, dropping from 95+ 10 mEq/L to
45+ 15 mEq/L (p <0.0001). Spirometry results (FEV1)
showed a significant increase in pulmonary capacity, from
1.94+0.65 L at baseline to 2.52+1.16 L post-treatment
(p<0.05).

Moreover, the statistical correlation performed between
improvement in Brody score obtained from radiologic
parameters and improvement of clinical parameters was
significant both FEV1 (r,=—-0.71, p <0.0001) and Sweat
test (r,=0.7, p<0.0001).
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Fig. 1 Axial (a, b) and coronal
(c, d) representative CT-ULD
images of 13-year-old female
patient prior to initiation of
therapy with Trikafta® and
after 14 months. A reduction of
bronchial wall thickening may
be observed (a, b), consolida-
tions disappeared (c, d)

Fig.2 Magnification from
Fig. 1 a and b of details show-
ing bronchial thickening and
bronchiectasis before and after
treatment

Discussion

Before the introduction of low-dose protocols, it was nei-
ther justified nor feasible to monitor the disease with CT
scans at short intervals. In fact, CF is a chronic disease
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that begins in childhood and lasts a lifetime, making it
necessary to keep the cumulative radiation dose within
safe limits. Current guidelines recommend routine CT
scans every 24-36 months for asymptomatic patients or
more frequently for symptomatic cases, depending on
disease severity [27-30] The introduction of low-dose
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Fig. 3 Magnification from
Fig. 1 ¢ and d of details show-
ing bronchial thickening and
bronchiectasis before and after
treatment
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Fig.4 Mean Brody II and single alterations scores with error bars (mean =+ SD), with pre- and post-treatment statistically significant differences.
Legend: p, p-value (paired T-test)
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Fig.5 Mean FEV1 (left) and Sweat test (right) values with error bars (mean +SD), showing pre- and post-treatment statistically significant dif-
ferences. Legend: p, p-value (paired T-test)
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protocols and, in particular, ultra-low-dose protocols for
children now makes it possible to perform CT scans more
frequently while ensuring that exposure to ionizing radia-
tion remains within safe margins [36, 42].

The present study was conducted in order to assess reli-
ability of low- and ultra-low dose CTs. Our lung CT proto-
cols were specifically designed to monitoring CF progres-
sion after treatment with new generation CFTR modulators
such as Trikafta® with short term controls (12—18 months).
Low-dose (2.4 mSv) and ultra-low-dose (0.56 mSv) proto-
cols adopted in the present study are fully compliant with the
recommendations developed by the International Commis-
sion on Radiological Protection (ICRP). The ICRP recom-
mendations call for a dose constraint of less than 100 mSv
per 5 years to minimize the stochastic effects of radia-
tion [43]. The dose of about 100 mSV corresponds to the
absorbed radiation dose of about 10 CT total body and the
natural background radiation in one year multiplied by 40.

The present study demonstrates that ultra-low-dose and
low-dose CT are effective and reproducible methods for
monitoring the progression of CF. By maintaining a low
radiation dose, more frequent follow-ups were feasible in
both young adults and children, enabling an efficient disease
surveillance and yielding valuable insights into disease evo-
lution and behavior, as well as into improvements achieved
through CFTR modulator therapy.

The analysis of low-dose and ultra-low-dose CT data,
comparing pre- and post-treatment average values, revealed
significant changes across all CT parameters. Notably, the
mean Brody score improved significantly in the short-term
follow-ups, in parallel with a decrease in CST values and a
corresponding increase in FEV 1. Specifically, mucosal plug-
ging and bronchial thickening showed the most pronounced
improvements, reflecting a marked decline in secretion
retention. This reduction can be attributed to the enhanced
fluidization permitted by CFTR modulation achieved
through Trikafta®.

On the other hand, although air trapping and bronchi-
ectasis show statistically significant changes, they remain
the disease markers least affected by Trikafta® therapy.
Both are key anatomopathological, radiographic, and clini-
cal indicators of chronic obstructive damage linked to the
pathophysiology of cystic fibrosis and—unlike bronchial
wall thickening and mucosal plugging—bronchiectasis
typically does not regress after treatment. Likewise, FEV1,
as a clinical parameter representing obstructive damage in
CF, shows less marked improvement compared to the sweat
test. These findings are consistent with reports from several
authors who have observed a correlation between bronchi-
ectasis and FEV1 [44, 45]. As noted above, both parameters
demonstrated only minimal or no improvement compared
to other measures, particularly in adults over 40 years of
age. A late initiation of newer treatments, due to the recent
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availability of CFTR modulators, combined with an already
advanced clinical status, may help explain the reduced effi-
cacy of Trikafta® in these patients [46, 47].

Nonetheless, while bronchiectasis improved only slightly
in adults as expected, children displayed a significant
improvement (p < 0.005) after Trikafta® therapy, with sev-
eral cases showing almost complete regression of bronchi-
ectasis on follow-up CT scans.

Our findings align with previous studies underscoring
the higher sensitivity of CT markers compared to FEV1 in
detecting both disease progression and treatment effects in
CF [48-51]. The Brody II scoring system, selected for its
reproducibility and sensitivity [41, 52], further validated the
correlation between CT-based measures and clinical out-
comes. Other investigations have likewise highlighted the
utility of low-dose CT in reducing radiation exposure while
maintaining diagnostic accuracy, particularly in pediatric
populations [20, 26, 32]. Ultra-low-dose CT for pediatric
patients, while achieving radiation doses as low as 0.56 mSv,
showed slightly higher image noise and more frequent streak
artifacts compared to low-dose CT in adults. Despite this,
diagnostic acceptability remained at acceptable to highly
acceptable levels. In fact, even if dose reduction may be
accompanied by increased image noise and streak artifacts
[40] our results suggested that diagnostic reliability is main-
tained. The trade-off between minimal radiation exposure
and minor reduction in image quality is justified given the
need for frequent monitoring in children to limit cumula-
tive radiation risk. Ongoing improvements in CT technology
and reconstruction algorithms may further mitigate these
limitations.

The primary limitation of our study is the small sample
size, a consequence of both the relatively recent introduc-
tion of CFTR modulator therapies and the inherent rarity of
CF. Another limitation concerns the limited representation
of the pediatric population aged 6 to 12 years, which—per
AIFA, EMA, and FDA guidelines—is eligible for Trikafta®
therapy. This reflects insufficient data on treatment outcomes
in this age range, largely owing to the recent initiation of
therapy, thus preventing a thorough assessment of its long-
term efficacy.

Additionally, our single-center design represents another
constraint, even though the study was conducted in one of
the main regional and national public reference centers for
CF research. The relatively small sample size and mono-
centric design limit generalizability and statistical power.
This restricts the ability to capture diverse genetic, pheno-
typic, and treatment response variability seen in broader
CF populations. Future studies including larger cohorts
and extended monitoring are planned to understand disease
evolution and guide treatment modification over time. In
fact, while this study focused on 12—18-month follow-up to
capture early treatment effects, we recognize the importance
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of long-term data to assess the durability of clinical and
radiologic improvements—especially for slowly reversible
markers like bronchiectasis. We are planning extended lon-
gitudinal studies beyond 24 months to evaluate sustained
efficacy of CFTR modulators and inform ongoing disease
management. Finally, the lack of comparative non—low-
dose CT scans constitute a further limitation, as ethical
considerations regarding radiation exposure precluded their
acquisition.

In conclusion, recently introduced CFTR modulators
are reshaping the clinical history of cystic fibrosis (CF). In
this context, low-dose and ultra-low-low-dose CT protocols
designed to reduce radiation exposure to patients requiring
frequent imaging, have proven to be valuable diagnostic
tools for monitoring and quantifying treatment efficacy in
both adults and children, confirming also the applicability
of the Brody score to these CT protocols, for therapeutic
response monitoring.

In combination with clinical markers, low- and ultra-low-
dose CT protocols currently represent the gold standard for
assessing CF therapy with CFTR modulators [28, 31, 53].
By reducing both radiation exposure and the frequency of
scans, these protocols significantly lower radiological risk
while offering comprehensive, detailed, and—crucially—
repeatable follow-up for both adult and pediatric patients.
Moreover, our data demonstrates a strong correlation
between clinical markers and CT imaging modifications.

Authors’ contribution Design of the study: F. Maccioni, A. Longhi, G.
Cimino. Acquisition of data: F. Maccioni, A. Longhi, R. Alessandrelli.
Analysis and interpretation of data: F. Maccioni, A. Longhi, N. Lan-
dini. Draft: F. Maccioni, A. Longhi, L. Busato, A. Valenti, L. Bottino,
M. Rutigliano. Review: F. Maccioni, A. Longhi, L. Busato, A. Valenti,
L. Bottino, M. Rutigliano, R. Alessandrelli, G. Cimino, C. Catalano.

Funding Open access funding provided by Universita degli Studi di
Roma La Sapienza within the CRUI-CARE Agreement. The article did
not receive any funding.

Declarations
Conflict of interest There is no conflict to declare.

Ethical approval The study was conducted in accordance with the ethi-
cal standards of the Declaration of Helsinki. The research protocol was
reviewed and approved by the Ethics Committee of Sapienza University
of Rome (protocol: 0333/2023). All participants or their parents were
fully informed about the aims and procedures of the study and provided
written informed consent prior to their inclusion.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Farrell PM, Rosenstein BJ, White TB et al (2008) Guidelines
for diagnosis of cystic fibrosis in newborns through older adults:
Cystic Fibrosis Foundation consensus report. J Pediatr 153(2):S4—
S14. https://doi.org/10.1016/j.jpeds.2008.05.005

2. Dechecchi MC, Tamanini A, Cabrini G (2018) Molecular basis of
cystic fibrosis: from bench to bedside. Ann Transl Med 6(17):334.
https://doi.org/10.21037/atm.2018.06.48

3. Trezise AE, Buchwald M (1991) In vivo cell-specific expres-
sion of the cystic fibrosis transmembrane conductance regulator.
Nature 353(6343):434-437. https://doi.org/10.1038/353434a0

4. Denning GM, Ostedgaard LS, Cheng SH, Smith AE, Welsh MJ
(1992) Localization of cystic fibrosis transmembrane conductance
regulator in chloride secretory epithelia. J Clin Invest 89(1):339-
349. https://doi.org/10.1172/JCI115582

5. Boucher RC (2007) Evidence for airway surface dehydration as
the initiating event in CF airway disease. J Intern Med 261(1):5-
16. https://doi.org/10.1111/j.1365-2796.2006.01744.x

6. Stoltz DA, Meyerholz DK, Welsh MJ (2015) Origins of cystic
fibrosis lung disease. N Engl J Med 372(16):1574-1575. https://
doi.org/10.1056/NEJMc1502191

7. Farrell PM, White TB, Ren CL, Hempstead SE et al (2017) Diag-
nosis of cystic fibrosis: consensus guidelines from the Cystic
Fibrosis Foundation. J Pediatr 181:S4-S15.el. https://doi.org/10.
1016/j.jpeds.2016.09.064

8. Elborn JS (2016) Cystic fibrosis. Lancet 388(10059):2519-2531.
https://doi.org/10.1016/S0140-6736(16)00576-6

9. Ranganathan SC, Hall GL, Sly PD, Stick SM, Douglas TA (2017)
Early lung disease in infants and preschool children with cystic
fibrosis. What have we learned and what should we do about it?
Am J Respir Crit Care Med 195(12):1567-1575. https://doi.org/
10.1164/rccm.201606-1107CI

10. Rosenow T, Oudraad MC, Murray CP et al (2015) PRAGMA-
CF. A quantitative structural lung disease computed tomography
outcome in young children with cystic fibrosis. Am J Respir Crit
Care Med 191(10):1158-1165. https://doi.org/10.1164/rccm.
201501-00610C

11. Stick SM, Brennan S, Murray C et al (2009) Australian respiratory
early surveillance team for cystic fibrosis (AREST CF) Bronchiec-
tasis in infants and preschool children diagnosed with cystic fibro-
sis after newborn screening. J Pediatr 155(5):623—-821. https://doi.
org/10.1016/j.jpeds.2009.05.005

12. Moss RB (2002) Long-term benefits of inhaled tobramycin in ado-
lescent patients with cystic fibrosis. Chest 121(1):55-63. https://
doi.org/10.1378/chest.121.1.55

13. Konstan MW, Flume PA, Kappler M et al (2011) Safety, efficacy
and convenience of tobramycin inhalation powder in cystic fibro-
sis patients: the EAGER trial. J Cyst Fibros 10(1):54-61. https://
doi.org/10.1016/j.jcf.2010.10.003

14. Flume PA, O’Sullivan BP, Robinson KA et al (2007) Cystic fibro-
sis pulmonary guidelines: chronic medications for maintenance of
lung health. Am J Respir Crit Care Med 176(10):957-969. https://
doi.org/10.1164/rccm.200705-6640C

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jpeds.2008.05.005
https://doi.org/10.21037/atm.2018.06.48
https://doi.org/10.1038/353434a0
https://doi.org/10.1172/JCI115582
https://doi.org/10.1111/j.1365-2796.2006.01744.x
https://doi.org/10.1056/NEJMc1502191
https://doi.org/10.1056/NEJMc1502191
https://doi.org/10.1016/j.jpeds.2016.09.064
https://doi.org/10.1016/j.jpeds.2016.09.064
https://doi.org/10.1016/S0140-6736(16)00576-6
https://doi.org/10.1164/rccm.201606-1107CI
https://doi.org/10.1164/rccm.201606-1107CI
https://doi.org/10.1164/rccm.201501-0061OC
https://doi.org/10.1164/rccm.201501-0061OC
https://doi.org/10.1016/j.jpeds.2009.05.005
https://doi.org/10.1016/j.jpeds.2009.05.005
https://doi.org/10.1378/chest.121.1.55
https://doi.org/10.1378/chest.121.1.55
https://doi.org/10.1016/j.jcf.2010.10.003
https://doi.org/10.1016/j.jcf.2010.10.003
https://doi.org/10.1164/rccm.200705-664OC
https://doi.org/10.1164/rccm.200705-664OC

968

La radiologia medica (2026) 131:959-969

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Salvatore D, D’Andria M (2002) Effects of salmeterol on arterial
oxyhemoglobin saturations in patients with cystic fibrosis. Pediatr
Pulmonol 34(1):11-15. https://doi.org/10.1002/ppul.10117
Robinson M, Regnis JA, Bailey DL, King M, Bautovich GJ, Bye
PT (1996) Effect of hypertonic saline, amiloride, and cough on
mucociliary clearance in patients with cystic fibrosis. Am J Respir
Crit Care Med 153(5):1503-1509. https://doi.org/10.1164/ajrccm.
153.5.8630593

Quan JM, Tiddens HA, Sy JP et al (2001) A two-year randomized,
placebo-controlled trial of dornase alfa in young patients with
cystic fibrosis with mild lung function abnormalities. J Pediatr
139(6):813-820. https://doi.org/10.1067/mpd.2001.118570
Griese M, Costa S, Linnemann RW et al (2021) Safety and effi-
cacy of elexacaftor/tezacaftor/ivacaftor for 24 weeks or longer
in people with cystic fibrosis and one or more F508del alleles:
interim results of an open-label phase 3 clinical trial. Am J Respir
Crit Care Med 203(3):381-385. https://doi.org/10.1164/rccm.
202008-3176LE

Davies JC, Moskowitz SM, Brown C et al (2018) VX-
659-tezacaftor-ivacaftor in patients with cystic fibrosis and one or
two Phe508del alleles. N Engl J Med 379(17):1599-1611. https://
doi.org/10.1056/NEJMoal807119

Sheahan KP, O’Mahony AT, Morrissy D et al (2023) Replacing
plain radiograph with ultra-low dose CT thorax in cystic fibrosis
(CF) in the era of CFTR modulation and its impact on cumulative
effective dose. J Cyst Fibros 22(4):715-721. https://doi.org/10.
1016/j.jc£.2023.06.006

Rybacka A, Karmelita-Katulska K (2016) The role of computed
tomography in monitoring patients with cystic fibrosis. Pol J
Radiol 81:141-145. https://doi.org/10.12659/PJR.896051

Ciet P, Booij R, Dijkshoorn M, van Straten M, Tiddens HAWM
(2023) Chest radiography and computed tomography imag-
ing in cystic fibrosis: current challenges and new perspec-
tives. Pediatr Radiol 53(4):649-659. https://doi.org/10.1007/
s00247-022-05522-4

Bortoluzzi CF, Pontello E, Pintani E et al (2020) The impact
of chest computed tomography and chest radiography on clini-
cal management of cystic fibrosis lung disease. J Cyst Fibros
19(4):641-646. https://doi.org/10.1016/j.jcf.2019.08.005
Calder AD, Bush A, Brody AS, Owens CM (2014) Scoring
of chest CT in children with cystic fibrosis: state of the art.
Pediatr Radiol 44(12):1496-1506. https://doi.org/10.1007/
s00247-013-2867-y

Sanders DB, Li Z, Brody AS (2015) Chest computed tomography
predicts the frequency of pulmonary exacerbations in children
with cystic fibrosis. Ann Am Thorac Soc 12(1):64—69. https://doi.
org/10.1513/AnnalsATS.201407-3380C

Camargo S, Friedrich F, Pieta MP, Martins LCS, Pinto LA (2023)
Correlation between the Brody score and lung function using an
ultra-low-dose CT protocol without anesthesia in children with
cystic fibrosis. J Bras Pneumol 49(1):¢20220085. https://doi.org/
10.36416/1806-3756/e20220085

Sheahan KP, Glynn D, Joyce S, Maher MM, Boland F, O’Connor
0OJ (2021) Best practices: imaging strategies for reduced-dose
chest CT in the management of cystic fibrosis-related lung dis-
ease. AJR Am J Roentgenol 217(2):304-313. https://doi.org/10.
2214/AJR.19.22694

de Jong PA, Lindblad A, Rubin L et al (2006) Progression of lung
disease on computed tomography and pulmonary function tests
in children and adults with cystic fibrosis. Thorax 61(1):80-85.
https://doi.org/10.1136/thx.2005.045146

Ernst CW, Basten IA, Ilsen B et al (2014) Pulmonary disease in
cystic fibrosis: assessment with chest CT at chest radiography
dose levels. Radiology 273(2):597-605. https://doi.org/10.1148/
radiol. 14132201

Springer

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Gilchrist FJ, Buka R, Jones M, Ho SA, Lenney W, Carroll WD
(2018) Clinical indications and scanning protocols for chest CT
in children with cystic fibrosis: a survey of UK tertiary cen-
tres. BMJ Paediatr Open 2(1):e000367. https://doi.org/10.1136/
bmjpo-2018-000367

Bayfield KJ, Weinheimer O, Boyton C et al (2023) Implementa-
tion and evaluation of ultra-low dose CT in early cystic fibrosis
lung disease. Eur Respir J 62(1):2300286. https://doi.org/10.1183/
13993003.00286-2023

O’Connor OJ, Vandeleur M, McGarrigle AM et al (2010) Devel-
opment of low-dose protocols for thin-section CT assessment of
cystic fibrosis in pediatric patients. Radiology 257(3):820-829.
https://doi.org/10.1148/radiol.10100278

Joyce S, O’Connor OJ, Maher MM, McEntee MF (2020) Strate-
gies for dose reduction with specific clinical indications during
computed tomography. Radiography Lond 26(2):S62-S68. https://
doi.org/10.1016/j.radi.2020.06.012

Ciet P, Bertolo S, Ros M et al (2022) State-of-the-art review of
lung imaging in cystic fibrosis with recommendations for pul-
monologists and radiologists from the “iMAging managEment
of cySTic fibROsis” (MAESTRO) consortium. Eur Respir Rev
31(163):210173. https://doi.org/10.1183/16000617.0173-2021
Societa Italiana di Radiologia Medica e Interventistica (SIRM
2022). Protocolli Di Tomografia Computerizzata Per Indicazione
Clinica. Approved by SIRM on 13 september 2022. ISBN 979-
12-80086-60-0 IS; ISBN (E — BOOK) 979-12-80086-61-7

Atli E, Uyanik SA, Ogiislii U, Cevik Cenkeri H, Yilmaz B, Giimiis
B (2021) Radiation doses from head, neck, chest and abdominal
CT examinations: an institutional dose report. Diagn Interv Radiol
27(1):147-151. https://doi.org/10.5152/dir.2020.19560
Wassipaul C, Janata-Schwatczek K, Domanovits H, Tamandl
D, Prosch H, Scharitzer M, Polanec S, Schernthaner RE, Mang
T, Asenbaum U, Apfaltrer P, Cacioppo F, Schuetz N, Weber M,
Homolka P, Birkfellner W, Herold C, Ringl H (2023) Ultra-low-
dose CT vs. chest x-ray in non-traumatic emergency department
patients - a prospective randomised crossover cohort trial. E Clin
Med 65:102267. https://doi.org/10.1016/j.eclinm.2023.102267
Gobi K, Arunachalam VK, Varatharajaperumal RK, Cherian M,
Periaswamy G, Rajesh S (2022) The role of ultra-low-dose com-
puted tomography in the detection of pulmonary pathologies:
a prospective observational study. Pol J Radiol 87:e597-e605.
https://doi.org/10.5114/pjr.2022.121433

Milanese G, Ledda RE, Sabia F, Ruggirello M, Sestini S, Silva
M, Sverzellati N, Marchiano AV, Pastorino U (2023) Ultra-low
dose computed tomography protocols using spectral shaping for
lung cancer screening: comparison with low-dose for volumetric
LungRADS classification. Eur J Radiol 161:110760. https://doi.
org/10.1016/j.ejrad.2023.110760

Ding L, Chen M, Li X, Wu Y, Li J, Deng S, Xu Y, Chen Z, Yan
C (2025) Ultra-low dose dual-layer detector spectral CT for
pulmonary nodule screening: image quality and diagnostic per-
formance. Insights Imaging 16(1):11. https://doi.org/10.1186/
$13244-024-01888-1

Brody AS, Kosorok MR, Li Z et al (2006) Reproducibility of
a scoring system for computed tomography scanning in cystic
fibrosis. J Thorac Imaging 21(1):14-21. https://doi.org/10.1097/
01.rti.0000203937.82276.ce

Larke FJ, Kruger RL, Cagnon CH, Flynn MJ, McNitt-Gray
MM, Wu X, Judy PF, Cody DD (2011) Estimated radiation dose
associated with low-dose chest CT of average-size participants
in the National Lung Screening Trial. AJR Am J Roentgenol
197(5):1165-1169. https://doi.org/10.2214/AJR.11.6533

Shi HM, Sun ZC, Ju FH (2022) Understanding the harm of low-
dose computed tomography radiation to the body (review). Exp
Ther Med 24(2):534. https://doi.org/10.3892/etm.2022.11461


https://doi.org/10.1002/ppul.10117
https://doi.org/10.1164/ajrccm.153.5.8630593
https://doi.org/10.1164/ajrccm.153.5.8630593
https://doi.org/10.1067/mpd.2001.118570
https://doi.org/10.1164/rccm.202008-3176LE
https://doi.org/10.1164/rccm.202008-3176LE
https://doi.org/10.1056/NEJMoa1807119
https://doi.org/10.1056/NEJMoa1807119
https://doi.org/10.1016/j.jcf.2023.06.006
https://doi.org/10.1016/j.jcf.2023.06.006
https://doi.org/10.12659/PJR.896051
https://doi.org/10.1007/s00247-022-05522-4
https://doi.org/10.1007/s00247-022-05522-4
https://doi.org/10.1016/j.jcf.2019.08.005
https://doi.org/10.1007/s00247-013-2867-y
https://doi.org/10.1007/s00247-013-2867-y
https://doi.org/10.1513/AnnalsATS.201407-338OC
https://doi.org/10.1513/AnnalsATS.201407-338OC
https://doi.org/10.36416/1806-3756/e20220085
https://doi.org/10.36416/1806-3756/e20220085
https://doi.org/10.2214/AJR.19.22694
https://doi.org/10.2214/AJR.19.22694
https://doi.org/10.1136/thx.2005.045146
https://doi.org/10.1148/radiol.14132201
https://doi.org/10.1148/radiol.14132201
https://doi.org/10.1136/bmjpo-2018-000367
https://doi.org/10.1136/bmjpo-2018-000367
https://doi.org/10.1183/13993003.00286-2023
https://doi.org/10.1183/13993003.00286-2023
https://doi.org/10.1148/radiol.10100278
https://doi.org/10.1016/j.radi.2020.06.012
https://doi.org/10.1016/j.radi.2020.06.012
https://doi.org/10.1183/16000617.0173-2021
https://doi.org/10.5152/dir.2020.19560
https://doi.org/10.1016/j.eclinm.2023.102267
https://doi.org/10.5114/pjr.2022.121433
https://doi.org/10.1016/j.ejrad.2023.110760
https://doi.org/10.1016/j.ejrad.2023.110760
https://doi.org/10.1186/s13244-024-01888-1
https://doi.org/10.1186/s13244-024-01888-1
https://doi.org/10.1097/01.rti.0000203937.82276.ce
https://doi.org/10.1097/01.rti.0000203937.82276.ce
https://doi.org/10.2214/AJR.11.6533
https://doi.org/10.3892/etm.2022.11461

La radiologia medica (2026) 131:959-969

969

44,

45.

46.

47.

48.

49.

Szczesniak R, Heltshe SL, Stanojevic S, Mayer-Hamblett N
(2017) Use of FEV| in cystic fibrosis epidemiologic studies and
clinical trials: a statistical perspective for the clinical researcher.
J Cyst Fibros 16(3):318-326. https://doi.org/10.1016/j.jcf.2017.
01.002

Stanojevic S, Bilton D, McDonald A, Stocks J, Aurora P, Prasad
A, Cole TJ, Davies G (2015) Global lung function initiative equa-
tions improve interpretation of FEV 1 decline among patients with
cystic fibrosis. Eur Respir J 46(1):262-264. https://doi.org/10.
1183/09031936.00187314

McElvaney OJ, Heltshe SL, Odem-Davis K, West NE, Sanders
DB, Fogarty B, VanDevanter DR, Flume PA, Goss CH (2023)
Impact of lumacaftor/ivacaftor and tezacaftor/ivacaftor on treat-
ment response in pulmonary exacerbations of F508del/F508del
cystic fibrosis. J Cyst Fibros 22(5):875-879. https://doi.org/10.
1016/j.jc£.2023.06.012

Earnest A, Salimi F, Wainwright CE, Bell SC, Ruseckaite R,
Ranger T, Kotsimbos T, Ahern S (2020) Lung function over the
life course of paediatric and adult patients with cystic fibrosis
from a large multi-centre registry. Sci Rep 10(1):17421. https://
doi.org/10.1038/s41598-020-74502-1

Brody AS, Tiddens HA, Castile RG, Coxson HO, de Jong PA,
Goldin J, Huda W, Long FR, McNitt-Gray M, Rock M, Robinson
TE, Sagel SD, CT Scanning in Cystic Fibrosis Special Interest
Group (2005) Computed tomography in the evaluation of cystic
fibrosis lung disease. Am J Respir Crit Care Med 172(10):1246—
1252. https://doi.org/10.1164/rccm.200503-401PP

Owens CM, Aurora P, Stanojevic S, Bush A, Wade A, Oliver
C, Calder A, Price J, Carr SB, Shankar A, Stocks J (2011) Lung

50.

51.

52.

53.

clearance index and HRCT are complementary markers of lung
abnormalities in young children with CF. Thorax 66(6):481-488.
https://doi.org/10.1136/thx.2010.150375

Tepper LA, Caudri D, Utens EM, van der Wiel EC, Quittner AL,
Tiddens HA (2014) Tracking CF disease progression with CT
and respiratory symptoms in a cohort of children aged 6-19 years.
Pediatr Pulmonol 49(12):1182-1189. https://doi.org/10.1002/
ppul.22991

Tiddens HA (2006) Chest computed tomography scans should be
considered as a routine investigation in cystic fibrosis. Paediatr
Respir Rev 7(3):202-208. https://doi.org/10.1016/j.prrv.2006.04.
002

Brody AS, Klein JS, Molina PL, Quan J, Bean JA, Wilmott RW
(2004) High-resolution computed tomography in young patients
with cystic fibrosis: distribution of abnormalities and correlation
with pulmonary function tests. J Pediatr 145(1):32-38. https://doi.
org/10.1016/j.jpeds.2004.02.038

Ramsey KA, Rosenow T, Turkovic L, Skoric B, Banton G, Adams
AM, Simpson SJ, Murray C, Ranganathan SC, Stick SM, Hall GL
(2016) Lung clearance index and structural lung disease on com-
puted tomography in early cystic fibrosis. Am J Respir Crit Care
Med 193(1):60-67. https://doi.org/10.1164/rccm.201507-14090C

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jcf.2017.01.002
https://doi.org/10.1016/j.jcf.2017.01.002
https://doi.org/10.1183/09031936.00187314
https://doi.org/10.1183/09031936.00187314
https://doi.org/10.1016/j.jcf.2023.06.012
https://doi.org/10.1016/j.jcf.2023.06.012
https://doi.org/10.1038/s41598-020-74502-1
https://doi.org/10.1038/s41598-020-74502-1
https://doi.org/10.1164/rccm.200503-401PP
https://doi.org/10.1136/thx.2010.150375
https://doi.org/10.1002/ppul.22991
https://doi.org/10.1002/ppul.22991
https://doi.org/10.1016/j.prrv.2006.04.002
https://doi.org/10.1016/j.prrv.2006.04.002
https://doi.org/10.1016/j.jpeds.2004.02.038
https://doi.org/10.1016/j.jpeds.2004.02.038
https://doi.org/10.1164/rccm.201507-1409OC

	Short-term monitoring of CFTR modulator therapy in adults and children with cystic fibrosis using low and ultra-low-dose lung CT
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Patient cohort
	Inclusion criteria
	Exclusion criteria
	CT imaging acquisition and reconstruction
	Image analysis
	Clinical markers analysis
	Statistical analysis


	Results
	Discussion
	References




