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ABSTRACT
Background Ivacaftor (IVA) has been shown to 
improve lung function and other clinical outcomes in 
people with cystic fibrosis (CF). A decade of real- world 
IVA availability has enabled the examination of long- 
term outcomes with this treatment. This retrospective, 
longitudinal cohort study investigated the impact of IVA 
on mortality rate and health outcomes among people 
with CF in the US.
Methods Data from the US CF Foundation Patient 
Registry from January 2010 to December 2019 were 
analysed. The IVA- treated cohort included people with 
a CF transmembrane conductance regulator (CFTR) 
gating mutation (excluding R117H); age- matched 
comparator cohort included people with a F508del and 
a minimal function CFTR mutation who had no prior 
CFTR modulator treatment. Baseline characteristics 
were balanced between cohorts using standardised 
mortality ratio weighting generated from propensity 
scores. Outcomes of interest were overall survival, 
lung transplant, percent predicted forced expiratory 
volume in 1 s (ppFEV1), body mass index (BMI), 
pulmonary exacerbations (PEx), outpatient visits and 
hospitalisations.
Findings Over a maximum follow- up of 7.9 years, 
the IVA- treated cohort (N=736) had lower rates of 
mortality (hazard ratio [HR] (95% CI): 0.22 (0.09 to 
0.45)), lung transplant (HR: 0.11 (95% CI 0.02 to 
0.28)), PEx (rate ratio: 0.49 (95% CI 0.42 to 0.55)) 
and all- cause hospitalisations (rate ratio: 0.50 (95% 
CI 0.43 to 0.56)) as well as better lung function (mean 
difference in ppFEV1: 8.46 (95% CI 7.34 to 9.75)) and 
higher BMI/BMI z- scores (mean difference 1.20 (95% 
CI 0.92 to 1.71) kg/m2 and 0.27 (95% CI 0.25 to 0.40), 
respectively) than the comparator cohort (N=733).
Interpretation Our analysis suggests that IVA provides 
sustained clinical benefits in people with CF over a 
follow- up period of approximately 8 years. These findings 
reinforce the existing real- world evidence that IVA can 
slow disease progression and decrease the healthcare 
burden of CF over the long term.

INTRODUCTION
Cystic fibrosis (CF) is a life- limiting, autosomal 
recessive disease that affects >88 000 people glob-
ally.1–5 CF is caused by mutations in the CF trans-
membrane regulator (CFTR) gene that result in 
impaired expression, trafficking or function of the 
CFTR protein.1 This leads to multisystem disease 
that is characterised by progressive lung damage, 
pancreatic insufficiency and nutritional deficits 

that result in impaired growth.1 Lung disease is the 
leading cause of death among people with CF, and 
most die prematurely.1 2 The median predicted age 
of survival among people with CF in the US was 
36.8 years in 2011, prior to the advent of CFTR 
modulators (CFTRm).6 7

Ivacaftor (IVA) was the first CFTRm designed to 
address the underlying protein defect by increasing 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ In long- term safety studies using registry data, 
people with cystic fibrosis (CF) who received 
ivacaftor (IVA), the first targeted therapy to 
address the underlying cause of CF, had better- 
preserved lung function and improved clinical 
outcomes versus an untreated cohort. However, 
the maximum follow- up time in these studies 
was 5 years from IVA initiation.

WHAT THIS STUDY ADDS
 ⇒ The current investigation builds on the existing 
literature by analysing multiple clinical and 
disease progression endpoints in a large real- 
world sample of people with CF over a longer 
follow- up period (maximum, 7.9 years). In 
addition, this study’s design and methodology 
allowed for a more robust examination of 
the impact of IVA on clinical outcomes. This 
analysis of US CF Foundation Patient Registry 
data demonstrated that treatment with IVA 
was associated with lower rates of mortality 
and lung transplant, improved lung function 
and body mass index (BMI)/BMI z- scores, and 
reduced rates of pulmonary exacerbations and 
hospitalisations. These results suggest that IVA 
has sustained clinical benefits in people with CF 
and can slow disease progression and decrease 
the healthcare burden of CF over the long term.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ As the life expectancy of people with CF 
continues to increase, the long- term impact 
of novel therapies on health outcomes is of 
interest to healthcare stakeholders. Because CF 
transmembrane conductance regulator (CFTR) 
modulators were a new class of therapies 
with the introduction of IVA, this longitudinal 
analysis using a CF patient registry provides 
novel evidence of the long- term durability of 
CFTR modulator benefits in real- world settings.

  925Merlo CA, et al. Thorax 2024;79:925–933. doi:10.1136/thorax-2023-220558
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Cystic fibrosis

the open probability of CFTR channels,8 thereby potentiating 
CFTR function. In 2012, the US Food and Drug Administra-
tion (FDA) approved IVA for the treatment of CF in people 
aged ≥6 years with ≥1 G551D CFTR- gating mutation based on 
phase 3 clinical trials showing that IVA improved lung function 
over up to 48 weeks.7 9 10 Approval in the US was expanded 
in 2014 to include 8 additional CFTR- gating mutations,11 and 
later to include people ≥1 month of age with ≥1 of 97 IVA- 
responsive mutations,11 based on data from additional clinical 
trials and extrapolation of IVA clinical and safety data from 
older patients.12

Real- world studies have shown that IVA results in preserved 
lung function, improved nutritional status and decreases in 
pulmonary exacerbation (PEx), hospitalisations, death and 
organ transplant over periods of up to 5 years.13–16 With a longer 
follow- up period of up to 7.9 years, this study builds on the 
existing literature, using robust analytical methods to assess the 
long- term effectiveness of IVA by comparing clinical outcomes, 
overall survival (OS), outpatient visits and hospitalisations 
between people with CF who have CFTR- gating mutations and 
received IVA (ie, IVA- treated cohort) and a comparator cohort 
of people who are heterozygous for F508del and a minimal func-
tion mutation and did not receive any CFTRm therapies.

METHODS
Data source and collection
Person- level data from the US Cystic Fibrosis Foundation Patient 
Registry (US CFFPR)17 from January 2010 to December 2019 
were used in this study. Data in the US CFFPR are collected 
using five electronic data- capture forms that include assessments 
of vital status, medications, genetic mutations, hospitalisations, 
PEx, respiratory microbiology, pulmonary function and organ 
transplants. This study relied on the use of deidentified, retro-
spective data from the US CFFPR.

Study population
This was a longitudinal study with two cohorts (online supple-
mental figures S1, S2). The IVA- treated cohort included people 
with ≥1 CFTR- gating mutation (G551D, G1244E, G1349D, 
G178R, G551S, S1251N, S1255P, S549N or S549R) who initi-
ated IVA treatment between 31 January 2012 and 31 December 
2018 (to allow for ≥1 year of possible follow- up data). The 
comparator cohort included people with an F508del mutation 
on one allele and a minimal function mutation on the second 
allele (F508del/minimal function genotypes; Online supple-
mental table S1) who were ineligible for IVA and had no prior 
CFTRm therapy use. In both cohorts, all individuals had a clin-
ical diagnosis of CF, were aged ≥6 years on the index date (as 
defined in the ‘Study design’ section) and had data available for 
≥24 months prior to the index date. The exclusion criteria were 
evidence of lung transplant or use of CFTRm therapy prior to 
the index date, evidence of pregnancy in the calendar year prior 
to or same year as the index date (based on annual data) and 
the presence of R117H or residual function CFTR mutations, to 
reduce heterogeneity arising from differences in disease severity 
and progression.

Study design
For the IVA- treated cohort, the index date was the date of IVA 
treatment initiation (ie, encounter date prior to that on which IVA 
use was first recorded in the US CFFPR). People were considered 
to have remained on treatment until there was evidence of IVA 
discontinuation, as determined by two sequential encounters 

≥90 days apart where IVA use was not recorded; the second 
such encounter was defined as the date of IVA discontinuation. 
For the comparator cohort, the index date was the closest visit 
date within six calendar months of a corresponding IVA- treated 
person’s index date; a 6- month time period was chosen because 
most people in the comparator cohort were expected to have 
at least one visit during a 6- month period. Each IVA- treated 
person’s age at index date was matched with selected compara-
tors and baseline demographic and clinical characteristics were 
adjusted as described below. The baseline period was defined as 
the 2- year period prior to the index date.

The follow- up period was defined as the time from the index 
date to death or end of data availability. The following censoring 
rules were applied for the analysis of specific outcomes: for 
OS, people were censored only at the end of data availability 
(including loss to follow- up); for other clinical outcomes (body 
mass index (BMI), BMI z- score, per cent predicted forced expi-
ratory volume in 1 s (ppFEV1) and PEx), outpatient visits and 
hospitalisations, people were censored at the first occurrence of 
treatment with a CFTRm therapy other than IVA, IVA discon-
tinuation (for the IVA- treated cohort), death, pregnancy or end 
of data availability (including loss to follow- up). For pulmonary- 
related outcomes (ppFEV1 and PEx), people were additionally 
censored at the time of lung transplant as transplant significantly 
affects lung function in people with CF.18

Ensuring comparability between cohorts
Because IVA is prescribed based on CFTR mutations11 that 
are associated with clinical phenotype and differ from those 
in the CFTRm- untreated comparator cohort, differences in 
baseline characteristics and disease severity may exist between 
the IVA- treated and CFTRm- untreated cohorts. To minimise 
these differences, we included only people with CFTR- gating 
mutations in the IVA- treated cohort and selected people with 
F508del/minimal function genotypes as the CFTRm- untreated 
comparator cohort because in studies using the US CFFPR, 
these genotypes have been shown to have a broadly similar 
clinical phenotype and disease progression.19–21 To further 
enhance the comparability of clinical outcomes between the 
two cohorts, we applied exact matching (1:4) on age at index 
date and standardised mortality ratio (SMR) weighting, using 
a propensity score model. The propensity score was defined as 
the probability of receiving IVA conditional on observed base-
line covariates selected based on clinical significance (sex, race, 
ethnicity, type of health insurance, employment status, median 
household income by zip code (categorical), education level, 
ppFEV1 (categorical), change in ppFEV1 (categorical), number 
of PEx, average BMI/BMI z- scores (categorical), prevalence 
of CF- related complications, prevalence of respiratory micro- 
organisms, the number of hospitalisations and outpatient visits, 
and medication use). Two years of baseline data were used for 
the lung function variables (ppFEV1 and PEx) to better account 
for disease trajectory. When covariates had missing data, catego-
ries for missing data were created and included in the propen-
sity score model. This approach reweighted the characteristics 
of people in the comparator cohort so that they were similar 
to those in the IVA- treated cohort at baseline. SMR weighting 
yields an estimate of the average treatment effect in the IVA- 
treated group (ie, the average difference that would be found 
if all people in the IVA- treated group received treatment vs if 
none received treatment).22 Standardised mean differences were 
calculated to evaluate the comparability of baseline character-
istics, with a difference <10% indicating that covariates were 
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Cystic fibrosis

adequately balanced by SMR weighting. Unbalanced covariates 
after SMR weighting were included in the regression analysis to 
control for residual confounding. For most of the years under 
study, the comparator cohort was ineligible for any CFTRm 
therapies so their CFTRm- untreated status was unrelated to 
disease severity or outcome.

Study measures
The outcomes of interest during the follow- up period were 
OS, time to lung transplant, ppFEV1, BMI, BMI z- score, PEx, 
outpatient visits and hospitalisations. OS and time to lung trans-
plant were evaluated as the time from the index date to the date 
of death and lung transplant, respectively. Lung function over 
each 6- month period during the follow- up period was defined 
as the average of the best available ppFEV1 measurements for 
two quarters; if ppFEV1 measurements were not available in 
one- quarter, the highest ppFEV1 measurement in each 6- month 
period was used. BMI was calculated as the average BMI over 
6- month periods for people aged ≥20 years; for people aged 
≥6 to 19 years, average BMI z- scores over 6- month periods were 
calculated. If ppFEV1, BMI and BMI z- scores data were missing 
over a 6- month period during follow- up, the value of the last 
observation was carried forward (ie, the value from the previous 
6- month period was used in place of the missing observation). 
PEx included episodes requiring home intravenous antibiotic use 
or hospitalisations for PEx, both of which were also assessed sepa-
rately as suboutcomes. Outpatient visits included those made to 
the CF centres and reported to the US CFFPR. Hospitalisations 
were categorised as all- cause hospitalisations, pulmonary- related 
hospitalisations (ie, for PEx and other pulmonary complica-
tions) and gastrointestinal complication- related hospitalisations. 
The same approach was used to calculate ppFEV1, BMI, BMI 
z- scores, PEx, outpatient visits and hospitalisations during the 
baseline period. Values for ppFEV1 and PEx were reported for 
both years during the baseline period to account for different 
rates of disease progression; all other baseline covariates were 
assessed in the year prior to or on the index date.

Statistical methods
All analyses were performed by using SAS Enterprise Guide 
V.7.1 (SAS Institute). Baseline characteristics were summarised 
with frequencies and percentages for categorical variables and 
with means and SDs for continuous variables. We performed 
SMR- weighted time- to- event analyses for OS and lung trans-
plant using Kaplan- Meier estimation of survival functions and 
Cox proportional hazard model estimation of adjusted HRs. 
SMR- weighted cumulative risk differences were estimated as 
the difference in mortality risk between cohorts at specific time 
points, as calculated from the Kaplan- Meier analysis. The mean 
differences in ppFEV1, BMI and BMI z- scores between cohorts 
were estimated using an SMR- weighted generalised estimating 
equation approach, with a normal distribution and autoregressive 
covariance structure; time was included in the model to adjust 
for differences in follow- up time between individuals. Mean 
differences in ppFEV1 between cohorts at 12, 24, 36, 48 and 60 
months postindex were estimated using SMR- weighted gener-
alised estimating equations with an interaction term between IVA 
treatment and time in months. Analyses stratified by age group 
at index date (ie, 6 to <12, 12 to <18 and ≥18 years) were 
conducted to assess mean differences in ppFEV1 at 12- month 
increments. The age groups were selected to isolate the 12 to 
<18 year range due to its high rate of lung function decline but 
were not stratified further to maximise sample size and power. 

PEx, outpatient visit and hospitalisation rates (per person- year) 
were calculated by dividing PEx, outpatient visit or hospitalisa-
tion frequency by person- time accrued. SMR- weighted gener-
alised linear models with negative binomial distribution were 
used to calculate adjusted rate ratios for PEx, outpatient visits 
and hospitalisations. For all SMR- weighted analyses, 95% CIs 
were calculated using a nonparametric bootstrap procedure with 
999 replications, where SMR weights were re- estimated within 
each replication.

Role of the funding source
The funder (Vertex Pharmaceuticals Incorporated; no award/
grant number) was involved in study design and data interpre-
tation, and reviewed and provided feedback during the writing 
of this manuscript. All authors had appropriate access to study 
data, based on their role, for purposes of fully appraising results, 
and all authors had final responsibility for the decision to submit 
for publication.

RESULTS
Most (90.4%; 1394/1542) people aged ≥6 years with CFTR- 
gating mutations (and without R117H and RF mutations) in the 
US CFFPR initiated IVA after 31 January 2012 to 31 December 
2018. The IVA- treated and comparator cohorts included 
736 and 2944 people with CF, respectively. SMR weighting 
reweighted the people in the comparator cohort (N=2944) to 
be similar to those in the IVA- treated cohort (N=736) at base-
line resulting in a sample size of 733 people with CF in the 
comparator cohort. SMR weighting balanced the distribution 
of baseline characteristics between cohorts (online supplemental 
table S2). In both cohorts, approximately 48% of people were 
female and >90% were white. The mean (SD) best- available 
quarterly ppFEV1 during the first and second years of the base-
line period were 80.6 (24.6) and 80.2 (25.3) percentage points, 
respectively, in the IVA- treated cohort versus 79.7 (12.3) and 
79.3 (12.7) percentage points, respectively, in the comparator 
cohort. Both cohorts had similar, modest declines in lung func-
tion between the first and second years of the baseline period, 
with mean (SD) changes in ppFEV1 of −0.9 (8.7) and −1.1 (4.5) 
percentage points per year for the IVA- treated and comparator 
cohorts, respectively. The mean (SD) number of PEx during the 
first and second years of the baseline period were 0.6 (1.1) and 
0.6 (1.2), respectively, in the IVA- treated cohort and 0.7 (0.6) 
and 0.6 (0.6), respectively, in the comparator cohort. The mean 
(SD) BMI in people ≥20 years of age was 22.9 (3.7) kg/m2 in 
the IVA- treated cohort and 22.7 (1.6) kg/m2 in the comparator 
cohort. Select SMR- weighted baseline characteristics of the 
study population are shown in table 1.

Over a maximum follow- up period of 7.9 years (mean 
follow- up: ≈6 years), the IVA- treated cohort had a significantly 
lower mortality rate (78% lower) than the comparator cohort 
(HR (95% CI): 0.22 (0.09 to 0.45); figure 1). When mortality 
risk in the two cohorts was compared at 12- month increments 
over a 5- year follow- up period, the SMR- weighted cumulative 
risk of mortality was lower in the IVA- treated cohort than in 
the comparator cohort at all time points, with a risk difference 
(95% CI) of −1.27% (−2.04% to −0.47%) at 12 months and 
−3.54% (95% CI −5.15% to −1.89%) at 60 months postindex 
(online supplemental figure S3). The IVA- treated cohort also had 
a significantly lower rate of lung transplant than the comparator 
cohort (89% lower; HR (95% CI): 0.11 (0.02 to 0.28); figure 2).

IVA was associated with a marked improvement in lung func-
tion (figure 3). Over a mean (range) SMR- weighted follow- up 
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Cystic fibrosis

duration of 5.6 (0.1–7.9) years in the IVA- treated cohort and 
6.0 (0.0–7.9) years in the comparator cohort, the mean ppFEV1 
was >8 points higher in the IVA- treated cohort than in the 
comparator cohort (mean difference in ppFEV1 (95% CI): 8.46 

(7.34 to 9.75); online supplemental table S3). Notably, the mean 
difference (95% CI) in ppFEV1 between cohorts increased over 
time, from 7.98 (6.71 to 9.34) at 12 months to 10.95 (9.22 to 
12.72) at 60 months postindex. Across age groups, the largest 

Table 1 Select baseline demographic and clinical characteristics

Original sample SMR- weighted sample*

IVA- treated 
cohort N=736

Comparator 
cohort N=2944 Std diff (%)†

IVA- treated 
cohort N=736

Comparator 
cohort N=733 Std diff (%)†

Demographic characteristics

Female, n (%) 353 (48.0) 1369 (46.5) 2.9 353 (48.0) 348 (47.5) 0.9

Race, n (%)‡

  Black/African American 30 (4.1) 133 (4.5) −2.2 30 (4.1) 28 (3.8) 1.2

  White 691 (93.9) 2794 (94.9) −4.4 691 (93.9) 693 (94.6) −3.0

  Other§ 25 (3.4) 51 (1.7) 10.5# 25 (3.4) 23 (3.2) 1.1

Index year, n (%)

  2012 446 (60.6) 1790 (60.8) −0.4 446 (60.6) 440 (60.0) 1.2

  2013 121 (16.4) 473 (16.1) 1.0 121 (16.4) 122 (16.6) −0.5

  2014 98 (13.3) 401 (13.6) −0.9 98 (13.3) 103 (14.1) −2.2

  2015 33 (4.5) 125 (4.2) 1.2 33 (4.5) 30 (4.2) 1.6

  2016 11 (1.5) 47 (1.6) −0.8 11 (1.5) 10 (1.4) 1.0

  2017 14 (1.9) 57 (1.9) −0.2 14 (1.9) 15 (2.0) −0.8

  2018 13 (1.8) 51 (1.7) 0.3 13 (1.8) 13 (1.8) 0.1

Clinical characteristics

ppFEV1 during first year of the baseline period¶

  People with available data, n 658 2593 14.0# 658 653 4.6

  Mean±SD, percentage points 80.6±24.6 77.1±25.4 80.6±24.6 79.7±12.3

ppFEV1 during second year of baseline period¶

  People with available data, n 663 2660 15.6# 663 660 4.6

  Mean±SD, percentage points 80.2±25.3 76.2±26.0 80.2±25.3 79.3±12.7

Change in ppFEV1¶,††

  People with available data, n 620 2451 10.7# 620 616 2.9

  Mean±SD, percentage points −0.9±8.7 −1.8±8.4 −0.9±8.7 −1.1±4.5

  95% CI, percentage points −1.58,–0.22 −2.13,–1.47 −1.58,–0.22 −1.46,–0.74

No. of PEx during first year of baseline period, mean±SD 0.6±1.1 0.7±1.2 −7.8 0.6±1.1 0.7±0.6 −0.5

No. of PEx during second year of baseline period, mean±SD 0.6±1.2 0.8±1.3 −12.2# 0.6±1.2 0.6±0.6 −0.7

BMI in people ≥20 years

  People with available data, n 282 1136 28.3# 282 280 6.4

  Mean±SD, kg/m2 22.9±3.7 21.9±3.4 22.9±3.7 22.7±1.6

BMI z- score in people aged 6–19 years**

  People with available data, n 403 1635 15.9# 403 402 1.7

  Mean±SD 0.1±1.0 −0.1±0.9 0.1±1.0 0.0±0.5

  No. of all- cause hospitalisations, mean±SD 0.7±1.2 0.8±1.3 −10.7# 0.7±1.2 0.7±0.6 −0.6

*Covariates included in the propensity score used to generate SMR weights were sex, race, ethnicity, type of health insurance, employment status, median household income by 
zip code (categorical), education level, average of best available ppFEV1 in each quarter (categorical), change in ppFEV1 (categorical), number of PEx, average BMI/BMI z- scores 
(categorical), prevalence of cystic fibrosis- related complications, prevalence of respiratory micro- organisms, number of hospitalisations and outpatient visits, and medication use.
†Standardised differences >10% in magnitude are denoted with “#”.
‡People may belong to ≥1 category; therefore, the sum of percentages may exceed 100%.
§Other race included American Indian or Alaska Native, Asian, Native Hawaiian or other Pacific Islander and other races that were not specified.
¶ppFEV1 data were not available for people ≤6 years of age.
**BMI z- scores were calculated using BMI percentiles for patients aged 6–19 years at index.
††Change in ppFEV1 was calculated as the average of the best available ppFEV1 in each quarter of the second year in the baseline period minus the average of the best available 
ppFEV1 in each quarter of the first year in the baseline period. A negative change indicates a decline in ppFEV1, and a positive change indicates improvement during the baseline 
period.
BMI, body mass index; Std diff, standardised difference; IVA, ivacaftor; PEx, pulmonary exacerbation; ppFEV1, per cent predicted forced expiratory volume in 1 s; SD, standard 
deviation; SMR, standardised mortality ratio.
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Cystic fibrosis

mean difference (95% CI) in ppFEV1 spanning all time points 
was observed in people aged 12 to <18 years, from 10.19 (7.29 
to 12.74) at 12 months to 15.26 (11.48 to 18.69) at 60 months.

Over a mean (range) SMR- weighted follow- up duration of 
5.3 (0.1–7.9) years for the IVA- treated cohort and 5.8 (0.0–7.9) 
years for the comparator cohort, people aged ≥20 years in the 
IVA- treated cohort had a significantly higher mean BMI than 
those in the comparator cohort (24.30 vs 22.92 kg/m2), with a 
mean difference (95% CI) of 1.20 (0.92 to 1.71) kg/m2 (online 
supplemental table S3). Similarly, for people aged 6–19 years, 
the IVA- treated cohort had a significantly higher mean BMI z- 
score than the comparator cohort (mean difference (95% CI): 
0.27 (0.25 to 0.40)) over a mean follow- up duration of ≥6.0 
years.

The rate of PEx was 51% lower in the IVA- treated than in 
the comparator cohort (rate ratio (95% CI): 0.49 (0.42 to 0.55); 
figure 4). People in the IVA- treated cohort had significantly lower 
rates of all- cause hospitalisations (rate ratio (95% CI): 0.50 (0.43 
to 0.56)) and outpatient clinic visits (rate ratio (95% CI): 0.85 
(0.81 to 0.88)) than those in the comparator cohort.

DISCUSSION
As advances in care continue to extend life expectancy in CF, 
it is becoming increasingly important to understand the long- 
term impact of novel therapies, including CFTRm, on clinical 
outcomes and survival. IVA, the first CFTRm therapy approved 
to treat the underlying cause of CF in the US,7 reached its 10- year 

approval anniversary in 2022. At the time of its approval, expec-
tations were high that IVA could alter the clinical course of CF in 
eligible patients, leading to increased survival, improved quality 
of life and reduced treatment burden.23 With a maximum of 
7.9 years of data on treatment outcomes with IVA, this study 
represents the longest follow- up of people receiving CFTRm 
to date. These long- term data provide evidence of the durable 
benefits of IVA, including decreased mortality and lung trans-
plant, improvements in pulmonary outcomes and nutritional 
status, and reductions in hospitalisations and outpatient visits.

Over a maximum follow- up period of 7.9 years, the mortality 
rate was 78% lower in the IVA- treated cohort than in the 
comparator cohort. People receiving IVA also had a signifi-
cantly lower rate of lung transplant for up to 7 years after IVA 
initiation. These reductions in the rates of mortality and lung 
transplant are in line with findings from earlier analyses of US 
CFFPR data,13 14 16 including a recent cross- sectional analysis in 
2019 that reported that IVA reduced the risks of death and organ 
transplant by ≈60% and ≈70%, respectively.16

Long- term use of IVA was associated with improved pulmo-
nary outcomes, with sustained improvements in ppFEV1 and 
decreased rate of PEx in the IVA- treated versus comparator 
cohorts. In people with CF receiving IVA, a higher mean ppFEV1 
relative to that in the comparator cohort was observed over the 
total follow- up period, with increasing mean differences in 
ppFEV1 over time. Taken together with data from clinical trials 
that demonstrated improvements in ppFEV1 as early as 15 days 

Figure 1 SMR- weighted Kaplan- Meier analysis and HRs for overall survival. Covariates included in the propensity score used to generate SMR 
weights were sex, race, ethnicity, type of health insurance, employment status, median household income by zip code (categorical), education 
level, average of best available ppFEV1 in each quarter (categorical), change in ppFEV1 (categorical), number of PEx, average BMI/BMI z- scores 
(categorical), prevalence of CF- related complications, prevalence of respiratory micro- organisms, number of hospitalisations and outpatient visits, and 
medication use. †People without the event were censored at their end of data availability, which was imputed as 31 December of the last year that 
the individual had annual data available. The mean SMR- weighted follow- up duration was 6.5 years in the IVA- treated cohort and 6.3 years in the 
comparator cohort. ‡Visual inspection of Schoenfeld residuals was performed to assess the proportional hazards assumption for IVA treatment. As the 
proportional hazards assumption was violated, a treatment- by- time interaction term was included in the model to account for time- dependent effects. 
§95% CI does not include the null. BMI, body mass index; CI: confidence interval; HR: hazard ratio; IVA, ivacaftor; PEx, pulmonary exacerbation; 
ppFEV1, per cent predicted forced expiratory volume in 1 s; OS, overall survival; ref: reference; SMR, standardised mortality ratio.
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after IVA initiation9 10 and prior analyses of real- world data 
showing that improvements in ppFEV1 were sustained over 3–5 
years of IVA treatment,13 14 these data suggest that IVA leads to 
better lung function that is sustained with long- term use (up to 
7.9 years). Additionally, although higher mean ppFEV1 values 
were observed between the IVA- treated versus comparator 
cohorts across all age groups evaluated in this study, the largest 
improvement in ppFEV1 was observed in people aged 12 to <18 
years at IVA initiation, highlighting the importance of treatment 
during adolescence, a period characterised by rapid lung func-
tion decline.24 25

In people who received IVA, the rate of PEx was less than 
half of that in the comparator cohort. While no differences in 
the number of PEx were observed between the IVA and placebo 
groups in the pivotal clinical trial evaluating people with CF aged 
6–11 years (3 vs 4 PEx events, respectively),10 IVA reduced the 
risk of PEx by 55% at 48 weeks in a clinical trial evaluating those 
aged ≥12 years,9 consistent with the reduction in PEx observed 
in this study. Similarly, in real- world studies, reductions in the 
occurrence of PEx have been demonstrated over 1–5 years of 
IVA treatment.13 14 Altogether these findings support that IVA 
leads to reductions in the rate of PEx that are maintained for 
up to 7.9 years. Because PEx is associated with increased risk 
of mortality, lung transplant and lung function decline,26–29 the 

sustained reductions in PEx with long- term IVA treatment may 
contribute to the reductions in mortality and lung transplant and 
the improvements in lung function observed concurrently in this 
study.

In addition to improving lung function and reducing the rates 
of mortality and lung transplant, long- term IVA led to improve-
ments in nutritional status, with significantly higher mean BMI 
and BMI z- score in the IVA- treated cohort than in the compar-
ator cohort. This is consistent with the shorter- term improve-
ments in BMI and BMI z- score demonstrated in clinical trials10 12 
and in previous real- world studies with short- term and long- 
term follow- up data.14 15 Because higher BMI has been linked to 
better lung function in CF,30 the sustained improvements in BMI 
observed here provide further evidence for the overall long- term 
health benefits of IVA.

The improvements in lung function and nutritional status with 
long- term IVA were accompanied by a reduction in healthcare 
burden in this study. The rate of all- cause hospitalisations was 
reduced by half, and there were fewer outpatient clinic visits in 
the IVA- treated cohort than in the comparator cohort. This is 
consistent with previous real- world analyses, which reported 
decreases in the rate of hospitalisations as early as 6 months and 
up to 5 years after IVA initiation14 31–33 and a decrease in outpa-
tient clinic visits in the year after IVA initiation.33 These findings 

Figure 2 SMR- weighted Kaplan- Meier analysis and HRs for lung transplant. Covariates included in the propensity score used to generate SMR 
weights were sex, race, ethnicity, type of health insurance, employment status, median household income by zip code (categorical), education level, 
average of best available ppFEV1 in each quarter (categorical), change in ppFEV1 (categorical), number of PEx, average BMI/BMI z- scores (categorical), 
prevalence of CF- related complications, prevalence of respiratory microorganisms, number of hospitalisations and outpatient visits, and medication 
use. †People without the event were censored at the first occurrence of treatment with a CFTRm therapy other than IVA, death, pregnancy or end of 
data availability. As only annual pregnancy and lung transplant data were available, the date of pregnancy and lung transplant were imputed as 1 
January. The end of data availability was imputed as 31 December of the last year that the individual had annual data available. People in the IVA- 
treated cohort were also censored at time of IVA discontinuation. Patients in the comparator cohort were also censored at the time of first occurrence 
of treatment with IVA. The mean SMR- weighted follow- up duration was 5.6 years for the IVA- treated cohort and 6.0 years for the comparator cohort. 
‡Visual inspection of Schoenfeld residuals was performed to assess the proportional hazards assumption for IVA treatment. As the proportional 
hazards assumption was violated, a treatment- by- time interaction term was included in the model to account for time- dependent effects. §95% CI 
does not include the null. BMI, body mass index; CI: confidence interval; CF, cystic fibrosis; CFTRm, cystic fibrosis transmembrane conductance 
regulator modulator; HR: hazard ratio; IVA, ivacaftor; PEx, pulmonary exacerbation; ppFEV1, per cent predicted forced expiratory volume in 1 s; ref: 
reference; SMR, standardised mortality ratio.
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Cystic fibrosis

Figure 3 SMR- weighted mean ppFEV1 over time. **,†, ‡ For data missing over a 6- month period in the follow- up period, the value of the last 
observation was carried forward (ie, the individual’s value from the previous 6- month period was used in place of the missing observations). †People 
were censored at the first occurrence of treatment with a CFTRm therapy other than IVA, death, pregnancy, lung transplant or end of data availability. 
As only annual pregnancy and lung transplant data were available, the date of pregnancy and lung transplant were imputed as 1 January. The end 
of data availability was imputed as 31 December of the last year that the individual had annual data available. People in the IVA- treated cohort 
were also censored at time of IVA discontinuation. People in the comparator cohort were also censored at time of first occurrence of treatment with 
IVA. ‡Covariates included in the propensity score used to generate SMR weights were sex, race, ethnicity, type of health insurance, employment 
status, median household income by zip code (categorical), education level, average of best available ppFEV1 in each quarter (categorical), change 
in ppFEV1 (categorical), number of PEx, average BMI/BMI z- scores (categorical), prevalence of CF- related complications, prevalence of respiratory 
micro- organisms, number of hospitalisations and outpatient visits, and medication use. Due to extreme propensity scores, trimming weights at the 
first and the 99th percentile was used to reduce the contribution of individuals with large weights, as they were unlikely to be representative of the 
overall study cohorts. §Matched groups with all individuals having ≥1 ppFEV1 measurement between the index date and the end of 12, 24, 36, 48 
or 60 months were included in the analysis for the corresponding time period. Matched groups were dropped if they included ≥1 individual with 
no outcome measurements available during the observation period. **The mean ppFEV1 and mean differences were estimated using generalising 
estimating equation models with normal distribution and autoregressive covariance structure while adjusting for follow- up time. Interaction terms 
between IVA and time variables were also included in the model. SMR weights for the IVA- treated and comparator cohorts were incorporated in 
calculating the intercept and slope estimates in the model. This resulted in a small difference in the unadjusted and SMR- weighted mean ppFEV1 
values for the IVA cohort. ††95% CI does not include the null. BMI, body mass index; CFTRm, cystic fibrosis transmembrane conductance regulator 
modulator; IVA, ivacaftor; PEx, pulmonary exacerbation; ppFEV1, per cent predicted forced expiratory volume in 1 s; SMR, standardised mortality ratio.
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Cystic fibrosis

suggest that IVA reduces disease burden in people with CF, as 
evidenced by a reduction in hospitalisations and outpatient 
visits, a benefit that was sustained with long- term treatment.

As the first drug to treat the underlying cause of CF, IVA 
represents a major change to the treatment landscape. Consistent 
with previous evidence14 15 34 but over a longer follow- up, this 
study shows that IVA improves survival, preserves lung function, 
improves nutritional status, and reduces PEx and hospitalisations. 
More people with CF may be able to gain similar therapeutic bene-
fits given the development and approval of elexacaftor/tezacaftor/
IVA (ELX/TEZ/IVA)—a CFTRm therapy that combines IVA with 
the CFTR correctors TEZ and ELX—which expanded the eligi-
bility for CFTRm to include ≈90% of people with CF in the 
US.35 Although studies examining the long- term effectiveness of 
ELX/TEZ/IVA are ongoing, similarities in mechanism of action 
and shorter- term efficacy observed between IVA and ELX/TEZ/
IVA in their indicated populations, suggest that similar long- term 
outcomes may be predicted with ELX/TEZ/IVA.

The US CFFPR includes data from an estimated 81% to 84% 
of people with CF in the US;17 as such, this study offers a compre-
hensive view of the clinical profile and health outcomes of people 
with CF in the US. Importantly, we selected a comparator popu-
lation that was phenotypically similar to the IVA- treated cohort 
and used robust methodology to enhance comparability between 
the cohorts, including SMR weighting based on propensity scores, 
which allowed for estimating the average treatment effect in 
the IVA- treated cohort and maximised sample size and power. 
However, this study had limitations that warrant consideration. 
First, since this was an observational study, it was only possible to 
control for measured covariates; this may have resulted in residual 
confounding despite the use of exact matching by age at index 
date and SMR weighting to minimise differences between groups 
in measured prognostic factors. A lack of standardised assessments 
and regular clinic visits for some people in the US CFFPR are 
also limitations of the data. Second, the results of this study may 
not be generalisable to all people with a CFTR- gating mutation 
in the CFFPR as people with a CFTR- gating mutation who did 
not initiate IVA during the study period and were not included in 

this study may be different from people in the IVA- treated cohort. 
Third, while we aimed to select a comparator population that was 
phenotypically similar to the IVA- treated cohort in the CFFPR, 
mutation classes include phenotypic variation and other differ-
ences may exist between people with a CFTR- gating mutation and 
people with F508del/minimal function CFTR mutations. While 
these differences may have impacted the results, we minimised this 
by adjusting for demographic and clinical differences at baseline 
between cohorts using SMR weighting.

Additionally, our analysis may have been subject to some degree 
of bias from informative censoring, which could have occurred if 
the patients who discontinued IVA (and were censored from the 
study) were different from the patients who continued receiving IVA 
in terms of disease severity, clinical outcomes or mortality. Finally, 
because ELX/TEZ/IVA was initially approved by the US FDA for the 
treatment of CF in October 2019 and a large proportion of people 
in the IVA- treated and comparator cohorts were expected to initiate 
ELX/TEZ/IVA thereafter, we limited our analysis to data collected 
through the end of 2019 to mitigate the impact of ELX/TEZ/IVA 
eligibility on cohort attrition.

CONCLUSION
This real- world study using US CFFPR data over 7.9 years of 
follow- up shows that people receiving IVA have lower rates of 
mortality and lung transplant, improvements in lung function and 
nutritional status, and reductions in PEx, outpatient visits, and hospi-
talisations compared with phenotypically similar CFTRm- untreated 
people with CF. These findings add to the body of real- world 
evidence demonstrating that IVA results in sustained and durable 
benefits in people with CF, including slowing disease progression 
and decreasing the associated healthcare burden.
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Supplementary Figure S1. Study design scheme. 

 
* Two years prior to index date for lung function and 1 year prior to index date for other characteristics.  
† For survival, people without the event were censored at the end of data availability. For time to lung transplant, 
hospitalizations and outpatient visits, and non–pulmonary-related clinical outcomes, people without the event were 
censored at the first occurrence of treatment with a CFTRm other than IVA, death, pregnancy, or end of data 
availability through 2019. For pulmonary-related clinical outcomes (ie, ppFEV1, PEx), people without the event 
were censored at the first occurrence of treatment with a CFTRm other than IVA, death, pregnancy, lung transplant, 
or end of data availability through 2019.  
CFTRm: cystic fibrosis transmembrane conductance regulator modulator; IVA: ivacaftor; PEx: pulmonary 
exacerbation; ppFEV1: percent predicted forced expiratory volume in 1 second.
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2 

 

Supplementary Figure S2. Flow diagram of cohort selection. 

 

* A total of 525 people were dropped in this step for the following reasons: 187 did not have any indication of IVA 
use, 270 had an index date that was prior to IVA approval date (ie, January 31, 2012), 13 had their first indication of 
IVA use prior to IVA approval date, 53 had an index date in 2019, and two had insufficient encounter data so an 
index date could not be defined. When considering the 1,542 people with CF out of 1,784 people who had a CFTR 

gating mutation on ≥1 allele without R117H or RF mutations and were aged ≥6 years during this time period, 293 
had an indication of IVA use prior to the regulatory approval of IVA or had insufficient follow-up data and 148 did 
not have any indication of IVA use. 
† People were required to have annual data in the two calendar years prior to and same year as the index date. 
‡ People in the IVA-treated cohort were exact matched on age at index date with people in comparator cohort using a 
matching ratio of 1:4. 
CFTR: cystic fibrosis transmembrane conductance regulator; CFTRm: cystic fibrosis transmembrane conductance 
regulator modulator; IVA: ivacaftor; RF: residual function; CFFPR: Cystic Fibrosis Foundation Patient Registry. 
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Supplementary Figure S3. SMR-weighted cumulative risk differences in mortality.* 

 
* People without the event were censored at the end of data availability, which was imputed as December 31 of the 
last year for which the person had annual data available. The mean (min–max) SMR-weighted follow-up duration 
was 6.5 (0.4–7.9) years for the IVA-treated cohort and 6.3 (0.0–7.9) years for the comparator cohort.  
† SMR-weighted cumulative RDs were estimated as the difference in mortality rate between the IVA-treated cohort 
and the comparator cohort at specific time points as calculated using Kaplan–Meier analysis. Covariates included in 
the propensity score used to generate SMR weights were sex, race, ethnicity, type of health insurance, employment 
status, median household income by zip code (categorical), education level, average of best available ppFEV1 in 
each quarter (categorical), change in ppFEV1 (categorical), number of PEx, average BMI/BMI z-scores 
(categorical), prevalence of CF-related complications, prevalence of respiratory microorganisms, number of 
hospitalizations and outpatient visits, and medication use. 
‡ The 95% CIs in the SMR-weighted analysis were calculated using a nonparametric bootstrapping procedure with 
999 replications. 
BMI: body mass index; CF: cystic fibrosis; CI: confidence interval; IVA: ivacaftor; max: maximum; min: minimum; 
PEx: pulmonary exacerbation; ppFEV1: percent precited forced expiratory volume in 1 second; RD: rate difference; 
ref: reference; SMR: standardized mortality ratio. 
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Supplementary Table S1. Specific minimal function CFTR variants (legacy name) included in comparator 
cohort F508del/minimal function genotypes 

1078delT 3120+1G->A A559T Q552X 

1154insTC 3120G->A A561E Q890X 

1161delC 3121-1G->A C276X Q98X 

1213delT 3600+2insT CFTRdele19 R1066C 

1248+1G->A 3659delC CFTRdele2 R1158X 

1259insA 3667ins4 CFTRdele2,3 R1162X 

1288insTA 3737delA CFTRdele22-24 R347P 

1341+1G->A 3791delC CFTRdele22,23 R553X 

1461ins4 3821delT E1104X R560S 

1525-1G->A 3850-1G->A E585X R560T 

1548delG 3876delA E60X R709X 

1677delTA 3905insT E822X R75X 

1717-1G->A 394delTT E92X R764X 

1717-8G->A 4005+1G->A G330X R785X 

1811+1.6kbA->G 4016insT G542X R792X 

1811+1G->C 4040delA G673X R851X 

1812-1G->A 405+1G->A G85E S1196X 

1898+1G->A 405+3A->C I507del S1255X 

2043delG 406-1G->A K710X S434X 

2055del9->A 4209TGTT->AA L1065P S466X 

2105-2117del13insAGAAA 4326delTC L1077P S489X 

2143delT 4374+1G->T L218X S912X 

2183AA->G 444delA L467P V520F 

2184delA 457TAT->G L732X W1089X 

2184insA 541delC M1101K W1204X 

2307insA 574delA N1303K W1282X 

2347delG 621+1G->T Q1313X W401X 

2585delT 663delT Q220X W496X 

2622+1G->A 711+1G->T Q290X W57X 

2711delT 711+5G->A Q39X W846X 

2869insG 712-1G->T Q414X Y1092X 

2896insAG 852del22 Q493X Y122X 

3007delG 935delA Q525X Y569D 

306insA A46D   

CFTR; cystic fibrosis transmembrane conductance regulator. 
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Supplementary Table S2. Baseline demographic and clinical characteristics among the IVA-treated cohort and the comparator cohort  

 

Original Sample 
 

SMR-Weighted Sample2 

Ivacaftor Treated 

Cohort 

Comparator 

Cohort Std Diff 

(%)3  

Ivacaftor Treated 

Cohort 

Comparator 

Cohort Std Diff 

(%)3 
N = 736 N = 2,944   N = 736 N = 733 

Demographic Characteristics                   

Age at index date (years)   0.2 
 

 
  -0.6 

 

Mean ± SD 20.2 ± 11.0 20.2 ± 11.0   
 20.2 ± 11.0 20.2 ± 5.5   

Median [IQR] 18.0 [11.5, 26.2] 17.9 [11.5, 26.3]   
 18.0 [11.5, 26.2] 18.1 [11.3, 26.7]   

Age categories at index date, 

n (%) 
    

 
    

6 - 8 108 (14.7) 443 (15.0) -1.1 
 

 108 (14.7) 114 (15.6) -2.5 
 

9 - 11 88 (12.0) 331 (11.2) 2.2 
 

 88 (12.0) 86 (11.7) 0.8 
 

12 -14 89 (12.1) 378 (12.8) -2.3 
 

 89 (12.1) 93 (12.7) -1.8 
 

15 -17 83 (11.3) 328 (11.1) 0.4 
 

 83 (11.3) 72 (9.9) 4.6 
 

18 - 20 78 (10.6) 303 (10.3) 1.0 
 

 78 (10.6) 76 (10.3) 0.8 
 

21 - 23 65 (8.8) 269 (9.1) -1.1 
 

 65 (8.8) 65 (8.9) -0.2 
 

24 - 26 37 (5.0) 146 (5.0) 0.3 
 

 37 (5.0) 36 (4.9) 0.8 
 

26+ 188 (25.5) 746 (25.3) 0.5 
 

 188 (25.5) 191 (26.1) -1.3 
 

Female, n (%) 353 (48.0) 1,369 (46.5) 2.9 
 

 353 (48.0) 348 (47.5) 0.9 
 

Race, n (%)4    
 

 
   

 

White 691 (93.9) 2,794 (94.9) -4.4 
 

 691 (93.9) 693 (94.6) -3.0 
 

Black/African American 30 (4.1) 133 (4.5) -2.2 
 

 30 (4.1) 28 (3.8) 1.2 
 

Other5 25 (3.4) 51 (1.7) 10.5 * 
 25 (3.4) 23 (3.2) 1.1 

 

Ethnicity, n (%)    
 

 
   

 

Hispanic Origin 56 (7.6) 221 (7.5) 0.4 
 

 56 (7.6) 54 (7.3) 1.1 
 

Year of index date, n (%)    
 

 
   

 

2012 446 (60.6) 1,790 (60.8) -0.4 
 

 446 (60.6) 440 (60.0) 1.2 
 

2013 121 (16.4) 473 (16.1) 1.0 
 

 121 (16.4) 122 (16.6) -0.5 
 

2014 98 (13.3) 401 (13.6) -0.9 
 

 98 (13.3) 103 (14.1) -2.2 
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2015 33 (4.5) 125 (4.2) 1.2 
 

 33 (4.5) 30 (4.2) 1.6 
 

2016 11 (1.5) 47 (1.6) -0.8 
 

 11 (1.5) 10 (1.4) 1.0 
 

2017 14 (1.9) 57 (1.9) -0.2 
 

 14 (1.9) 15 (2.0) -0.8 
 

2018 13 (1.8) 51 (1.7) 0.3 
 

 13 (1.8) 13 (1.8) 0.1 
 

Type of health insurance, n 

(%)4 
   

 

 
   

 

Commercial  441 (59.9) 1,806 (61.3) -2.9 
 

 441 (59.9) 438 (59.8) 0.2 
 

Government6 372 (50.5) 1,433 (48.7) 3.7 
 

 372 (50.5) 374 (51.1) -1.1 
 

Other insurance 22 (3.0) 112 (3.8) -4.5 
 

 22 (3.0) 22 (3.0) -0.1 
 

No insurance  8 (1.1) 33 (1.1) -0.3 
 

 8 (1.1) 8 (1.1) 0.0 
 

Unknown 10 (1.4) 26 (0.9) 4.5 
 

 10 (1.4) 8 (1.1) 2.1 
 

Socioeconomic status, n (%)4    
 

 
   

 

Patients <18 years old with 
no employment information 

374 (50.8) 1,522 (51.7) -1.8 

 

 
374 (50.8) 374 (51.0) -0.4 

 

Employed full time 125 (17.0) 449 (15.3) 4.7 
 

 125 (17.0) 124 (16.9) 0.2 
 

Employed part time 50 (6.8) 247 (8.4) -6.0 
 

 50 (6.8) 49 (6.7) 0.2 
 

Full time homemaker 16 (2.2) 49 (1.7) 3.7 
 

 16 (2.2) 16 (2.1) 0.3 
 

Student 107 (14.5) 404 (13.7) 2.3 
 

 107 (14.5) 105 (14.3) 0.6 
 

Unemployed 41 (5.6) 171 (5.8) -1.0 
 

 41 (5.6) 42 (5.8) -0.9 
 

Disabled 54 (7.3) 243 (8.3) -3.4 
 

 54 (7.3) 56 (7.6) -1.1 
 

Retired <5 (NA) 8 (0.3) -3.0 
 

 <5 (NA) <5 (NA) 0.1 
 

Employment unknown 31 (4.2) 121 (4.1) 0.5 
 

 31 (4.2) 29 (4.0) 1.0 
 

Median household income by 
zip code ($US 2019)7 

713 2,880 4.6 
  

  
713 711 -0.2 

  

Mean ± SD 72,904.8 ± 26,703.7 
71,662.5 ± 
27,184.4 

    
  

72,904.8 ± 
26,703.7 

72,944.0 ± 
13,911.6 

    

Median [IQR] 
67,530.9 [53,665.4, 

88,744.1] 

65,352.5 
[51,758.3, 
86,367.8] 

    
  

67,530.9 [53,665.4, 
88,744.1] 

67,040.0 
[52,031.3, 
89,017.8] 

    

Categories, n (%)                   

Less than $40,000 52 (7.1) 176 (6.0) 4.4     52 (7.1) 54 (7.3) -1.0   

$40,000 to $59,999 220 (29.9) 981 (33.3) -7.4     220 (29.9) 221 (30.2) -0.7   

$60,000 to $79,999 196 (26.6) 842 (28.6) -4.4     196 (26.6) 192 (26.1) 1.1   
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$80,000 to $99,999 127 (17.3) 460 (15.6) 4.4     127 (17.3) 128 (17.5) -0.6   

$100,000 to $119,999 74 (10.1) 248 (8.4) 5.6     74 (10.1) 73 (10.0) 0.2   

$120,000 or more 44 (6.0) 173 (5.9) 0.4     44 (6.0) 43 (5.8) 0.6   

Unknown 23 (3.1) 64 (2.2) 5.9     23 (3.1) 22 (3.0) 0.7   

Education, n (%)                   

Less than high school 31 (4.2) 96 (3.3) 5.0     31 (4.2) 32 (4.3) -0.5   

High school diploma or 
equivalent 

68 (9.2) 334 (11.3) -6.9 

 

 
68 (9.2) 69 (9.5) -0.8 

 

Some college 109 (14.8) 440 (14.9) -0.4 
 

 109 (14.8) 108 (14.7) 0.4 
 

College graduate 88 (12.0) 355 (12.1) -0.3 
 

 88 (12.0) 86 (11.8) 0.5 
 

Masters/Doctoral level 
degree 

21 (2.9) 56 (1.9) 6.2 

 

 
21 (2.9) 20 (2.7) 0.7 

 

Unknown/Not applicable 419 (56.9) 1,663 (56.5) 0.9 
 

 419 (56.9) 418 (57.0) -0.2 
 

Clinical Characteristics                   

Average of best available 

ppFEV1 in each quarter8 
    

 
    

ppFEV1 during the first year 
of the baseline period 

658 2,593 14.0 
* 

 
658 653 4.6 

 

Mean ± SD 80.6 ± 24.6 77.1 ± 25.4   
 80.6 ± 24.6 79.7 ± 12.3   

Median [IQR] 84.7 [64.7, 99.3] 81.0 [57.0, 96.3]   
 84.7 [64.7, 99.3] 84.0 [61.8, 98.0]   

Categories, n (%)     
 

    

<40% 47 (6.4) 262 (8.9) -9.5 
 

 47 (6.4) 46 (6.3) 0.4 
 

40%-70% 164 (22.3) 682 (23.2) -2.1 
 

 164 (22.3) 164 (22.4) -0.3 
 

≥70% 447 (60.7) 1,649 (56.0) 9.6 
 

 447 (60.7) 443 (60.4) 0.7 
 

Missing 78 (10.6) 351 (11.9) -4.2 
 

 78 (10.6) 80 (10.9) -1.0 
 

ppFEV1 during the second 
year of the baseline period 

663 2,660 15.6 
* 

 
663 660 4.6 

 

Mean ± SD 80.2 ± 25.3 76.2 ± 26.0   
 80.2 ± 25.3 79.3 ± 12.7   

Median [IQR] 85.5 [62.5, 99.0] 80.0 [56.5, 96.0]   
 85.5 [62.5, 99.0] 83.3 [61.5, 98.0]   

Categories, n (%)    
 

 
   

 

<40% 63 (8.6) 308 (10.5) -6.5 
 

 63 (8.6) 64 (8.7) -0.5 
 

40%-70% 151 (20.5) 679 (23.1) -6.2 
 

 151 (20.5) 150 (20.5) 0.0 
 

≥70% 449 (61.0) 1,673 (56.8) 8.5 
 

 449 (61.0) 446 (60.8) 0.4 
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Missing 73 (9.9) 284 (9.6) 0.9 
 

 73 (9.9) 73 (10.0) -0.1 
 

Change in ppFEV1
8,9 620 2,451 10.7 * 

 
620 616 2.9 

 

Mean ± SD -0.9 ± 8.7 -1.8 ± 8.4   
 -0.9 ± 8.7 -1.1 ± 4.5   

95% CI -1.58, -0.22 -2.13, -1.47    -1.58, -0.22 -1.46, -0.74   

Median [IQR] -1.2 [-5.5, 3.5] -1.7 [-6.3, 2.5]   
 -1.2 [-5.5, 3.5] -1.3 [-5.8, 3.0]   

Categories, n (%)     
 

    

<-10% 59 (8.0) 275 (9.3) -4.7 
 

 59 (8.0) 58 (7.9) 0.4 
 

-10% - <0% 299 (40.6) 1,198 (40.7) -0.1 
 

 299 (40.6) 299 (40.8) -0.4 
 

0% - 10% 204 (27.7) 840 (28.5) -1.8 
 

 204 (27.7) 204 (27.8) -0.2 
 

>10% 58 (7.9) 138 (4.7) 13.2 * 
 58 (7.9) 55 (7.5) 1.4 

 

Unknown 116 (15.8) 493 (16.7) -2.7 
 

 116 (15.8) 117 (16.0) -0.7 
 

PEx     
 

    

PEx during the first year of 
the baseline period 

   
 

 
   

 

Patients with at least 1 
PEx, n (%) 

274 (37.2) 1,152 (39.1) -3.9 

 

 
274 (37.2) 268 (36.5) 1.5 

 

Number of PEx    -7.8 

 

 
  -0.5 

 

Mean ± SD 0.6 ± 1.1 0.7 ± 1.2   
 0.6 ± 1.1 0.7 ± 0.6   

Median [IQR] 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]   
 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]   

PEx during the second year 
of the baseline period 

   
 

 
   

 

Patients with at least 1 
PEx, n (%) 

256 (34.8) 1,206 (41.0) -12.8 
* 

 
256 (34.8) 261 (35.6) -1.7 

 

Number of PEx    -12.2 * 
 

  -0.7 

 

Mean ± SD 0.6 ± 1.2 0.8 ± 1.3   
 0.6 ± 1.2 0.6 ± 0.6   

Median [IQR] 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]   
 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]   

Average BMI in patients ≥20 
years old (kg/m2) 

282 1,136 28.3 
* 

 
282 280 6.4 

 

Mean ± SD 22.9 ± 3.7 21.9 ± 3.4   
 22.9 ± 3.7 22.7 ± 1.6   

Median [IQR] 22.3 [20.2, 24.6] 21.5 [19.5, 23.9]   
 22.3 [20.2, 24.6] 22.2 [20.3, 24.8]   

Categories, n (%)     
 

    

Underweight (<18.5) 10 (1.4) 154 (5.2) -21.8 * 
 10 (1.4) 10 (1.4) -0.1 
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Normal or Healthy Weight 
(18.5 - <25) 

209 (28.4) 793 (26.9) 3.3 

 

 
209 (28.4) 207 (28.3) 0.3 

 

Overweight (25 - <30) 54 (7.3) 165 (5.6) 7.0 
 

 54 (7.3) 55 (7.5) -0.7 
 

Obese (≥30) 9 (1.2) 24 (0.8) 4.1 
 

 9 (1.2) 8 (1.1) 1.3 
 

Unknown 40 (5.4) 131 (4.4) 4.5 
 

 40 (5.4) 39 (5.3) 0.5 
 

Patients <20 years old with no 
BMI information 

414 (56.3) 1,677 (57.0) -1.4 

 

 
414 (56.3) 414 (56.4) -0.4 

 

Average BMI z-score in 

patients 6-19 years old10 
403 1,635 15.9 

* 

 
403 402 1.7 

 

Mean ± SD 0.1 ± 1.0 -0.1 ± 0.9   
 0.1 ± 1.0 0.0 ± 0.5   

Median [IQR] 0.1 [-0.6, 0.7] -0.1 [-0.6, 0.5]   
 0.1 [-0.6, 0.7] 0.0 [-0.6, 0.7]   

Categories, n (%)     
 

    

<-1 56 (7.6) 238 (8.1) -1.8 
 

 56 (7.6) 57 (7.8) -0.8 
 

-1 - <0 135 (18.3) 643 (21.8) -8.7 
 

 135 (18.3) 135 (18.4) -0.1 
 

0 - <1 140 (19.0) 582 (19.8) -1.9 
 

 140 (19.0) 139 (18.9) 0.2 
 

≥1 72 (9.8) 172 (5.8) 14.7 * 
 72 (9.8) 71 (9.7) 0.2 

 

Unknown 11 (1.5) 42 (1.4) 0.6 
 

 11 (1.5) 11 (1.5) -0.4 
 

Patients ≥20 years old with no 
BMI z-score information 

322 (43.8) 1,267 (43.0) 1.4 

 

 
322 (43.8) 319 (43.6) 0.4 

 

Average OGTT fasting 

glucose level (mg/dL) 
131 522 -9.6 

 

 
131 131 -9.3 

 

Mean ± SD 93.5 ± 18.9 95.7 ± 26.7 
   

93.5 ± 18.9 94.9 ± 12.0 
  

Median [IQR] 89.5 [83.0, 98.5] 92.8 [85.0, 99.0] 
   

89.5 [83.0, 98.5] 92.0 [85.0, 99.0] 
  

Average 2-hour glucose level 

(mg/dL) 
140 551 -12.6 

* 

 
140 140 -3.9 

 

Mean ± SD 122.5 ± 52.0 129.1 ± 53.3 
   

122.5 ± 52.0 124.1 ± 25.0 
  

Median [IQR] 112.0 [84.0, 144.0] 
116.0 [93.0, 

155.0]    
112.0 [84.0, 144.0] 

113.0 [89.0, 
151.0]   

Prevalence of CF-related 

complications, n (%)4 
    

 
    

CF-related GI complications 245 (33.3) 1,023 (34.7) -3.1 
 

 245 (33.3) 239 (32.6) 1.5 
 

CF-related pulmonary 
complications 

236 (32.1) 933 (31.7) 0.8 

 

 
236 (32.1) 235 (32.1) -0.1 

 

CF-related diabetes and 
secondary complications11 

124 (16.8) 690 (23.4) -16.5 
*  124 (16.8) 126 (17.2) -1.1 
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CF-related bone/joint 
complications 

87 (11.8) 443 (15.0) -9.5 

 

 
87 (11.8) 87 (11.9) -0.3 

 

CF-related hepatobiliary 
complications 

49 (6.7) 335 (11.4) -16.5 
* 

 
49 (6.7) 49 (6.7) -0.3 

 

Any of the above CF-related 
complications 

459 (62.4) 1,954 (66.4) -8.4 

 

 
459 (62.4) 456 (62.2) 0.4 

 

Prevalence of respiratory 

microorganisms, n (%)4 
   

 

 
   

 

P. aeruginosa 356 (48.4) 1,552 (52.7) -8.7 
 

 356 (48.4) 357 (48.7) -0.7 
 

MSSA 350 (47.6) 1,437 (48.8) -2.5 
 

 350 (47.6) 350 (47.8) -0.5 
 

MRSA 198 (26.9) 847 (28.8) -4.2 
 

 198 (26.9) 198 (27.0) -0.3 
 

S. maltophilia 99 (13.5) 413 (14.0) -1.7 
 

 99 (13.5) 99 (13.5) -0.1 
 

H. influenzae 100 (13.6) 359 (12.2) 4.2 
 

 100 (13.6) 101 (13.7) -0.4 
 

Aspergillus 95 (12.9) 502 (17.1) -11.6 * 
 95 (12.9) 94 (12.9) 0.1 

 

Nontuberculosis 

mycobacteria 
44 (6.0) 175 (5.9) 0.1 

 

 
44 (6.0) 45 (6.1) -0.6 

 

B. cepacia complex 26 (3.5) 110 (3.7) -1.1 
 

 26 (3.5) 25 (3.5) 0.3 
 

Hospitalizations and 

Outpatient visits 
   

 

 
   

 

Hospitalizations    
 

 
   

 

Pulmonary-related 
hospitalizations 

   
 

 
   

 

Patients with at least 1 
pulmonary-related 
hospitalization, n (%) 

238 (32.3) 1,094 (37.2) -10.1 
* 

 

238 (32.3) 237 (32.4) -0.1 

 

Number of pulmonary-
related hospitalizations  

  -10.7 * 
 

  -0.5 

 

Mean ± SD 0.6 ± 1.1 0.7 ± 1.2  

 

 0.6 ± 1.1 0.6 ± 0.6  

 

Median [IQR] 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]  

 

 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]  

 

GI-related hospitalizations     
 

 
   

 

Patients with at least 1 
GI-related hospitalization, n (%) 

27 (3.7) 104 (3.5) 0.7 

 

 
27 (3.7) 23 (3.1) 3.1 

 

Number of GI-related 
hospitalizations  

  -1.8 

 

 
  -1.1 

 

Mean ± SD 0.0 ± 0.2 0.0 ± 0.3  

 

 0.0 ± 0.2 0.0 ± 0.2  

 

Median [IQR] 0.0 [0.0, 0.0] 0.0 [0.0, 0.0]  

 

 0.0 [0.0, 0.0] 0.0 [0.0, 0.0]  

 

All-cause    
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Patients with at least 1 all-
cause hospitalization, n (%) 

264 (35.9) 1,200 (40.8) -10.1 * 
 

264 (35.9) 264 (36.0) -0.3 

 

Number of all-cause 
hospitalizations  

  -10.7 
* 

 
  -0.6 

 

Mean ± SD 0.7 ± 1.2 0.8 ± 1.3  

 

 0.7 ± 1.2 0.7 ± 0.6  

 

Median [IQR] 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]  

 

 0.0 [0.0, 1.0] 0.0 [0.0, 1.0]  

 

Outpatient clinic visits    
 

 
   

 

Patients with at least 1 
outpatient clinic visit, n (%) 

703 (95.5) 2,824 (95.9) -2.0 

 

 
703 (95.5) 697 (95.1) 1.9 

 

Number of outpatient clinic 
visits 

  -4.4 

 

 
  0.9 

 

Mean ± SD 4.1 ± 2.8 4.3 ± 2.8  

 

 4.1 ± 2.8 4.1 ± 1.3  

 

Median [IQR] 4.0 [2.0, 5.0] 4.0 [3.0, 5.0]  

 

 4.0 [2.0, 5.0] 4.0 [3.0, 5.0]  

 

Medication use, n (%)4    
 

 
   

 

Antibiotics 478 (64.9) 2,009 (68.2) -7.0 

 

 
478 (64.9) 477 (65.0) -0.2 

 

Inhaled 410 (55.7) 1,795 (61.0) -10.7 * 
 

410 (55.7) 412 (56.3) -1.1 

 

IV 133 (18.1) 656 (22.3) -10.5 * 
 

133 (18.1) 132 (18.0) 0.2 

 

Number of home IV nights    -11.5 * 
 

  -0.6 
 

Mean ± SD 3.7 ± 13.1 5.4 ± 16.3  

 

 3.7 ± 13.1 3.8 ± 5.8  

 

Median [IQR] 0.0 [0.0, 0.0] 0.0 [0.0, 0.0]  

 

 0.0 [0.0, 0.0] 0.0 [0.0, 0.0]  

 

Oral 130 (17.7) 489 (16.6) 2.8 

 

 
130 (17.7) 127 (17.4) 0.7 

 

Inhaled or oral 46 (6.3) 250 (8.5) -8.6 

 

 
46 (6.3) 46 (6.2) 0.2 

 

Anti-diabetic 106 (14.4) 587 (19.9) -14.7 * 
 106 (14.4) 108 (14.8) -1.1 

 

Anti-fungal 28 (3.8) 125 (4.2) -2.2 
 

 28 (3.8) 28 (3.8) 0.3 
 

Anti-inflammatory 165 (22.4) 660 (22.4) 0.0 

 

 
165 (22.4) 167 (22.9) -1.0 

 

Bronchodilators 658 (89.4) 2,664 (90.5) -3.6 
 

 658 (89.4) 658 (89.9) -1.5 
 

Corticosteroids 426 (57.9) 1,723 (58.5) -1.3 
 

 426 (57.9) 425 (58.0) -0.1 
 

Digestive enzymes 657 (89.3) 2,755 (93.6) -15.5 * 
 657 (89.3) 659 (89.9) -2.1 

 

Hypertonic saline 423 (57.5) 1,816 (61.7) -8.6 
 

 423 (57.5) 421 (57.4) 0.1 
 

Macrolides 379 (51.5) 1,600 (54.3) -5.7 
 

 379 (51.5) 381 (51.9) -0.9 
 

Mucolytics 619 (84.1) 2,493 (84.7) -1.6 
 

 619 (84.1) 619 (84.5) -1.1 
 

Dornase alfa 616 (83.7) 2,469 (83.9) -0.5 
 

 616 (83.7) 616 (84.1) -1.1 
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Abbreviations: BMI, body mass index; CF, cystic fibrosis; GI, gastrointestinal; IQR: interquartile range; IV, intravenous; MRSA, methicillin-
resistant Staphylococcus aureus; MSSA, methicillin-sensitive Staphylococcus aureus; OGTT, oral glucose tolerance test; PEx, pulmonary 
exacerbations; ppFEV1, percent predicted forced expiratory volume in 1 second; SD, standard deviation; SMR, standardized mortality ratio; Std diff, 
standardized difference. 

 

Notes: 

[1] The baseline period was defined as the 2-year period prior to the index date. ppFEV1 and PEx will be assessed annually in the 2-years prior to 
index date. All other baseline covariates will be assessed in the 1 1year prior to index date or on the index date. 

[2] Covariates included in the propensity score used to generate SMR weights were gender, race, ethnicity, type of health insurance, employment 
status, median household income by zip code (categorical), education level, average of best available ppFEV1 in each quarter (categorical), change in 
ppFEV1 (categorical), number of PEx, average BMI/BMI z-scores (categorical), prevalence of CF-related complications, prevalence of respiratory 
microorganisms, number of hospitalizations and outpatient visits, and medication use. 
[3] Std diff greater than 10% in magnitude were denoted with "*". 

[4] Patients may belong to ≥ 1 category. Therefore, the sum of percentages may exceed 100%. 
[5] Other race included American Indian or Alaska Native, Asian, Native Hawaiian or other Pacific Islander, and other races that were not specified. 

[6] Government insurance programs included Medicare, Medicaid, State special needs program (including Children with Medical Handicaps 
Program, California Children's Services Program, Children's Rehabilitative Services, Genetically Handicapped Persons Program, etc.), Military 
health plan (including TriCare Program, etc.), Indian Health Service, and Patient Assist Program.  
[7] Median household income by zip code was inflated to $US 2019 based on Consumer Price Index information. 

[8] ppFEV1 information was not available for patients under the age of 6.  

[9] Change in ppFEV1 was calculated as the average of the best available ppFEV1 in each quarter of the second year in the baseline period minus the 
average of the best available ppFEV1 in each quarter of the first year in the baseline period. Negative change in ppFEV1 values indicated that patients 
had decline in ppFEV1, and positive change in ppFEV1 values indicated that patients had improvement in ppFEV1 during the baseline period. 
[10] BMI z-scores were calculated using BMI percentiles for patients aged 6-19 years old at index. 

[11] This category included CF-related diabetes with or without fasting hyperglycemia, type 1 or type 2 diabetes, and secondary complications. 
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Supplementary Table S3. SMR weighted mean differences in BMI and ppFEV1* 
 IVA-treated 

cohort 
 

Comparator 

cohort Mean difference‡ 95% CI 

 N† Mean  N† Mean 

IVA treatment (ref: comparator cohort)        
BMI in people aged ≥20 years, kg/m2 §,# 300 24·30  296 22·92 1·20 (0·92 to 1·71)** 

BMI z-score in people aged 6–19 years§,†† 402 0·31  402 −0·03 0·27 (0·25 to 0·40)** 

ppFEV1
§,‡‡ 728 84·04  725 76·02 8·46 (7·34 to 9·75)** 

* Covariates included in the propensity score used to generate SMR weights were sex, race, ethnicity, type of health insurance, employment status, median 
household income by zip code (categorical), education level, average of best available ppFEV1 in each quarter (categorical), change in ppFEV1 (categorical), 
number of PEx, average BMI/BMI z-scores (categorical), prevalence of CF-related complications, prevalence of respiratory microorganisms, number of 
hospitalizations and outpatient visits, and medication use. The 95% CIs and p values in the SMR-weighted generalizing estimating equation models were 
calculated using a nonparametric bootstrapping procedure with 999 replications. 
† Matched groups were dropped if they included ≥1 person with no outcome measurements available during the observation period. 
‡ The mean differences were estimated using generalizing estimating equation models with normal distribution and auto-regressive covariance structure while 
adjusting for follow-up time. 
§ For data missing over a 6-month period in the follow-up period, the value of the last observation was carried forward (ie, an individual’s value from the 
previous 6-month period was used in place of the missing observations). 
# People were censored at the first occurrence of treatment with a CFTRm therapy other than IVA, death, pregnancy, or end of data availability. As only annual 
pregnancy data was available, the date of pregnancy was imputed as January 1. The end of data availability was imputed as December 31 of the last year that the 
individual had annual data available. People in the IVA-treated cohort were also censored at time of IVA discontinuation. People in the comparator cohort were 
also censored at time of first occurrence of treatment with IVA. The mean (min–max) SMR-weighted follow-up duration was 5.3 (0·1–7·9) years for the IVA-
treated cohort and 5.8 (0.0–7.9) years for the comparator cohort. Since race category "White" remained unbalanced after SMR weighting, it was included in the 
generalizing estimating equation regression analysis for a doubly robust estimation approach. 
** 95% CI does not include the null. 
†† BMI z-scores were calculated using BMI percentiles for people aged 6–19 years old at the index date. People were censored at the first occurrence of treatment 
with a CFTRm therapy other than IVA, death, pregnancy, age of 20 years, or end of data availability. As only annual pregnancy data was available, the date of 
pregnancy was imputed as January 1. The end of data availability was imputed as December 31 of the last year that the individual had annual data available. 
People in the IVA-treated cohort were also censored at time of IVA discontinuation. People in the comparator cohort were also censored at time of first 
occurrence of treatment with IVA. The mean (min–max) SMR-weighted follow-up duration was 6.0 (0·1–7·9) years for the IVA-treated cohort and 6.6 (0.0–7.9) 
years for the comparator cohort. 
‡‡ People were censored at the first occurrence of treatment with a CFTRm therapy other than IVA, death, pregnancy, lung transplant, or end of data availability. 
As only annual pregnancy and lung transplant were available, the date of pregnancy and lung transplant were imputed as January 1. The end of data availability 
was imputed as December 31 of the last year that the individual had annual data available. People in the IVA-treated cohort were also censored at time of IVA 
discontinuation. People in the comparator cohort were also censored at time of first occurrence of treatment with IVA. The mean (min–max) SMR-weighted 
follow-up duration was 5.6 (0·1–7·9) years for the IVA-treated cohort and 6.0 (0.0–7.9) years for the comparator cohort. 
BMI: body mass index; CF: cystic fibrosis; CFTRm: cystic fibrosis transmembrane conductance regulator modulator; CI: confidence interval; IVA: ivacaftor; 
max: maximum; min: minimum; PEx: pulmonary exacerbation; ppFEV1: percent predicted forced expiratory volume in 1 second; ref: reference; SMR: 
standardized mortality ratio. 
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