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Assessment of clinical response to ivacaftor with lung 
clearance index in cystic fi brosis patients with a G551D-CFTR 
mutation and preserved spirometry: a randomised 
controlled trial
Jane Davies, Helen Sheridan, Nicholas Bell, Steve Cunningham, Stephanie D Davis, J Stuart Elborn, Carlos E Milla, Timothy D Starner, 
Daniel J Weiner, Po-Shun Lee, Felix Ratjen

Summary
Background Ivacaftor has shown a clinical benefi t in patients with cystic fi brosis who have the G551D-CFTR mutation 
and reduced lung function. Lung clearance index (LCI) using multiple-breath washout might be an alternative to and 
more sensitive method than forced expiratory volume in 1 s (FEV1) to assess treatment response in the growing 
number of children and young adults with cystic fi brosis who have normal spirometry. The aim of the study was to 
assess the treatment eff ects of ivacaftor on LCI in patients with cystic fi brosis, a G551D-CFTR mutation, and an FEV1 
>90% predicted.

Methods This phase 2, multicentre, placebo-controlled, double-blind 2×2 crossover study of ivacaftor treatment was 
conducted in patients with cystic fi brosis, at least one G551D-CFTR allele, and an FEV1 >90% predicted. Patients also 
had to have an LCI higher than 7·4 at screening, age of 6 years or older, and a weight higher than or equal to 15 kg. 
Eligible patients were randomly allocated to receive one of two treatment sequences (placebo fi rst followed by ivacaftor 
150 mg twice daily [sequence 1] or ivacaftor 150 mg twice daily fi rst followed by placebo [sequence 2]) of 28 days’ 
treatment in each period, with a 28-day washout between the two treatment periods. Randomisation (ratio 1:1) was 
done with block sizes of 4, and all site personnel including the investigator, the study monitor, and the Vertex study 
team were masked to treatment assignment. The primary outcome measure was change from baseline in LCI. The 
study is registered at ClinicalTrials.gov, NCT01262352.

Findings Between February and November, 2011, 21 patients were enrolled, of which 11 were assigned to the 
sequence 1 group, and 10 to the sequence 2 group. 20 of these patients received treatment and 17 completed the 
trial (eight in sequence 1 group and 9 in sequence 2 group). Treatment with ivacaftor led to signifi cant improvements 
compared with placebo in LCI (diff erence between groups in the average of mean changes from baseline at days 15 
and 29 was –2·16 [95% CI –2·88 to –1·44]; p<0·0001). Adverse events experienced by study participants were 
similar between treatment groups; at least one adverse event was reported by 15 (79%) of 19 patients who received 
placebo and 13 (72%) of 18 patients who received ivacaftor. No deaths occurred during study period.

Interpretation In patients with cystic fi brosis aged 6 years or older who have at least one G551D-CFTR allele, ivacaftor 
led to improvements in LCI. LCI might be a more sensitive alternative to FEV1 in detecting response to intervention 
in these patients with mild lung disease.

Funding Vertex Pharmaceuticals Incorporated.

Introduction
Advances in research on cystic fi brosis have now led to 
treatment strategies for correcting the basic defect in 
the cystic fi brosis transmembrane conductance 
regulator (CFTR). More than 1900 CFTR gene 
mutations have been identifi ed, which are assigned to 
one of fi ve classes depending on their functional 
outcomes.1–4 About 4% of patients with cystic fi brosis 
worldwide have the Class III (gating) mutation, G551D. 
This type of mutation results in a CFTR protein that is 
present in the apical cell membrane but displays greatly 
reduced chloride transport.2,5 Ivacaftor (VX-770) is an 
orally available CFTR potentiator that improves G551D-
CFTR transmembrane chloride fl ux in vitro by 

increasing the probability of channel opening.6 In 
clinical studies, treatment with ivacaftor resulted in 
signifi cant reductions in sweat chloride concentrations, 
showing increased chloride reuptake by CFTR.7–9 
Ivacaftor treatment was also associated with signifi cant 
improvements in pulmonary function, as assessed by 
forced expiratory volume in 1 s (FEV1) from spirometry, 
when participants had mean baseline measurements in 
the abnormal range.7,8

Spirometry (particularly FEV1) is an established 
outcome measure that predicts patients’ long-term 
outcome.10 However, FEV1 is not suffi  ciently sensitive to 
detect early-stage changes in small airways, and patients 
with cystic fi brosis and normal spirometry can still 
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have structural lung damage.11–17 Forced vital capacity, 
an important measure in patients with moderate to 
severe disease, has not been shown to be a sensitive 
marker of early disease and tends to be invariably 
normal in patients with normal FEV1; therefore we did 
not select this measure for inclusion in this study of 
patients with preserved spirometry. New treatments 
might have more potential for a clinical benefi t if they 
are initiated before substantial lung damage has 
occurred; however, documenting treatment eff ects in 
patients with early disease is more diffi  cult than with 
late disease. Lung clearance index (LCI), a measure of 
ventilation inhomogeneity obtained by multiple-breath 
washout, is more sensitive than FEV1 in detecting mild 
lung function abnormalities as a consequence of airway 
obstruction.13,16,18

During multiple-breath washout, an inert gas, which 
can be either a tracer gas such as sulphur hexafl uoride 
(SF6) or a resident gas such as nitrogen, is washed out of 
the lung; airway diseases result in ventilation in-
homogeneity and prolong the duration of the washout 
thereby elevating LCI. Although our study looks at older 
patients, another advantage of LCI is that it requires 
only tidal breathing and therefore can potentially be 
measured in preschool children and infants. An 
increase in LCI indicates ventilation inhomogeneity, 
and abnormal values are associated with structural lung 
abnormalities (eg, bronchiectasis)16,19,20 and measures of 
airway infl ammation even in individuals with an FEV1 
higher than 90% of the predicted value.20 Preliminary 
results from two single-centre studies21,22 suggest that 
LCI might also be used to assess the response to 
interventional treatments.

We aimed to assess the treatment eff ects of ivacaftor in 
patients with cystic fi brosis, a G551D-CFTR mutation, and 
an FEV1 higher than 90% of the predicted value using LCI 
as the primary outcome. We postulated that, in this group 
of patients, ivacaftor would lead to a clinical benefi t, which 
might be most apparent on analysis of change in LCI.

Methods
Study design and participants
This phase 2, multicentre, placebo-controlled, 2×2 
cross over study took place from February, 2011, to 
November, 2011, at eight centres in Canada, UK, and 
the USA. Inclusion criteria were a confi rmed diagnosis 
of cystic fi brosis; presence of the G551D-CFTR 
mutation on at least one allele; FEV1 higher than 90% of 
the predicted value (ie, within the normal range)22 and 
an LCI higher than 7·4 (ie, within an abnormal range13) 
at screening; age of 6 years or older; and weight higher 
than or equal to 15 kg (based on pharmacokinetic 
studies leading to inclusion criteria for completed 
phase 3 studies8,9). Key exclusion criteria were acute 
upper or lower respiratory tract infection, pulmonary 
exacerbation, or change in pulmonary disease therapy 
within 4 weeks of study day 1; any acute (serious or 

non-serious) illness not related to cystic fi brosis within 
4 weeks of study day 1; infection with an organism 
associated with more rapid decline in pulmonary 
function (eg, Burkholderia cenocepacia, B dolosa, or 
Mycobacterium abscessus); use of inhaled hypertonic 
saline treatment within 2 weeks of study day 1; and 
concomitant use of any cytochrome P450, family 3, 
subfamily A (CYP3A) inhibitor or inducer. Additionally, 
patients with a history of any illness or disorder (eg, 
cirrhosis with portal hypertension) that, in the opinion 
of the investigator, might confound the results of the 
study or pose an additional risk in administration of the 
study drug to the participant were to be excluded from 
the study; no participants were excluded on these 
grounds.

The study was reviewed and approved by the relevant 
Ethics Committee or Institutional Review Board at 
participating centres. Written informed consent was 
obtained from patients, or a parent or guardian of 
children.

Randomisation and masking
After screening, eligible patients were randomly assigned 
(ratio 1:1) to one of the two treatment sequences 
(sequence 1 consisted of placebo administration fi rst 
followed by ivacaftor, sequence 2 consisted of ivacaftor 
administration fi rst followed by placebo). The patients 
and all site personnel, including the investigator, the 
study monitor, and the Vertex study team, were masked 
to treatment assignment. To protect the scientifi c 
integrity of the masking, two biostatisticians were 
involved in the randomisation process: a study 
biostatistician, masked to the actual treatment code, and 
an unmasked biostatistician not associated with the 
study. The study biostatistician created the randomisation 
specifi cation and dummy randomisation code, which 
was reviewed and approved by the unmasked 
biostatistician. After approval, the unmasked statistician 
generated the fi nal randomisation list. We used a block 
randomisation scheme with block sizes of 4.

Procedures
Patients in sequence 1 received placebo twice daily for 
28 days (treatment period 1), followed by a washout 
period of 28 days, then received ivacaftor (manufactured 
for Vertex Pharmaceuticals Incorporated, Cambridge, 
MA, USA) 150 mg twice daily for 4 weeks (treatment 
period 2); the order of treatment was reversed for patients 
in sequence 2 (ivacaftor followed by placebo). Patients 
were instructed to continue their cystic fi brosis regimen 
without alteration throughout the study. Study 
assessments were done on days 1, 15, and 29 of each 
treatment period, and patients returned for a fi nal follow-
up visit 4 weeks (±7) after the last dose of study drug.

The primary effi  cacy outcome measure was change 
from baseline in LCI value; secondary effi  cacy measures 
included change from baseline in percent predicted 
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FEV1,
23 sweat chloride concentration, and score on the 

cystic fi brosis questionnaire-revised (CFQ-R) at days 15 
and 29. The CFQ-R is a validated measure of patient-
reported symptoms (eg, respiratory and digestive symp-
toms, emotion and health perception) in patients with 

cystic fi brosis; the focus for this analysis was the 
respiratory health domain. We also measured forced 
expiratory fl ow from 25% to 75% of vital capacity 
(FEF25%–75%). We also obtained safety measures throughout 
the study, which included adverse events, serious 
adverse events, results of clinical laboratory assessments, 
clinical evaluation of vital signs, physical examinations, 
and electro cardiograms.

For LCI values, multiple-breath washout measure-
ments were taken at every centre in accordance with the 
standard operating procedure developed by The UK 
Cystic Fibrosis Gene Therapy Consortium and as 
previously described.13,24 The technique uses a modifi ed 
Innocor device (details in appendix) and 0·2% SF6. 
Guidelines for validation of multiple-breath washout 
technology have been recently published;18 the validation 
of the apparatus used to perform multiple-breath 
washout in this study against the mass spectrometer is 
summarised in the appendix and described in more 
detail in the original validation paper.25

Before starting the trial and after training on the LCI 
standard operating procedure, every operator was 
required to meet a 90% acceptance rate for ten 
participants assessed by the central reading facility. In 
the event of failure, centres received additional training, 
after which fi ve additional patients were tested and an 
80% acceptance rate was required for continuation. At 
every study visit, at least three multiple-breath washout 
measurements were made; the fi nal LCI value was the 
mean of LCI manoeuvres calculated from a minimum of 
two acceptable washout results. The appendix contains 
details of multiple-breath washout, spirometry, and 
sweat test methods, and safety assessments.

Statistical analysis
We planned a minimum of 16 patients on the basis of 
the assumption that the within-patient standard 
deviation for LCI treatment diff erence was about one.20 
Using a paired t-test with 16 patients and a nominal 
type I error rate of 0·05, we calculated that the power to 
detect a treatment eff ect of 0·75 was roughly 0·8 and 
the power to detect a treatment eff ect of 0·9 was 
roughly 0·9.

For the primary effi  cacy variable, change from 
baseline in LCI, we fi tted a mixed-eff ects model to each 
scheduled visit (days 15 and 29) and the average of 
days 15 and 29, with the absolute change from baseline 
in each period as the dependent variable; sequence, 
treatment, and period as fi xed eff ects; baseline LCI as 
the covariate; and the patient nested within the sequence 
as the random eff ect. The model generated absolute 
mean change (SD) in LCI from baseline for all scheduled 
visits, and we calculated average absolute change from 
baseline to days 15 and 29 and p values.

We undertook correlation analyses between the 
primary effi  cacy variable and every secondary effi  cacy 
variable using scatter plots; we calculated Spearman 

Sequence 1 (placebo, then 
ivacaftor; n=10)

Sequence 2 (ivacaftor, then 
placebo; n=10)

Sex

Male 6 (60%) 4 (40%)

Female 4 (40%) 6 (60%)

Age, years

Mean (SD) 19·8 (13·35) 13·4 (7·12)

Range 9–43 8–33

Height (cm) 156·0 (17·92) 148·9 (19·54)

Weight (kg) 58·8 (30·58) 45·1 (20·02)

Body-mass index (kg/m²) 22·7 (6·96) 19·4 (3·71)

Lung clearance index level 8·88 (1·46) 9·17 (1·66)

Percent predicted FEV1 92·6 (7·43) 101·8 (11·59)

Percent predicted FEV1

<70% 0 0

70% to <90%* 3 (30%) 2 (20%)

≥90% 7 (70%) 8 (80%)

Percent predicted FEF25%-75% (pp) 71·3 (25·6) 87·6 (19·9)

CFQ-R, score for respiratory domain 71·7 (13·4) 75·6 (18·2)

Sweat chloride level (mmol/L)

Mean (SD) 86·17 (19·22) 97·10 (7·40)

Range 49·0–105·0 82·0–105·0

Data are n (%) or mean (SD). FEV1=forced expiratory volume in 1 s. pp=percentage points. FEF25%-75%=forced 
expiratory fl ow rate from 25% to 75% of vital capacity. CFQ-R=Cystic fi brosis questionnaire-revised. *Entry criteria 
included FEV1>90% at screening; a proportion of patients had dropped below this value at the time these baseline 
measurements were made.

Table 1: Demographics and baseline characteristics of the study population

21 participants enrolled

21 randomised

10 assigned to sequence 1 
       (first placebo, then 
      ivacaftor)

10 assigned to sequence 2
      (first ivacaftor, then 
      placebo)

8 completed both 
    treatment periods

9 completed both 
    treatment periods

1 discontinuation
     1 adverse event

1 did not meet inclusion 
   criteria because of illness

2 discontinuations
     1 adverse event
     1 protocol violation

Figure 1: Trial profi le

See Online for appendix
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correlation coeffi  cients for every comparison. The 
statistical analyses were done using SAS version 9.2. 
This study is registered at ClinicalTrials.gov, number 
NCT01262352.

Role of the funding source
The sponsor of this study was involved in study design, 
data collection, data analysis, data interpretation, writing 
of the report, and decision to submit for publication. JD 
and FR had full access to the raw data. The corresponding 
author had full access to all the data in the study and had 
fi nal responsibility for the decision to submit for 
publication.

Results
21 patients (all white, non-Hispanic) were enrolled and 
randomly assigned to either the sequence 1 group 
(11 patients assigned to receive placebo fi rst, then 
ivacaftor) or to the sequence 2 group (ten patients 
assigned to receive ivacaftor fi rst, then placebo; fi gure 1). 
One patient randomly assigned to the sequence 1 group 
subsequently did not meet inclusion criteria (because of 
acute respiratory symptoms during screening and after 
randomisation) and was not given a dose of study 
medication, leaving ten patients in each group. All 
patients who received at least one dose of study 
medication completed treatment period 1. Three patients 
discontinued before completion of the study, one because 
of a protocol violation (washout period beyond the 
predefi ned window of 28±3 days because of a respiratory 
exacerbation requiring treatment) and two patients 
because of exclusionary adverse events during the 
washout period (one after the ivacaftor treatment period 
for M abscessus infection, and one after the placebo 
treatment period for allergic bronchopulmonary 
aspergillosis requiring treatment with medication 
that would interfere with ivacaftor metabolism). 
Figure 1 summarises patient disposition, and table 1 shows 
patient demographics and selected baseline data.

The mean reduction (indicating improvement) from 
baseline in LCI was greater with ivacaftor treatment than 
with placebo at all study assessments (diff erence between 
groups in the average of mean changes from baseline at 
days 15 and 29 was –2·16 [95% CI –2·88 to –1·44]; 
p<0·0001; table 2, fi gure 2). The magnitude and 
signifi cance of these eff ects were not aff ected by 
exclusion of patients who failed to complete the trial 
(data not shown).

Secondary effi  cacy variables were also improved in 
patients treated with ivacaftor compared with those treated 
with placebo. The absolute mean change from baseline in 
percent predicted FEV1 was signifi cantly greater with 
ivacaftor treatment than with placebo (diff erence in the 
average of mean changes at day 15 and day 29 was 8·67 
percentage points [95% CI 2·36–14·97]; p=0·0103; table 2, 
fi gure 3). Percent predicted FEF25%–75% also improved 
signifi cantly with ivacaftor treatment compared with 

placebo (diff erence at day 15 and day 29 was 16·56 
percentage points [2·30–27·71]; p=0·0237; table 2).

Improvements in LCI and FEV1 with ivacaftor treatment 
(as shown in fi gures 2 and 3) were correlated, whereas we 

Statistics Treatment eff ect (Ivacaftor vs placebo)

n Mean Median Diff erence (95% CI) p value

Lung clearance index

Baseline .. ..

Placebo 19 8·75 1·450 .. ..

Ivacaftor 18 9·26 1·723 .. ..

Day 15 –2·19 (–2·96 to –1·42) <0·0001

Placebo 19 9·47 2·076 .. ..

Ivacaftor 16 7·96 1·420 .. ..

Day 29 –2·07 (–2·98 to –1.15) 0·0004

Placebo 18 9·40 8·96 .. ..

Ivacaftor 17 8·13 7·66 .. ..

Average –2·16 (–2·88 to –1·44) <0·0001

Placebo 19 9·51 8·69 .. ..

Ivacaftor 17 8·00 7·78 .. ..

Percentage of predicted FEV1 (pp)

Baseline .. ..

Placebo 19 95·01 92·30 .. ..

Ivacaftor 18 97·83 95·66 .. ..

Day 15 10·99 (2·33 to 19·65) 0·0165

Placebo 18 93·41 94·37 .. ..

Ivacaftor 18 106·45 103·32 .. ..

Day 29 7·01 (1·80 to 12·21) 0·0117

Placebo 19 94·85 94·11 .. ..

Ivacaftor 18 104·97 101·16 .. ..

Average 8·67 (2·36 to 14·97) 0·0103

Placebo 19 94·25 93·78 .. ..

Ivacaftor 18 105·71 101·90 .. ..

Percentage of predicted FEF25%–75% (pp)

Baseline .. ..

Placebo 19 75·05 75·38 .. ..

Ivacaftor 18 80·99 77·77 .. ..

Day 15 17·97 (6·35 to 35·32) 0·0081

Placebo 18 75·34 77·83 .. ..

Ivacaftor 18 98·16 100·02 .. ..

Day 29 15·21 (2·06 to 22·94) 0·0221

Placebo 19 77·88 74·85 .. ..

Ivacaftor 18 96·07 91·50 .. ..

Average 16·56 (2·30 to 27·71) 0·0237

Placebo 19 76·60 74·85 .. ..

Ivacaftor 18 97·12 96·33 .. ..

Sweat chloride concentration (mmol/L)

Baseline .. ..

Placebo 18 89·25 92·75 .. ..

Ivacaftor 17 94·59 100·00 .. ..

Day 15 –48·22 (–55·99 to –40·44) <0·0001

Placebo 18 94·44 97·75 .. ..

Ivacaftor 16 48·84 49·00 .. ..

(Continues on next page)
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noted little or no correlation between these measures with 
placebo (fi gure 4). Similarly, changes in LCI and FEF25%-75% 
measures were correlated with ivacaftor treatment but 
showed poor correlation with placebo (Spearman 
correlation coeffi  cients –0·4034 and –0·1034).

Although all patients were required to have an FEV1 

higher than 90% of the predicted value at screening, 
some patients had declined below the 90% threshold at 
the time of a period baseline visit. We did a post-hoc 
analysis in the subset of patients with baseline percent 
predicted FEV1 maintained at more than 90%. In this 
subset, we noted an improvement in LCI and the 
treatment eff ect remained signifi cant (diff erence in the 
average of mean changes at days 15 and 29 was 
–1·65 [95% CI –2·42 to –0·87]; p=0·0008), which was 
consistent with the overall cohort. Although these 
patients achieved numerical increases in percent 

predicted FEV1 when treated with ivacaftor, the FEV1 
treatment eff ect was no longer signifi cant (diff erence 
between groups at days 15 and 29 was 7·3 percentage 
points [95% CI –0·82 to 15·45]; p=0·0735). We also did 
a post-hoc analysis to asssess the relative sensitivity of 
LCI compared with FEV1. The sample size required to 
achieve 80% power for between-group comparison was 
substantially smaller for LCI (fi ve for day 15 comparisons 
and nine for day 29 comparisons) than for FEV1 (22 for 
day 15 comparisons and 26 for day 29 comparisons) 
based on the treatment eff ect and variability noted in 
this study.

Treatment with ivacaftor resulted in signifi cant 
reductions in sweat chloride concentrations (average for 
days 15 and 29 was –47·51 mmol/L [95% CI –54·57 to 
–40·44]; p<0·0001; table 2, fi gure 5).

Numerical increases in the CFQ-R respiratory domain 
score from baseline to day 29 were greater for patients 
treated with ivacaftor than those given placebo (least 
squares mean change 5·32 for ivacaftor vs 1·33 for 
placebo) although the treatment eff ect was not signifi cant 
(p=0·3796; table 2).

We examined the carryover eff ect and excluded it 
for the average change in days 15 and 29 in LCI, 
FEV1, FEF25–75%, and sweat chloride concentration 
(treatment × period interaction p values >0·10).

Pill counts were undertaken at study visits, and the 
median adherence to study drug was calculated as 99·1% 
(range 85·7–100) for ivacaftor and 100% (87·5–100) for 
placebo.

At least one adverse event was reported by 15 (79%) of 
19 patients who received placebo and 13 (72%) of 
18 patients who received ivacaftor (table 3). Four serious 
adverse events were reported in three patients, all of 
which occurred during the washout period: one serious 
adverse event occurred after the placebo treatment 
period (allergic bronchopulmonary aspergillosis) and 
three serious adverse events occurred in the ivacaftor 
treatment period (one patient with distal ileal 
obstruction syndrome and one with both a pulmonary 
exacerbation and pseudomonas infection). No deaths 
occurred during the study. Table 4 summarises adverse 
events reported by 10% or more of study patients overall; 
the most frequently reported adverse events were cough 
(45%), headache (25%), vomiting (25%), pyrexia (20%), 
and nasal congestion (15%; table 4).

Discussion
This study was designed to assess response to treatment 
with the CFTR potentiator ivacaftor, using LCI as the 
primary measure of effi  cacy in patients with cystic 
fi brosis and well preserved lung function, as assessed 
by spirometry. Treatment with ivacaftor, compared with 
placebo, was associated with signifi cantly less 
ventilation inhomogeneity, as measured by LCI. The 
observed mean LCI treatment eff ect in this study was 
greater than that in previous studies of the cystic 

Statistics Treatment eff ect (Ivacaftor vs placebo)

n Mean Median Diff erence (95% CI) p value

(Continued from previous page)

Day 29 –45·85 (–53·54 to –38·16) <0·0001

Placebo 19 89·13 91·00 …. ..

Ivacaftor 17 43·94 43·00 …. ..

Average –47·51 (–54·57 to –40·44) <0·0001

Placebo 19 91·54 93·25 .. ..

Ivacaftor 18 45·06 44·00 .. ..

CFQ-R

Baseline ..

Placebo 19 78·51 77·78 .. ..

Ivacaftor 18 77·62 83·33 .. ..

Day 29 3·99 (–5·32 to 1·33) 0·3796

Placebo 19 79·97 83·33 .. ..

Ivacaftor 18 83·33 86·11 .. ..

CFQ-R=cystic fi brosis questionnaire-revised. FEV1=forced expiratory volume in 1 s. pp=percentage points. 
FEF25%–75%=forced expiratory fl ow rate from 25% to 75% of vital capacity. p values should be compared with the nominal 
type 1 error rate of 0·0475 using the O’Brien-Fleming method. 

Table 2: Treatment eff e cts for lung clearance index levels, percent predicted FEV1, percent predicted 
FEF25%–75%, sweat chloride levels, and CFQ-R, by visit
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Figure 2: Mean change from baseline in lung clearance index
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fi brosis therapies hypertonic saline and dornase alfa21,22 
and correlated with changes in FEV1 in ivacaftor-treated 
patients. These results suggest that LCI might be a 
suitable outcome measure in interventional trials in 
patients with cystic fi brosis who have minimally 
impaired lung disease.

The substantial improvement in percent predicted 
FEV1 with ivacaftor treatment in this study was 
consistent with results of previous studies (panel);7,8 
however, these results were somewhat unexpected, in 
view of the entry criterion of FEV1 higher than 90% at 
screening. It is worth noting that, at baseline assessment 
before treatment was started, some patients in the study 
had experienced deterioration on spirometry, with 
percent predicted FEV1 between 79%  and 89%, which 
increased their potential for improvement. When the 
analysis was confi ned to patients with FEV1 higher than 
90% at their period baseline, improvements in FEV1 
were no longer signifi cant (p=0·0735). Conversely, 
changes in LCI were similar to those in the overall 
patient group, and remained highly signifi cant 
(p=0·0008). Post-hoc analyses also showed that LCI 
requires a three to four times smaller sample size than 
does FEV1 to achieve 80% power for between-group 
comparisons. Taken together, these analyses support 
the hypothesis that LCI might be more sensitive than 
FEV1 not only in detecting mild lung function 
abnormalities but also in detecting a treatment eff ect in 
patients with mild lung disease, requiring smaller 
sample sizes to assess treatment effi  cacy.

LCI and FEV1 measure diff erent aspects of lung 
pathophysiology: spirometry assesses variations in gas 
fl ow rate, which is primarily infl uenced by large airway 
fl ow resistance; multiple-breath washout used for LCI 
assesses ventilation distribution homogeneity, which is 
primarily infl uenced by changes in peripheral airways.19 
Therefore, FEV1 might be less aff ected by peripheral or 
focal changes, as suggested by results of CT scans16 
showing marked regional bronchiectasis in patients 
with normal spirometry. By contrast, ventilation 
inhomogeneity can be detected in this setting, as shown 
by the ability of LCI to predict structural lung changes 
such as bronchiectasis in patients with cystic fi brosis.16 
The results of this and other studies support the 
suitability of LCI as an outcome measure in patients 
with limited lung disease as measured by spirometry. 
However, these results do not preclude the potential 
usefulness of LCI as a measure in patients with more 
substantial lung disease; studies are currently underway 
to explore this possibility.

Sweat chloride concentrations decreased substantially 
(least squares mean 43–46 mmol/L) and signifi cantly 
(p<0·0001) with ivacaftor compared with placebo. These 
reductions were similar to those noted in previous 
clinical studies of ivacaftor.7,8 On the basis of these 
fi ndings, sweat chloride could be considered a measure 
of treatment response in systemic interventions 

targeting CFTR function. However, only weak 
correlations were noted between changes in sweat 
chloride concentrations and changes in LCI or FEV1 

Figure 4: Correlation analysis: lung clearance index vs percent predicted FEV1

FEV1=forced expiratory volume in 1 s.

Placebo: Spearman correlation=0·0257
Ivacaftor: Spearman correlation=0·6725
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(data not shown). The results of phase 3 studies24,26 of 
ivacaftor also showed an absence of correlation between 
a decrease in sweat chloride concentrations and an 
improvement in FEV1. These results suggest that, on an 
individual basis, the degree of improvement in sweat 
gland CFTR function with ivacaftor is not directly linked 
to the degree of improvement in airway obstruction. 
Sweat chloride measurements can provide the basis for 
proof of principle studies examining CFTR function; 
however, these data and those from previous trials of 
ivacaftor7,8 indicate that they might not be a proxy for 
benefi cial eff ects on the lung.

Although we noted numerical improvement with 
ivacaftor compared with placebo in the respiratory 
domain of the patient-reported outcome measure 
CFQ-R, it did not reach signifi cance. This domain is 
largely a measure of respiratory symptoms and has 
been shown to be responsive to interventions in studies 
of patients with cystic fi brosis and reduced FEV1, 
including the pivotal trial of ivacaftor.8 Although the 
ivacaftor treatment group achieved a mean absolute 
change in score on the CFQ-R reaching the previously 
defi ned, minimum clinically important diff erence of 
four points, the inter-individual variability in response 
was quite high. This fi nding is in accordance with data 
from the phase 3 trials of ivacaftor.8,9 Because patients 
with mildly impaired and normal lung function have 
few symptoms, a positive change in CFQ-R might also 
be constrained by a ceiling eff ect as suggested by the 
high CFQ-R scores at baseline.

Limitations of this study include its small size, very 
focused population, and the use of highly technical 
equipment, including 0·2% SF6 as a tracer gas, which is 
not readily available in many countries. Equipment 
scarcity has led the ECFS Clinical Trials Network to seek 
to move to N2-washout based techniques. Ivacaftor is 
currently licensed only for patients with the G551D-
CFTR mutation (about 4% of patients with cystic fi brosis 
globally), and we further narrowed the focus by including 
only patients with preserved spirometry (FEV1 >90%) but 
an abnormal LCI; we chose the latter criterion to exclude 
patients with no detectable lung disease by spirometry in 
whom an improvement in LCI might impossible. This 

standard isation was deemed more important than the 
choice of the exact value, largely because there are few 
data available on the upper limit of normal for LCI. For 
the group as a whole, some post-screening deterioration 
in spirometry occurred. Only one patient had received 

Placebo 
(n=19)

Ivacaftor 
(n=18)

Cough 7 (37%) 5 (28%)

Headache 1 (5%) 4 (22%)

Vomiting 4 (21%) 1 (6%)

Pyrexia 3 (16%) 1 (6%)

Nasal congestion 2 (11%) 1 (6%)

Upper abdominal pain 2 (11%) 0

Constipation 1 (5%) 1 (6%)

Pulmonary exacerbation* 1 (5%) 1 (6%)

Dizziness 0 2 (11%)

Fatigue 1 (5%) 1 (6%)

Lower respiratory tract infection 2 (11%) 0

Oropharyngeal pain 2 (11%) 0

Productive cough 1 (5%) 1 (6%)

Macular rash 1 (5%) 1 (6%)

Seasonal allergy 0 2 (11%)

*Pulmonary exacerbations were encoded as “cystic fi brosis lung” in accordance 
with MedDRA coding. 

Table 4: Adverse events occurring in 10% of patients or more in the 
study overall

Panel: Research in context

Systematic review
We searched PubMed for all publications with the terms 
”ivacaftor”, ”cystic fi brosis”, ”lung clearance index”, and 
”multibreath washout”, and we reviewed those relevant to 
this study. Ivacaftor treatment has resulted in signifi cant 
improvements in spirometry in patients with the G551D-CFTR 
mutation and a degree of impairment in lung function.8,9 
Lung clearance index (LCI) has been reported to be a sensitive 
marker of early lung disease in cystic fi brosis, tracking from 
preschool to later childhood,15 and correlating with measures 
of structural and infl ammatory airway changes.16–20 It has been 
used as an outcome measure in trials of inhaled therapies in 
cystic fi brosis.21,22 LCI had not been used previously to measure 
the eff ect of ivacaftor in patients with cystic fi brosis, a G551D-
CFTR mutation, and an FEV1 >90% predicted.

Interpretation
The present trial confi rms a treatment eff ect of ivacaftor in 
patients with cystic fi brosis with G551D-CFTR and preserved 
spirometry. These benefi ts were more easily demonstrable on 
LCI than on FEV1, and future trials in this subgroup of patients 
might be more easily powered on the basis of LCI changes. 
Clinicians should consider ivacaftor for patients with the 
G551D-CFTR mutation even if lung disease assessed by 
spirometry is apparently mild.

Placebo (n=19) Ivacaftor (n=18)

Patients with ≥1 adverse event 15 (79%) 13 (72%)

Patients with ≥1 serious adverse 
event

1 (5%) 2 (11%)

Adverse events leading to 
permanent discontinuation of 
study drug*

0 1 (6%)

*One patient discontinued during the wash-out period because of an adverse 
event of allergic bronchopulmonary aspergillosis; no study drug was 
discontinued, and therefore, this patient was not included in this count.

Table 3: Summary of adverse events and serious adverse events, safety 
analysis set
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inhaled hypertonic saline in the 30 day period leading 
into the study, making it unlikely that cessation of this 
previously used therapy is the explanation. We deem it to 
be most likely a regression to the mean since patients 
were required to be wholly stable at screening. Although 
we could show signifi cant changes in LCI, a minimal 
clinically important diff erence for this measure has not 
yet been established.

Although the small sample size did not preclude the 
demonstration of signifi cant treatment eff ects with 
several effi  cacy measures, these need to be considered 
within the context of this highly selected group. 
Particularly, these fi ndings might not be applicable to a 
group with such mild lung disease that LCI is within 
the normal range. Mitigating partly the disadvantages 
of a small study, the use of a single-group crossover 
design helped with direct within-patient comparisons, 
and probably reduced variability attributable to inter-
patient diff erences in disease state that might have 
arisen in a parallel-group design. A further limitation 
is the method adopted for LCI measurement, which 
was chosen on the basis of experience within several of 
the centres and the availability of an established 
standard operating procedure. This method is not 
widely available or approved by regulatory agencies. 
Although it is likely that nitrogen washout techniques 
will replace the SF6-based methods in future 
multicentre clinical trials, and although the LCI values 
obtained on diff erent pieces of equipment are not 
directly comparable, these results confi rm that in the 
context of strict training, acceptability criteria and 
centralised reading, a high success rate of valid 
measurements is achievable, allowing the technique to 
be applied to multicentre studies.

In conclusion, ivacaftor leads to clinical benefi t in 
patients with an FEV1 in the normal range. LCI is a 
sensitive technique that might be useful for future inter-
ventional trials in this group of patients. The protocol used 
here shows that LCI is a reasonable and feasible measure 
for use in multicentre studies. Future studies should be 
directed at further clarifying the value of LCI as a measure 
of disease progression and treatment response in relation 
to spirometry, in both research and clinical settings.
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