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BACKGROUND. The ability to restore cystic fibrosis transmembrane regulator (CFTR) function
with effective small molecule modulators in patients with cystic fibrosis provides an opportunity
to study relationships between CFTR ion channel function, organ level physiology, and clinical
outcomes.

METHODS. We performed a multisite, prospective, observational study of ivacaftor, prescribed in
patients with the G551D-CFTR mutation. Measurements of lung mucociliary clearance (MCC) were
performed before and after treatment initiation (1and 3 months), in parallel with clinical outcome
measures.

RESULTS. Marked acceleration in whole lung, central lung, and peripheral lung MCC was observed 1
month after beginning ivacaftor and was sustained at 3 months. Improvements in MCC correlated
with improvements in forced expiratory volume in the first second (FEV,) but not sweat chloride or
symptom scores.

CONCLUSIONS. Restoration of CFTR activity with ivacaftor led to significant improvements in MCC.
This physiologic assessment provides a means to characterize future CFTR modulator therapies and
may help to predict improvements in lung function.

TRIAL REGISTRATION. ClinicialTrials.gov, NCT01521338.

FUNDING. CFF Therapeutics (GOAL11K1).

Introduction
Small molecule modulators of cystic fibrosis transmembrane regulator (CFTR) function for patients with spe-
cific genotypes are making a significant impact in the care of patients with cystic fibrosis (CF) and are domi-
nating current CF drug development efforts. Appropriately designed phase 3 trials of ivacaftor demonstrated
that, in patients with gating mutations, this medication had profound effects on both CFTR function and
clinical outcomes (1, 2). Prior to US Food and Drug Administration (FDA) approval of this medication, the
CF Foundation-Therapeutics Development Network (CF-TDN) designed the G551D Observational Study
(GOAL) to test the real-world efficacy of this medication, to collect biospecimens that could be used to identi-
fy biomarkers of CFTR function and/or improved health, and to explore the use of specific in vivo bioassays
in substudies that may also reflect CFTR function and, thereby, prove useful for future drug development (3).
Mucociliary clearance (MCC), measured by y scintigraphy after the inhalation of radiolabeled parti-
cles, has been used extensively in CF to characterize the consequences of CF lung disease and to assess
the therapeutic potential of inhaled drugs designed to improve the physiologic conditions, such as mucus
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hydration, which govern mucus clearance in vivo. In this study, we tested the hypothesis that CFTR activity
plays a central role in controlling the clearance of airway mucus by measuring MCC rates before and after
ivacaftor treatment. We also examined the effects of ivacaftor on the CF lung by characterizing treatment
effects over time and, in particular, lung regions of interest (ROI) that reflect large and small airway phys-
iologic responses. Finally, by comparing MCC results with other outcome measures, including clinical
responses, we examined whether improvements in MCC are related to clinical improvements, which could
potentially impact drug development pathways and provide a tool for personalization of treatments. As
a multicenter MCC study of a potentially novel therapeutic for CF, this study should also provide insight
into the feasibility of using a multisite platform for evaluating new agents using MCC scans in the future.

Results

Baseline population description

Twenty-three participants consented to participate at the 4 sites. Twenty-two subjects completed baseline
MCC assessments, and 21 completed all assessments. One subject experienced a severe pulmonary exacer-
bation before the baseline assessment and was excluded from further participation. One subject was exclud-
ed from further participation following the baseline MCC scan due to severe noncompliance with the study
protocol (Figure 1). Table 1 provides baseline demographic data for the study population that completed at
least 1 MCC assessment (n = 22).

Clinical response to ivacaftor

Clinical improvements following ivacaftor were observed in this study and were similar in magnitude to
those observed in both randomized controlled studies and the overall GOAL study cohort in this popu-
lation (2—4). Specifically, significant improvements in lung function, nutritional parameters, and patient
reported outcomes were noted, as shown in Table 2. The clinical response in our study population, there-
fore, appears to be representative of the typical ivacaftor clinical response in G551D-CFTR patients.

Baseline MCC

Baseline rates of MCC (AveClr60) were variable across the population but were not significantly different
between study sites or subject sexes and did not correlate with baseline lung function (forced expiratory
volume in the first second [FEV ] percent predicted). However, subjects who were chronically infected with
Pseudomonas aeruginosa had significantly slower rates of whole lung (WL) MCC, when compared with
those who were either uninfected or intermittently infected (AveClr60 5.5 = 4.9, n = 14; vs. 16.0 + 9.4, n =
5; P=10.005). This finding is consistent with those reported in prior studies (5, 6).

Effect of ivacaftor on MCC

WL MCC. Figure 2 shows particle clearance over time in each lung region of interest (ROI). MCC from the
whole right lung through 60 minutes (AveClr60) (i.e., before voluntary coughs) was the primary outcome
of this study and was previously reported in the main study publication (3). Indeed, WL MCC as indexed
by AveClr30, AveClr60, AveClr90, and 24-hour clearance markedly improved after initiating ivacaftor by
the 1-month visit and remained at a similarly elevated rate at the 3-month visit (Table 3). Importantly, no
significant differences in isotope deposition were detected when comparing baseline and posttreatment cen-
tral/peripheral (C/P) deposition ratio and skew of the particle deposition histograms (Table 3). Further,
there was no significant correlation between changes in deposition parameters (C/P ratio, skew) and the
change in WL clearance. These data provide evidence that the observed acceleration in clearance did not
result from a shift in isotope deposition toward the faster-clearing large airways. Examination of individual
subject MCC responses, and data trends from individual study sites, also supported the hypothesis that the
impact of ivacaftor was robust and not driven by subject outliers or site differences (Figure 3). Finally, the
absence of any differences between MCC parameters at 1 and 3 months after ivacaftor initiation supports a
rapid (<1 month) and sustained effect that did not wane over time.

Regional assessments of MCC. Examination of regional MCC responses can provide an indicator of the
lung compartment (e.g., large vs. small airways) where a therapeutic agent has its greatest impact. The
central lung ROI used in this study overlies the lung hilum and, therefore, includes the largest conducting
airways. Therefore, analysis of MCC from this ROI provided the opportunity to examine the effect of iva-
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Screened for eligibility (n=23)
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assessments performed (n=22)

Withdrawn (n=1)
* Investigator decision
(severe protocol
noncompliance)

Completed 1-and 3-month
post-dose assessments (n=21)

Figure 1. Study flow diagram.

caftor on MCC in a region that is enriched with large airways. Baseline rates of MCC in this compartment
were faster than in the WL compartment, given the intrinsically faster rate of clearance from large airways.
Following ivacaftor, central lung MCC rates were significantly increased at most time domains (i.e., Ave-
Clr30, AveClr60, AveClr90) when compared with baseline (Table 3).

MCC from the peripheral lung region excludes the largest airways located around the lung hilum and
provides an assessment of MC that reflects small airway function to a greater degree than WL clearance.
We previously showed, using an identical MCC methodology, that MCC is predominantly affected in the
peripheral lung in CF when indexed against a group of healthy volunteers (7). In the current study, periph-
eral lung clearance was negligible at baseline, again consistent with the hypothesis that the small airways
are the major site of MCC dysfunction in CF. However, following ivacaftor, a profound (~7-fold) increase
in peripheral lung MCC was observed (Table 3).

Cough clearance (CC). The ability of cough to clear particles from the lower airways was assessed by
having subjects forcefully cough 30 times during the 64- to 90-minute interval following isotope inhala-
tion. The total number of coughs and peak flow rate during cough maneuvers did not change between
baseline and postivacaftor (Vertex Pharmaceuticals) assessments. The percent clearance during this
period was numerically increased after starting ivacaftor (Table 3) but not significantly different from
baseline (P = 0.22). Of note, this method of assessing cough-driven clearance is limited by the fact
that the extent of particle clearance preceding the cough interval (i.e., from 0—64 minutes) has the
potential to limit the availability of cough-clearable particles (e.g., in central airways vs. distal airways
or alveoli). Therefore, the faster rates observed after ivacaftor would create a bias against detecting an
improvement in CC. On the other hand, cilia-driven clearance also contributes to the overall clear-
ance observed during the cough interval, and faster postivacaftor rates could account for the numer-
ical (nonsignificant) increases in clearance that were observed during the cough interval without any
change in cough-mediated clearance whatsoever.

Predicting MCC responses by baseline characteristics

We explored whether the observed improvements in MCC in response to ivacaftor were predicted by base-
line subject characteristics. In fact, no relationships were observed when examining the potential effects of
sex, age, baseline lung function, baseline sweat chloride, or chronic pseudomonas status. The change from
baseline WL MCC (AveClr60) was significantly, though weakly, inversely correlated with baseline MCC
(Spearman R = —0.37; P = 0.02). These data, therefore, suggest that MCC responses were similar across
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Table 1. Demographics and baseline characteristics (n = 22)

Female n (%) 8(34.8)
Age, years mean (SD) 25.2(7.7)
Pediatric (age <18 years) subjects n (%) 4(18.2)
Genotype Class of non-G551D allele | 4(18.2)
1l 14 (63.6)
1 1(4.6)
v 1(4.6)
V 1(4.6)
Unidentified 1(4.6)
Partially active CFTR mutation n (%) 2(9.)
BMI mean (SD) 21.9 (2.4)
FEV, () mean (SD) 2.67(1.20)
FEV, (% predicted) mean (SD) 671(24.6)
FVC (1) mean (SD) 3.88(1.22)
FVC (% predicted) mean (SD) 92.9 (17.3)
Chronic HS use n (%) 12 (54.5)
Chronic dornase alfa use n (%) 15(68.2)

FVC, forced vital capacity; HS, hypertonic saline.

patient groups and that patients with the most impaired MCC might be expected to experience the greatest
improvements in MCC. Improvements in lung function (FEV, percent predicted) were similarly unrelated
to baseline lung function, age, sex, and chronic pseudomonas status.

Correlations between MCC responses and other endpoints

‘We next explored whether the observed changes in MCC in response to ivacaftor correlated with clinical
outcomes, including lung function (FEV,). We employed a mixed model analysis to utilize data from all
visits and to incorporate important covariates. In this model, incorporating change in WL AveClr60 and
change in C/P (an important covariate that often influences MCC rates), a significant (P < 0.005) relation-
ship between the FEV, and MCC changes was observed. Other potential covariates (e.g., age, sex, baseline
FEV) were not significant. The magnitude of the effect of AveClr60 on FEV, suggested that the observed
~10% absolute change in AveClr60 accounted for a 2.7% absolute increase in FEV,, or about one-quarter
of the total change in lung function. While accelerated MCC did not fully explain the observed improve-
ment in FEV | in this model, it is perhaps not surprising given the intrinsic variability of these in vivo end-
points, which would be expected to weaken the observed statistical relationship. Further, it is possible that
different degrees of MCC improvement could yield similar improvements in FEV, (i.e., a threshold effect),
which would also be expected to weaken the observed statistical relationship. Finally, ivacaftor could yield
improvements in FEV, through mechanisms that are completely independent from MCC. For example,
direct smooth muscle and inflammatory cell effects have previously been postulated (8, 9)

Exploration of other factors that could explain lung function improvements were also explored. The
change in central lung, but not peripheral, MCC was similarly related to the change in FEV . In contrast,
as previously reported, changes in sweat chloride did not relate to the change in FEV, (10, 11), nor were
other significant relationships observed between changes in MCC parameters and changes in other clinical
outcomes (e.g., Cystic Fibrosis Questionnaire — Revised [CFQ-R], Cystic Fibrosis Respiratory Symptom
Diary [CFRSD], Sinonasal Outcome Tool [SNOT 20], BMI).

Discussion

Mutations in CFTR have been known to be the basis of CF lung disease for nearly 3 decades. Two prominent
hypotheses link CFTR to mucus transport via the regulation of airway surface liquid (ASL) volume (12) and
through bicarbonate secretion (13). Importantly, both of these actions may play a role. Alternatively, CFTR
has been linked to lung health via bacterial killing through the regulation of ASL pH and the activity of anti-
microbial substances (14). The approval of ivacaftor as an effective modulator of the G551D-CFTR mutation
provided us the opportunity to directly test the hypothesis that CFTR function is tightly linked to MCC.
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Table 2. Change in clinical endpoints

Baseline 1month 3 months
FEV, (1) 2.67 (1.20) 3.07 (1.28)* 3.01(1.28)*
FEV, (% pred) 671(24.6) 77.5 (25.6)* 75.9 (25.)7
Weight (kg) 63.6 (10.8) 65.3 (10.9)° 65.7 (10.8)®
BMI 21.9 (2.5) 22.5(2.5)¢ 22.6 (2.2)»
Sweat chloride (mEqII) 97.5 (16.5) 51.0 (17.6)A 475 (17.5)A
CFQ-Rresp 66.9 (21.0) 77.5 (15.0)8 81.8 (14.4)*
CFRSD 31.6 (15.6) 24.2 (14.7)8 22.0 (13.6)A
SNOT-20 1.00 (0.67) 0.79 (0.76) 0.65 (0.66)®

Mix models were used to assess for changes in each parameter. When significant differences were observed,
comparisons to baseline were performed and adjusted using Dunnett’s correction. P < 0.001; 8P < 0.01; °P < 0.05 versus
baseline. CFQ-R Respiratory Domain, Cystic Fibrosis Questionnaire - Revised, respiratory symptom domain score. A
higher score indicates improved respiratory symptoms. CFRSD, Cystic Fibrosis Respiratory Symptom Diary. A lower
score indicates improved respiratory symptoms. SNOT-20, Sinonasal Outcome Test. A lower score indicates improved
sinonasal symptoms.

Indeed, the large effect on MCC, which was fully realized at the 1-month time point and sustained thereafter,
and similarly rapid improvements in clinical outcomes suggest that MCC is intimately linked to CFTR func-
tion. This study did not address the mechanism through which CFTR improves MCC, however.

The magnitude of the MCC effect observed after ivacaftor was larger and more predictable (i.e.,
with fewer nonresponders) than when compared with inhaled therapies such as hypertonic saline (HS)
(7, 15). Perhaps most notable was the marked increase in peripheral lung clearance observed after iva-
caftor (Figure 2C and Table 3). Importantly, peripheral lung clearance was negligible prior to ivacaftor
treatment. After ivacaftor, however, robust peripheral lung clearance was observed. This is in agree-
ment with a recently published study that used a pixel-by-pixel analysis of MCC to show that ivacaftor
homogeneously increased clearance, regardless of the baseline clearance rate in that pixel (16). We
speculate, therefore, that the ability to effectively target distal lung regions via the systemic route pro-
vides an important efficacy advantage over inhaled therapies. In addition, ivacaftor’s marked impact
on MCC and clinical outcomes may also reflect the fact that this drug directly targets CFTR, rather
than alternative targets that incompletely substitute for missing CFTR functions. The normalization of
peripheral lung clearance and large FEV, improvement also suggests that, even in these patients with
relatively advanced lung disease, a large reversible component exists. Thus, the continued development
of systemic therapies and improvements in the delivery of inhaled therapeutics to small airways may
be a key component to maximizing treatment responses.

Despite profound improvements in cilia-driven mucus clearance, we saw minimal improvement in CC.
Although the nature of the MCC assay utilized in this study is not primarily designed to assess CC, and is there-
fore compromised by the preceding rate of cilia-driven mucus clearance, historical data suggests that a larger
fraction of CC should be technically observable (17) but was not. We speculate that the lack of improvement
in CC suggests that there are persistent abnormalities in mucus properties that are not corrected by improved
CFTR function and the expected improvements in ASL hydration and/or pH. A deeper understanding of the
physiologic properties that govern cough- versus cilia-driven clearance could shed light onto mucus properties or
mucus-epithelial interactions that should be targeted by other therapeutics (e.g., mucolytics).

Our data demonstrate that measurements of MCC are not only valuable tools for evaluation of
CFTR modulator therapies, but that they can be reliably performed on a multisite basis. As the result
of careful procedure standardization, the technical quality of images was high and interpretable data
was uniformly obtained. Furthermore, between-site differences were not observed in this study, as was
also the case in a previous study using these methods at 3 of the involved sites (18). The availability
of a multisite MCC testing network may ultimately prove to be an efficient means of demonstrating a
relevant physiologic activity within the lung of novel CFTR modulators or other therapeutics designed
to improve MCC. Whether or not MCC scans will be sufficiently sensitive to detect MCC changes with
less efficacious CFTR modulator regimens, or differentiate modulator regimens with only marginally
different activities, is uncertain but is under investigation.
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Figure 2. Mean clearance versus time curves. Mean clearance versus time curves (+ SEM) in (A) whole lung, (B) central
lung, and (C) peripheral lung regions of interest.

Another important question is whether MCC scans can serve as a useful predictor of clinical outcomes.
Unlike sweat chloride measurements, or symptom scores, the change in WL and central lung MCC was
significantly related to the observed change in FEV , though it only explained ~25% of the lung function
effect. Although the heterogeneity of CF lung disease is expected to reduce correlations between vari-
ous physiological endpoints, these data suggest for the first time to our knowledge that improvements in
MCC may predict improvements in traditional measures of lung function (i.e., FEV)). It is also possible
that improvements in MCC may more closely relate to a therapy’s impact on pulmonary exacerbations,
if indeed these clinical events are related to encroachment of disease into lung regions that previously
functioned adequately (i.e., cleared mucus normally). This would be consistent with the apparent paradox
observed with HS, where large sustained improvements in MCC and protection against exacerbations has
been demonstrated but only small improvements in FEV | have been observed (7, 19).

In summary, ivacaftor treatment provides substantial improvements in CFTR activity in patients with
a gating-mutation that translate into profound improvements in MCC throughout all regions of the CF
lung. MCC changes were robust, not limited to patients with particular characteristics, and were sustained
through 3 months of treatment. Changes in whole and central lung clearance were significantly related to
changes in FEV , linking these physiologic endpoints for the first time to our knowledge. Finally, these data
show that MCC measurements can be performed well within the context of a multisite study and that these
measurements may have value for the early phase assessment of novel CF modulators.

Methods

A longitudinal, observational cohort study involving 28 centers within the CF-TDN was performed to capture
clinical measures and biospecimens (core study) in CF patients age 6 and older with at least 1 copy of the
G551D mutation and no prior exposure to ivacaftor (3). The impact of ivacaftor on MCC and the relationship
between MCC changes and clinical outcomes was investigated in this nested substudy at 4 centers (UNC, Johns
Hopkins University, University of Pittsburgh, and University of Alabama at Birmingham). WL MCC results
after 1 month of treatment was previously published with the larger core study findings (3).

https://doi.org/10.1172/jci.insight.122695 6
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Table 3. Mucociliary clearance parameters

MC parameter Baseline (n = 22) 1month (n =21) 3 month (n=21)
Whole lung AveCIr30 % 5.9 (7.5) 14.9 (9.5)* 13.2 (74)8
Whole lung AveCIr60 % 8.5 (8.0) 18.7 (10.9)* 17.7 (8.1)A
Whole lung AveCIr90 % 10.5(8.2) 21.6 (11.7)* 21.0 (9.0)*
Whole lung 24-hr Clr % 28.7(19.3) 36.1(20.6) 46.5(18.1)8
Central ROI AveCIr30 % 13.6 (11.9) 214 (14.4)¢ 21.9 (10.2)¢
Central ROI AveCIr60 % 16.4 (12.6) 26.2 (14.9)® 27.2 (9.9)8
Central ROI AveCIr90 % 19.3 (13.2) 29.7 (14.7)8 31.3(9.7)8
Peripheral ROI AveClr30 % -0.8(9.0) 9.2 (7.6)8 5.4 (11.4)
Peripheral ROI AveCIr60 % 1.5(8.7) 12.2 (9.3)8 9.1 (11.4)¢
Peripheral ROI AveCIr90 % 2.8 (8.5) 14.6 (10.4)* 11.7 (12.0)8
Cough clearance % 3.5(5.7) 6.9 (9.3) 6.7 (10.2)
C/P,, ratio 2.00(0.74) 213 (0.88) 218 (0.62)
Deposition skew 1.49 (0.62) 1.61(0.76) 1.77 (0.79)

Mix models were used to assess for changes in each parameter. When significant differences were observed,
comparisons to baseline were performed and adjusted using Dunnett’s correction. P < 0.001; 8P < 0.01; ‘P < 0.05
versus baseline.

Core study. Clinical assessments included spirometry, body weight, sweat chloride analysis, and 3
patient-reported outcome instruments: Cystic Fibrosis Questionnaire-Revised (CFQ-R) (20), Cystic Fibro-
sis Respiratory Symptom Diary (CFRSD) (21), and Sino-Nasal Outcome Test-20 (SNOT-20) (22). These
assessments were conducted at up to 2 baseline visits and then at 1, 3, and 6 months after initiation of
ivacaftor. Spirometry was performed according to American Thoracic Society standards (23), and percent
predicted values were calculated using reference equations (24, 25).

MCC study design. Mucociliary and CC was measured using y scintigraphy at baseline and following 1 and
3 months of ivacaftor therapy at 4 study sites. All sites received on-site training, followed a standard operating
procedure (18), and used identical equipment for the delivery of the radioisotope. Subjects were required to
withhold use of HS and dornase alfa (Genentech) at least 12 hours before each MCC study and resumed their
use only after collection of the final MCC data point (24 hours after inhalation of the radioisotope). Subjects
were also required to be clinically stable without new symptoms or pulmonary interventions for 14 days. The
change in the average rate of MCC between 0—60 minutes after isotope inhalation (AveClr60) between base-
line and 1 month after beginning ivacaftor treatment was the predefined primary outcome.

MCC assessment via vy scintigraphy. A standard operating procedure was developed for this study, using
methods described previously (18, 26). Briefly, a planar Co*” source was used to obtain a transmission
scan to delineate the lung contour and establish defined ROI (i.e., peripheral and central lung regions).
Technetium-99m-labeled (Tc*™-labeled) sulfur colloid particles were delivered to the subject via DeVilbiss
646 nebulizer, Pulmoaid compressor, and SPIRA dosimeter (0.7-second pulse during inspiration after 100
ml delay). An electronic flow meter with a visual display and a metronome were used to target a defined
inspiratory flow rate (rate [ml/s] = 3 X height in cm; rounded to nearest 100 ml/s) and breathing pattern (1
second inspiration; 1 second expiration). Serial 2-minute images were then obtained for 64 minutes while
encouraging the subject to refrain from coughing. The subject was then asked to forcefully cough through a
peak flow device 10 times, every 10 minutes, while continuing to acquire y images for an additional 30 min-
utes (30 total coughs) to assess CC. The subject returned 24 hours (+ 6 hours) after inhaling the radioiso-
tope to assess particle retention at this time point. To avoid the confounding effects of stomach activity on
the left lung, particle clearance from the right lung was calculated following correction for isotopic decay.
All image analyses were performed at a central site (UNC).

Defining lung ROI and characterizing regional isotope deposition. The 2-dimensional images obtained via y
scintigraphy were parsed into WL, C, and P ROL. In this way, the initial pattern of isotope deposition, a
factor that could potentially confound the analysis of particle clearance, was assessed. Clearance from the
C and P regions also was calculated to assess ivacaftor effects in lung regions relatively enriched with large
and small airways, respectively.

https://doi.org/10.1172/jci.insight.122695 7
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Figure 3. Waterfall plot of the absolute change. \Waterfall plot of the absolute change in whole lung AveClr60 from
baseline at 1 (A) and 3 (B) months, color coded by study site. Distributions demonstrate robust effect of ivacaftor on
MCC that is not driven by site differences.

The Co® transmission scan was used to identify and outline the WL field and to create C and P ROI.
A rectangular region encompassing the entire right lung was created to define the WL region. A smaller
rectangle that included 25% of the WL area was aligned and centered on the interior boundary of the WL
region to define the C ROI (27). The remainder of the lung field was defined the as the P ROI.

Isotope deposition was characterized using a normalized C/P ratio (C/P_ ). To do this, the C/P ratio,
obtained by dividing the number of Tc*™ counts on the initial y image following isotope inhalation in the C
and P regions (i.e., [C/P], ), was normalized to tissue attenuation in each ROI using the C/P ratio of Co™
counts on the preceding transmission scan )i.e., [C/P]

(C/P),/(C/P),,.. =C/P

trans norm’

trans):

The relative intensity of signal on a transmission image has been shown to be a useful surrogate for that
region’s lung volume (as reported by Xenon equilibrium scans) when normalizing C/P ratios (27). The result-
ing normalized C/P ratio provides an index of relative deposition in the central and peripheral lung regions
that may then be used to assess deposition patterns at different study visits. Particle deposition is also used as
a covariate in MCC analyses because MCC tends to be faster in central airways than in peripheral airways.
As an independent assessment of deposition pattern heterogeneity, a histogram of radioactive counts in each
pixel of the initial deposition in the whole right lung image following Tc*™ inhalation was constructed, and
the skew of its distribution was calculated (28).

Analysis of regional MCC and CC. The retention (Rt)of radioactive counts in each ROI (WL, C, P) at
sequential time points was corrected for isotopic decay and background radiation and was then expressed
as a fraction of the initial counts. Percent clearance values were calculated from these retention values:
100 X (1 — Rt). Percent clearance at designated 10-minute intervals throughout the 94-minute period was
determined using the sum of two 2-minute images that followed each 10-minute interval (Figure 2). Twen-
ty-four-hour clearance values were obtained using a 30-minute image at this time point. To describe each
clearance vs. time data set, the average percent clearance over the first 30-, 60-, and 90-minute periods
of observation were computed using each 10-minute data point. These computed values — identified as
AveClr30, AveClr60, and AveClr90, respectively — are proportional to the AUC and represent the average
clearance at the midpoint of each period of clearance vs. time observation (18).

Radioisotope clearance between 64 and 94 minutes of the MCC scan reflects the combined effects of
cilia and CC. Because the preceding period of isotope clearance (0—-64 minutes) determines the amount of
tracer available to be cleared during this CC period, the Rt value between 60 and 90 minutes was normal-
ized for each scan to the same starting point:

CC =100 x ([1 - (Rt/Rt,, . ]).

The total number (voluntary + spontaneous) and force of coughs (peak flow of every fifth effort) were
recorded to allow assessment of these potential confounders.

Statistics. Mixed models were used to compare MCC parameters, deposition indices, and clinical
outcomes measured at baseline and after ivacaftor (1 and 3 months) using “visit” as the fixed effect and
“subject” as the random effect. Comparisons to baseline were performed and adjusted using Dunnett’s
correction. P values below 0.05 were considered significant. Similarly, mixed models (exploratory variable
and visit as fixed effects; subject as random effect) were used to assess the effect of clinical parameters
(e.g., baseline FEV , sex, chronic pseudomonas infection status) on baseline MCC parameters and MCC
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responses to ivacaftor. Finally, mixed models were also used to examine the relationship between measured
changes in MCC and clinical outcomes (e.g., lung function). The significance of relationships between
individual variables was tested using nonparametric Spearman’s rank correlation analysis. All values are
expressed as the mean + SD unless noted otherwise. Statistical calculations were performed using JMP Pro
v13.0 (SAS Institute Inc.).

Study approval. All participants (and their guardians, as applicable) provided written informed consent,
and the study was approved by IRBs at University of North Carolina at Chapel Hill, Johns Hopkins School
of Medicine, University of Pittsburgh School of Medicine, and University of Alabama at Birmingham
School of Medicine (ClinicialTrials.gov, NCT01521338).
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