Long-term computed tomographic
changes in cystic fibrosis patients
treated with ivacaftor
To the Editor:
Cystic fibrosis (CF) patients with gating mutations in the gene coding for the CF transmembrane
conductance regulator (CFTR) protein have been the first to benefit from CFTR-targeted therapies since the
approval of ivacaftor in 2012 by the Food and Drug Administration and the European Medicines Agency.
Ivacaftor is a potentiator that increases chloride transport through the defective CFTR protein [1, 2].
In phase III clinical trials, ivacaftor significantly improved lung function and clinical status in patients with
a G551D mutation aged ⩾6 years [3, 4]. In the two studies conducted in adults and children, the forced
expiratory volume in 1 s (FEV1) showed a 10.4% predicted and 12.5% pred point increase from baseline
after 24 weeks of treatment, as compared to a 0.1 and 0.2% pred point decrease in the control group.
Clinical efficacy of ivacaftor was also shown in patients with other gating mutations of the CFTR gene, with
a 7.5% pred point increase in FEV1 after 8 weeks of treatment [5]. In all these phase III studies, the
primary endpoint was the change in FEV1 and secondary endpoints were other clinical and functional
parameters, such as change in weight, respiratory exacerbation rate, health status, and sweat-chloride
concentration. Imaging was never listed as an endpoint. Data on computed tomography (CT) changes upon
ivacaftor treatment are scarce [6–8] and long-term changes remain unknown. The aim of this study was to
assess short- and long-term CT changes in adult CF patients treated with ivacaftor.
The study was approved by the Paris Ile de France I ethics committee. We conducted a multicentre
retrospective study in eight French CF centres. Adult CF patients with at least one gating mutation and being
treated with ivacaftor were included if they had a pre-therapeutic chest CT and at least one follow-up chest
CT. Chest CT examinations were deemed eligible if they consisted in whole lung volumetric inspiratory CT
acquisitions and if spirometric measurements were available within 1 month of CT examination. Chest CT
examinations were performed on multidetector CT scanners, with acquisition parameters specific to each
centre. CT images were reconstructed with thicknesses ranging from 0.6 to 4 mm and were visualised using
the same pulmonary window settings (window width 1500, window level –450). A modified CF-CT scoring
system was used, not including quantification of air trapping, since expiratory CT acquisitions were not
available [9]. CT scoring was performed by one radiologist who had received 1-week intensive training in a
reference centre (Lung Analysis, Erasmus Medical Center, Rotterdam, the Netherlands), in order to reach
good scoring repeatability. Readings were performed in random order and the reader was blinded to patient
identification, time of CT examination, results of previous CT readings and clinical data. 25 randomly
selected CT scans were scored twice, with a 4-week interval, to verify intraobserver repeatability. Spirometry
was performed in accordance with American Toracic Society/European Respiratory Society consensus
guidelines [10]. FEV1 values expressed in percentage of predicted values were retrieved from the patient files.
Decision to perform CT as part of routine follow-up was left to the physician in charge of the patient, thus
the frequency of CT examinations was not standardised. Examinations performed 3–18 months after the
start of ivacaftor and those performed after 18 months of treatment were considered as short- and
long-term follow-up CT examinations, respectively. FEV1 and CT scores at baseline (T0), short (T1)
and long-term (T2) follow-up were compared using Wilcoxon test. Correlations between CF-CT score and
FEV1, and between changes in CF-CT score and changes in FEV1 between two successive CT scans
(inter-scan changes) were assessed using Spearman’s correlation coefficients. Intraobserver repeatability
was assessed using intraclass correlation coefficient (ICC). All analyses were performed with statistical
software package “R” (version 3.2.1, R Foundation, Vienna, Austria).
22 adult patients (17 males and five females, mean±SD 36±11 years) treated with ivacaftor were included.
A total of 52 CT examinations were available (22 at baseline and 30 during follow-up), and were scored with
high intraobserver repeatability (ICC 0.88–0.96). Eight patients had both short- and long-term follow-up CT
examinations. Results are summarised in table 1. At short-term follow-up, patients experienced a statistically
significant FEV1 increase. Over the same period, CF-CT score, as well as two of its components,
peribronchial thickening and mucus plugging, had significantly decreased, indicating improvement in CT
scan abnormalities. At long-term follow-up and as compared to baseline, FEV1, CF-CT score, peribronchial
thickening score and mucus plugging score had also significantly improved. In contrast, there was a
significant increase of the bronchiectasis score (figure 1). Comparison between short- and long-term
follow-up did not show any significant difference in FEV1 or CT-scores. There was a good correlation
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TABLE 1 Results of forced expiratory volume in 1 s (FEV1) and cystic fibrosis (CF) computed tomography (CT) score
Baseline CT (T0)

Patients n
Time from introduction
of ivacaftor months
FEV1 % pred
CF-CT score#
Bronchiectasis
Peribronchial
thickening
Mucus plugging
Parenchymal
abnormalities

T1 versus T0

T2 versus T0

T2 versus T1

Short-term
follow-up (T1)

Long-term
follow-up (T2)

22
−4.1 (–12.4–0.8)

14
8 (6.1–11.7)

16
33.1 (30.8–36.7)

39.5 (31.5–77)
33.4 (22.3–41.1)
33.7 (13.4–51.3)
43.5 (36.3–55.4)

54 (34.3–81.8)
29.8 (22.5–36.6)
34.5 (23.6–55.7)
43.5 (27.0–48.1)

48.5
32.7
39.9
40.8

(35.0–81.8)
(17.8–36.8)
(18.2–52.6)
(27.8–48.1)

9.0 (3.0–15.5)
–5.1 (–9.6– –0.5)
4.6 (–0.9–9.5)
–9.3 (–17.6– –0.90)

0.007
0.017
0.133
0.042

5.5 (1.0–11.0)
–3.1 (–5.8– –1.1)
5.0 (1.5–8.1)
–5.8 (–17.3– –3.1)

0.036
0.011
0.025
0.002

1.7 (–10.5–7.0)
–0.5 (–4.4–4.7)
2.3 (–2.0–7.3)
–1.1 (–8.3–6.6)

1
0.945
0.313
0.833

43.1 (24.3–56.7)
7.4 (3.9–10.7)

29.2 (19.4–35.4)
8.2 (3.7–10.7)

23.6 (12.5–29.2)
7.1 (3.3–7.4)

–18.1 (–30.5– –8.4)
–1.9 (–3.7–0.4)

0.001
0.083

–19.4 (–32.0– –4.2)
–1.8 (–2.8–0.2)

0.011
0.119

–7.3 (–16.6–9.2)
1.7 (–1.8–3.7)

0.313
0.787

Pseudomedian
(95% CI)

p-value

14

Pseudomedian
(95% CI)

p-value Pseudomedian p-value
(95% CI)

16

8

Data are presented as median (interquartile range), unless otherwise stated. Comparison is assessed using paired Wilcoxon test and results.
#
: percentage of maximum possible scores.

between CF-CT score and FEV1 (r= –0.73, p<0.001) and a moderate correlation between interscan changes
of FEV1 and CF-CT scores (r= –0.51, p<0.001).
To the best of our knowledge, this study is the first to report long-term CT changes in CF patients treated
with ivacaftor. It is also the largest study reporting CT changes associated with ivacaftor and the first to
evaluate its effect by using the CF-CT score on the whole lung following volumetric chest CT examination.
Our results show a significant improvement of CF-CT scores on both short- and long-term follow-up. This
improvement is mainly related to a significant decrease of the peribronchial thickening and mucus plugging
scores, which are known to represent reversible CT changes during exacerbations in CF patients [11].
SHEIK et al. [8] reported similar improvement of peribronchial thickening, mucus plugging and Brody scores
at 1 year follow-up in 10 patients treated with ivacaftor. However, they also found a significant decrease of
the bronchiectasis score whereas we observed a significant increase of this score on long-term follow-up.
This could be due to better visualisation after decrease of bronchial thickening and mucus plugging.
Bronchiectasis results in irreversible changes with the destruction of elastic tissues [12]. The decrease in the
bronchiectasis score reported in the study by SHEIK et al. [8] might be due to under-sampling, since scoring
was based on only four CT images and not on the whole lung CT acquisition. Interestingly, we found most
of the CT lesion improvement occurred during the first year of treatment and remained stable on long-term
follow-up, a pattern for improvement that was also reported for lung function [13]. The good correlations
we report between CT scores and FEV1 suggest CT is a valuable method for monitoring changes on

a)

b)

FIGURE 1 a) Pre-therapeutic and b) long-term (48 month) follow-up computed tomography examinations
demonstrating dramatic improvement in mucus plugging under treatment with ivacaftor. Improvement in
mucus plugging unmasks central (arrow) and peripheral (arrowhead) bronchiectasis leading to an increase in
the bronchiectasis score of the middle lobe.
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ivacaftor treatment. Despite being only moderate, the correlation between interscan changes of FEV1 and
CF-CT score in our study was higher than that previously reported between changes of FEV1/forced vital
capacity and visual score (r= –0.51 versus –0.39) [14].
Our study has several limitations. First, due to the retrospective design, CT examinations were performed at
different time points and only eight patients had both short- and long-term follow-up CT examinations and
there was no standardisation of the CT parameters among the centres. However, only three of the 52 CT
scans had slice thicknesses >1.25 mm. The remaining consisted in high-resolution protocols. Second, we
did not evaluate interobserver agreement for visual scoring, since only one radiologist could receive
intensive training in a reference centre. The limited number of available trained scorers is a well-known
limitation of visual CT scores [15]. Lastly, evaluating treatment efficacy with CT raises concerns about
radiation dose, even though recent improvements of the CT technology allow for dramatic dose reduction.
In conclusion, our study shows that CT is a valuable method for monitoring CF patients treated with
ivacaftor. Decrease of mucus plugging and peribronchial thickening occurred during the first year and
remained stable on long-term follow-up, whereas bronchiectasis score slightly increased, possibly because
of improved visualisation, after mucus plugging clearance.
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Insights into ventilation–gas exchange
coupling in chronic thromboembolic
pulmonary hypertension
To the Editor:
Exercise intolerance due to excessive ventilation and dyspnoea are fundamental clinical features of patients
with pulmonary vascular diseases [1]. Among these diseases, chronic thromboembolic pulmonary
hypertension (CTEPH) is associated with the largest increase in exercise ventilation [2]. Understanding the
mechanism(s) underlying excess exercise ventilation in CTEPH is clinically relevant when designing
evidence-based therapeutic and rehabilitative strategies to improve patients’ symptoms and quality of life.
Excess exercise ventilation in CTEPH has been traditionally ascribed to increased “wasted” ventilation,
i.e. hypoperfusion of well-ventilated alveoli. In fact, the physiological dead space fraction of tidal volume
(VD/VT ratio) at peak exercise not only predicts CTEPH after pulmonary embolism [3] but also improves
after clinical [4] and surgical [5] treatment. As the end-tidal carbon dioxide tension (PETCO2) diminishes
when ventilation is excessive relative to perfusion [6], increased VD/VT has been mechanistically linked to
inordinately low PETCO2 in CTEPH [7]. A PETCO2 lower than arterial (a) carbon dioxide tension (PCO2)
(i.e. a positive P(a-ET)CO2 gradient) [6] also suggests impaired pulmonary perfusion as a potential
explanation for low exercise PETCO2in these patients [8].
Surprisingly, however, seminal studies comparing lung absorption of multiple inert gases showed no or a
limited increase in VD/VT despite marked pulmonary arterial obstruction [9]. This prompts an alternative
(or complementary) explanation for a low exercise PETCO2 in CTEPH: reduced alveolar PCO2
(hyperventilation) [10]. In fact, heightened neural drive has been found in pulmonary vascular diseases
secondary to increased chemosensitivity [11] and/or higher afferent stimuli from “central” baro- and
mechano-receptors [12]. Thus, alveolar hyperventilation under the stress of exercise may also explain the
relatively lower PETCO2 in CTEPH. A hyperbolic correlation between increasing minute ventilation (V′E)/
carbon dioxide production (V′CO2) and decreasing arterial carbon dioxide tension (PaCO2) in CTEPH is
also suggestive of heightened neural drive and consistent with the alveolar equation [13].
There is another intriguing feature of the PETCO2 response that brings additional uncertainty about the
meaning of a low exercise PETCO2 in CTEPH. Similar to pulmonary arterial hypertension (PAH) [9],
PETCO2 paradoxically increases (instead of further decreasing as in normal subjects) as soon as CTEPH
patients enter the recovery phase. In this context, evaluation of PaCO2 (or arterialised capillary (PcCO2) as
its surrogate) [8] and P(c-ET)CO2 across the exercise-to-recovery transition might shed light on the
mechanisms underlying the PETCO2 behaviour during recovery in CTEPH. Thus, we reasoned that during
recovery: 1) if PcCO2 remains stable or further decreases despite higher PETCO2, a narrower P(c-ET)CO2
would suggest improved VD/VT (scenario 1); 2) conversely, if PcCO2 and PETCO2 increase proportionally
leading to stable P(c-ET)CO2, lower neural drive would explain higher PETCO2 (scenario 2); 3) but if a
narrower P(c-ET)CO2 develops as a consequence of PcCO2, increasing less than PETCO2, improved VD/VT plus
lower neural drive would explain a higher PETCO2 (scenario 3).
We therefore measured PcCO2 (arterialised ear lobe blood), P(c-ET)CO2 and plasma lactate 1 min before peak
incremental exercise, at peak and in recovery at every minute up to the fifth minute of unloaded cycling.
Responses from 10 patients (age 54–78 years, five males, mean±SE pulmonary arterial pressure
51.5±9.7 mmHg, pulmonary wedge pressure 9.2±3.4 mmHg, stable segmental perfusion defects after
6 months of anticoagulation) were contrasted with those from eight age- and sex-matched healthy
subjects. As expected, patients had a lower peak oxygen uptake, V′CO2 and arterial oxygen saturation
measured by pulse oximetry (SpO2) ( p<0.05). Lactate corrected for peak work rate was higher in patients
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