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Introduction
The survival of patients with cystic fibrosis (CF) 
in the US has increased as standard care (SC) has 
improved over the past 3 decades; median pre-
dicted survival for patients in the US increased 
from 27 years in 1985 to 47.7 years in 2016.1

SC for CF in the US includes physical airway 
clearance therapy, bronchodilators, inhaled muco-
lytics and antibiotics, and a high-calorie, high-fat 
diet.2,3 Recently, modulators of the CF transmem-
brane conductance regulator (CFTR) protein have 
been introduced in clinical practice. Ivacaftor is a 
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Abstract
Background: Lumacaftor/ivacaftor combination therapy is efficacious and generally safe for 
patients with cystic fibrosis (CF) homozygous for the F508del-CF transmembrane conductance 
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⩾6 years with CF, homozygous for F508del-CFTR. The primary outcome was projected 
survival among (a) a cohort of patients who ever initiated LUM/IVA, accounting for treatment 
discontinuations, and (b) a cohort of patients who remain on continuous LUM/IVA. Patient 
characteristics and model parameters were derived from clinical trials: VX14-809-109, 
VX13-809-011B, TRAFFIC/TRANSPORT, and PROGRESS; published literature; and the US CF 
Foundation Patient Registry.
Results: Lumacaftor/ivacaftor + SC is expected to increase median survival by 6.1 years 
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was 17.7, 12.6, 8.0, and 3.8 years, respectively. Assuming lifetime treatment with LUM/IVA, 
incremental median survival was predicted to be 7.8 years longer in the LUM/IVA + SC cohort. 
Initiating LUM/IVA at ages 6, 12, 18, and 25 years and assuming lifetime treatment resulted in 
incremental median predicted survival of 23.4, 18.2, 11.0, and 4.8 years, respectively.
Conclusions: Lumacaftor/ivacaftor is projected to increase survival for patients with CF. 
Initiation at an early age and treatment persistence result in further increments in projected 
survival.
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CFTR modulator that facilitates increased chlo-
ride transport by potentiating the channel-open 
probability (or gating) of the CFTR protein at the 
cell surface.4,5 The US Food and Drug 
Administration (FDA) approved ivacaftor mono-
therapy in January 2012 for patients with at least 
one copy of the G551D-CFTR mutation. The 
FDA extended approval to other ivacaftor-respon-
sive mutations,6 but ivacaftor monotherapy is not 
effective in patients homozygous for the F508del-
CFTR mutation.7 Lumacaftor is a CFTR corrector 
that acts directly on the F508del-CFTR protein to 
improve its cellular processing and trafficking, 
thereby increasing the quantity of functional 
CFTR at the cell surface.8 The combined effect of 
lumacaftor and ivacaftor increases the quantity 
and function of F508del-CFTR at the cell surface, 
resulting in increased chloride ion transport.9

Lumacaftor/ivacaftor (LUM/IVA) combination 
therapy was approved by the FDA in July 2015 
for patients with CF who are aged 12 years and 
older and homozygous for the F508del-CFTR 
mutation; approval was based on two 24-week 
randomized placebo-controlled clinical trials 
demonstrating efficacy, safety, and tolerability 
(TRAFFIC and TRANSPORT trials).10 The 
FDA expanded the approval to include children 
aged 6–11 years in 2016 (VX13-809-011B).11,12 
Data from the PROGRESS extension study dem-
onstrated that the benefits of LUM/IVA were 
maintained for up to an additional 96 weeks in 
patients aged 12 years and older.13

CF progresses over many years, and long-term fol-
low up is therefore needed to assess the impact of 
newly introduced CFTR modulators such as 
LUM/IVA on survival. In the absence of such data 
earlier in a product’s lifecycle, simulation models 
can provide projections of the survival impact. 
Simulation models have been used in a range of 
diseases to predict population-level effects of treat-
ment on health outcomes including survival and 
may be used to guide health policy and disease 
management decisions when long-term clinical 
data and real-world data are not yet available.14–17

Methods

Study design
This analysis models the clinical outcomes and 
lifetime survival of patients with CF in the US 
who are aged ⩾ 6 years, homozygous for the 

F508del-CFTR mutation, and treated with LUM/
IVA in addition to the current SC, compared with 
those treated with SC alone.

Key model inputs were derived from randomized 
clinical trials of LUM/IVA in patients aged 
6–11 years11,18 and patients aged ⩾ 12 years,10 and 
an analysis in which patients aged ⩾ 12 years and 
treated with LUM/IVA for up to 120 weeks were 
compared with matched controls from the US 
Cystic Fibrosis Foundation Patient Registry (US 
CFFPR).13 Additional inputs on disease progres-
sion and other parameters predictive of survival 
were derived from the US CFFPR from 2006 to 
201419,20 and other published literature.21–24

The clinical outcomes of interest included median 
predicted survival, mean residual life-years, mean 
time spent in different lung-function categories 
[percent predicted forced expiratory volume in 1 
second (ppFEV1) > 90, 70 to <90, 40 to <70, 
and <40], lung transplantation rates, and time to 
transplantation among those who were 
transplanted.

Model overview
The conceptual framework for the model is illus-
trated in Figure 1(a). A total of 2000 patient pro-
files were derived by assigning each modeled 
patient baseline values for the predictors of sur-
vival identified by a published Cox model.21

Patients are duplicated to form two identical sim-
ulated treatment cohorts receiving LUM/IVA + 
SC, or SC alone. The model tracks and updates 
clinical outcomes and survival over time divided 
into cycles. Each cycle involves three compo-
nents. First, individualized predictions of the 
probability of death are calculated at the begin-
ning of the cycle, based on the patient’s age and 
clinical characteristics. If the patient survives past 
that model cycle, the effect of natural disease pro-
gression on clinical outcomes are updated (e.g. 
ppFEV1, risk of infections); for patients in the 
LUM/IVA + SC cohort, the effects of both treat-
ment and disease progression on clinical out-
comes are updated in each cycle. Finally, patient 
age is updated by one cycle length, and patients 
are moved to the next cycle. This process is 
repeated until death for each patient, with each 
model cycle representing 4 weeks for the first 26 
cycles, and 1 year thereafter. Once all patients 
have progressed through the model, health 
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outcomes are averaged across each cohort (LUM/
IVA + SC, and SC alone).

Prediction of mortality
The model estimates individual patient mortality 
using background mortality hazards derived from 
the US CFFPR,25 adjusted to account for indi-
vidual patient characteristics that are predictors 
of survival in patients with CF.

A lifetime survival curve was extrapolated from 
partial survival curves from US CFFPR life table 
output using parametric survival analysis tech-
niques.25,26 Multiple parametric curves were fit-
ted to the observed US CFFPR data to find a 
parametric distribution with the best clinical 
plausibility and statistical fit. A Gompertz curve 
with a median predicted survival of 39.7 years was 
selected (Appendix 1). A Cox proportional 

hazards (CPH) model is applied to the above 
Gompertz curve for each individual patient at 
baseline to calculate the mortality hazard based 
on the individual patient’s clinical characteristics 
[Figure 1(b)].27

The mortality hazard is recalculated in each cycle 
of the model by adjusting for changes in clinical 
characteristics using the same CPH model.10,18,21 
The mortality hazard was bounded by the general 
US population mortality.28

This mortality hazard is used to determine if a 
patient dies in any given cycle by converting to a 
probability of death and comparing that probabil-
ity to a random number (Appendix 1). Each 
patient is simulated until death. In order to derive 
a population survival curve from the individual 
patient survival in the model, the Kaplan–Meier 
product-limit formula was used.29

Figure 1. Model structure.
(a) Model schematic for patient-level simulations; and (b) steps for deriving patient-level mortality.$

*Clinical measurements include ppFEV1, the occurrence of PEx, incidence of diabetes, and weight-for-age Z score.
$For detailed calculations, see Appendix 2.
‡Patients had at least one study visit in 2014, were homozygous for the F508del-CFTR mutation, age ⩾ 6 years, and who had 
not received a lung transplant. For parameters that were not available from 2014 US CFFPR Report, alternate assumptions 
were used. Please see Table 1 for details on the sources for each parameter.
§All ages and genotypes. For parameters that were not available from 2011 US CFFPR Report, alternate assumptions were 
used; see Appendix 2.
||Specific to the age of patient i at baseline.
CF, cystic fibrosis; LUM/IVA, lumacaftor/ivacaftor; PEx, pulmonary exacerbation; ppFEV1, percent predicted forced expiratory 
volume in 1 s; SC, standard care; US CFFPR, United States Cystic Fibrosis Foundation Patient Registry.
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Model inputs
Baseline characteristics. Baseline characteristics 
for the ‘registry matched’ modeled patient cohort, 
including age, sex, ppFEV1, weight-for-age Z 
score, pancreatic sufficiency status, and diabetes 
mellitus were derived from patients in the US 
CFFPR who had at least one study visit in 2014, 
were homozygous for the F508del-CFTR muta-
tion, were aged ⩾ 6 years, and who had not 
received a lung transplant.20 The prevalence of 
Staphylococcus aureus, Burkholderia cepacia and 
diabetes, derived from the 2015 US CFFPR 
Report,2 was used to assign baseline comorbidity 
status. All patients were assumed to be pancreatic 
insufficient at baseline, as most patients with CF 
who are homozygous for the F508del-CFTR 
mutation develop pancreatic insufficiency at a 
young age.30,31 A summary of baseline character-
istics used in the model is shown in Table 1. Alter-
native baseline characteristics tested in scenario 
analyses were derived by pooling individual 
patient-level baseline data collected in four 

clinical trials of LUM/IVA,10,11,18 weighted to 
match the age distribution of patients in the US 
CFFPR. These data were used to assign baseline 
age, sex, ppFEV1, and weight-for-age Z score for 
the ‘trial based’ cohort.

Change in ppFEV1. It was assumed that during the 
first 24 weeks, patients receiving SC alone experi-
enced no change in ppFEV1, whereas there was 
an assumed age-dependent increase in the LUM/
IVA + SC cohort based on clinical trial 
results.10,11,13,18 After week 24, an age-dependent 
annual decline in ppFEV1 was assumed with SC 
alone,22,23 reduced by 42% in the LUM/IVA + 
SC cohort (Appendix 2).

PEx rate. Pulmonary exacerbation (PEx) rate was 
predicted, contingent on patients’ ppFEV1 and 
age, using a published relationship derived from 
the 2004 US CFFPR.24,32 This published rela-
tionship and the Liou survivorship model were 
both derived from the US CFFPR, which 

Table 1. Model inputs; cohort baseline characteristics.

Characteristic Registry matched
(base case)

Trial based
(scenario)

Input Source Input Source

Age, years (mean) 21.0 US CFFPR20 22.2 VX14-809-109, VX13-809-011B, 
and TRAFFIC/TRANSPORT*

Male, % 52.2 US CFFPR20 49.1 VX14-809-109, VX13-809-011B, 
and TRAFFIC/TRANSPORT*

Weight-for-age Z score 
(mean)

−0.4 US CFFPR20 −0.4 VX14-809-109, VX13-809-011B, 
and TRAFFIC/TRANSPORT*

ppFEV1 (mean) 74.4 US CFFPR20 66.5 VX14-809-109, VX13-809-011B, 
and TRAFFIC/TRANSPORT*$

Annual rate of PEx 
(mean)

0.7 Whiting et al.;24 
Goss and Burns32

0.8 Whiting et al.;24 Goss and 
Burns32

Pancreatic sufficiency, % 0.0 Assumption 0.0 Assumption

Diabetes, % 19.3 US CFFPR report2 21.3 US CFFPR report2

Burkholderia cepacia, % 2.5 US CFFPR report2 2.5 US CFFPR report2

Staphylococcus aureus, % 69.7 US CFFPR report2 69.7 US CFFPR report2

* A cohort of 2000 patients was sampled with replacement using VX14-809-109, VX13-809-011B and TRAFFIC/TRANSPORT 
baseline data.

$ ppFEV1 inclusion criteria at screening: VX13-809-011B: ppFEV1 ≥ 40%; VX14-809-109: ppFEV1 ≥ 70%; TRAFFIC/
TRANSPORT: ppFEV1 40-90%.

PEx, pulmonary exacerbation; ppFEV1, percent predicted forced expiratory volume in 1 second; US CFFPR, United States 
Cystic Fibrosis Foundation Patient Registry.
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identifies PEx as those treated with intravenous 
(IV) antibiotics. For this reason, only exacerba-
tions requiring IV antibiotics were included in the 
simulation model, and the corresponding treat-
ment effects reflect the impact of LUM/IVA on 
these specific types of exacerbations. Specifically, 
for patients aged ⩾ 12 years, it was assumed that 
LUM/IVA + SC treatment reduced the PEx rate 
by 56% applied over the lifetime of the simula-
tion, based on data from the phase III clinical 
studies.10,18,32 For patients aged 6–11 years, no 
treatment effect of LUM/IVA + SC on PEx was 
assumed based on the lack of outcome data in this 
age range from clinical studies.

Change in weight-for-age Z score. During the first 
2 years, weight-for-age Z scores were assumed to 
decline by 0.030 per year in the cohort receiving 
SC alone, and increase by 0.033 per year in the 
cohort treated with LUM/IVA + SC.13 After 
2 years, weight-for-age Z score was assumed to 
remain constant.

Lung transplantation. Patients were assumed to 
be eligible for a lung transplant when their 
ppFEV1 fell below 30%33 in the model. The pro-
portion of these eligible patients who went on to 
receive a transplant was assumed to be 26.8% 
based on US CFFPR data.2 Post-transplant mor-
tality risk was predicted based on an analysis from 
the International Society for Heart and Lung 
Transplantation (ISHLT) International Registry 
for Heart and Lung Transplantation,34 which 
found the risk of death in the first year after trans-
plant to be 15.2% and 5.7% in subsequent years.

Treatment discontinuation. The model evaluates 
the average benefits in a cohort of patients initiat-
ing LUM/IVA + SC, assuming that a proportion 
of patients discontinue LUM/IVA. For weeks 
1–24, the LUM/IVA treatment discontinuation 
rate was derived from 24-week randomized con-
trolled trials of patients aged 6–11 years and 
⩾12 years.10,11,18 For weeks 25–96, the discontin-
uation rate was derived from the first 72 weeks of 
an open-label study of LUM/IVA in patients aged 
⩾ 12 years;13 cumulative discontinuation over the 
full 96-week period for patients aged 6–11 years 
and ⩾12 years was 23.4% and 24.4%, respec-
tively. Upon discontinuation of LUM/IVA, 
patients were assumed to transition to SC alone 
(Appendix 2). After week 96, no further discon-
tinuation of LUM/IVA was assumed. All analyses 
were repeated to evaluate the impact of LUM/

IVA among patients who remain on therapy, 
assuming 100% treatment persistence.

Model inputs are shown in Table 2. Detailed 
explanations of each parameter and its assump-
tions are provided in Appendix 2.

Model analyses
Base-case analysis. The base-case analysis was 
conducted using the inputs and assumptions 
described in Table 1 (registry matched) and  
Table 2. The median predicted survival, mean 
residual life-years (years of survival after model 
baseline), mean time spent in different lung-func-
tion categories, cumulative change in ppFEV1, 
proportion receiving a lung transplant, and mean 
time to transplant, were compared for the two 
treatment cohorts. All analyses were conducted in 
duplicate, assuming either discontinuation or 
100% treatment persistence.

Scenario analyses. Scenario analyses were per-
formed to explore the impact of model assump-
tions on survival projections.

1. Four cohorts of patients, each with a uni-
form baseline age, were tested using start-
ing ages of 6, 12, 18, and 25 years.

2. To understand how the distribution of 
baseline characteristics for the simulated 
population affects results, the trial-based 
cohort was tested.

3. Alternate assumptions for ppFEV1 decline 
were tested using the single-age cohort of 
age 6 years. The first scenario evaluated the 
potential of LUM/IVA to further slow lung-
function decline when initiating treatment 
earlier, and specifically assumed patients 
receiving LUM/IVA + SC experienced a 
reduction of 50% in lifetime ppFEV1 
decline relative to SC alone (versus a 42% 
reduction in the base case). The other sce-
nario conservatively assumed that patients 
receiving LUM/IVA + SC experienced 
ppFEV1 decline in line with SC alone until 
age 12 years, and then a reduction of 42% 
in ppFEV1 decline relative to SC alone for 
the remainder of the simulation.

4. Two additional scenarios were included to 
evaluate the impact of increased discontinua-
tion both in the short and long term. 
Specifically, a scenario where 10% of patients 
discontinued in the first 24 weeks followed 
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Table 2. Clinical inputs in the simulation model.

Clinical inputs Time period Initiate LUM/IVA + SC at: SC Source

Aged 6–11 years Aged⩾12 years

Treatment effects

ppFEV1 mean change from 
baseline

Weeks 1–24 2.4 2.8* 0.0 Wainwright et al.;10 
Ratjen et al.18

PEx event rate ratio versus 
SC

Lifetime 1.00 for aged 6–11; 
0.44 for aged ⩾12

0.44 – Assumption, 
Wainwright et al.10

Weight-for-age Z score 
mean change from baseline

Weeks 1–104 0.066** 0.066** –0.060** Konstan et al.13

Annual change in absolute 
ppFEV1 by age, years$

Weeks 24+  

 6–8 −0.65 N/A −1.12 Konstan et al.22

 9–12 −1.39 −1.39 −2.39 Konstan et al.22

 13–17 −1.36 −1.36 −2.34 Konstan et al.22

 18–24 −1.11 −1.11 −1.92 Konstan et al.23

 25+ −0.84 −0.84 −1.45 Konstan et al.23

Treatment discontinuation

LUM/IVA discontinuation 
rate‡

Weeks 1–24 0.13 0.15 – VX14-809-109 and 
Wainwright et al.10

LUM/IVA discontinuation 
rate‡

Weeks 24–96 0.14 0.14 – VX14-809-109 and 
Konstan et al.13

Lung transplant

ppFEV1 threshold Lifetime 30 30 30 American Thoracic 
Society guidelines33 

Eligible patients who 
receive transplant, %

Lifetime 26.8 26.8 26.8 US CFFPR report2

Postlung-transplant annual 
mortality risk, %

First year 
following 
transplant

15.2 15.2 15.2 ISHLT34

Subsequent 
years

5.7 5.7 5.7 ISHLT34

*Applied at week 16 and held constant through week 24.
**Patients receiving LUM/IVA + SC increase 0.033 per year for 2 years, whereas patients on SC decline by 0.030 per year for 2 years.
$LUM/IVA treatment effect on ppFEV1 decline (i.e. 42% reduction) was reported by Konstan et al.13

‡Rate was measured as event rate per patient-year.
CFFPR, Cystic Fibrosis Foundation Patient Registry; ISHLT, International Society for Heart and Lung Transplantation; LUM/IVA, lumacaftor/
ivacaftor; N/A, not applicable; PEx, pulmonary exacerbation; ppFEV1, percent predicted forced expiratory volume in 1 second; SC, standard care.

by base-case discontinuation through week 
96 (i.e. cumulative discontinuation over the 
full 96-week period of 27.6%), and a sepa-
rate scenario where base-case discontinua-
tion was assumed for the initial 96 weeks 

followed by an additional 30% of patients 
discontinuing between week 96 and year 15 
(cumulative discontinuation of 53.4% and 
54.4% over 15 years for patients aged 6 to 11 
years and ≥ 12 years, respectively).
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Sensitivity analyses. One-way sensitivity analyses 
of the incremental residual life-years outcome 
were performed by systematically varying indi-
vidual parameters from the base-case assumption. 
The analysis evaluated a lower and upper bound 
for each model parameter considered (Appendix 
3). Probabilistic sensitivity analyses were used to 
generate the 95% credible intervals [95% confi-
dence interval (CI)] on the point estimates of 
incremental residual life-years and median pre-
dicted survival (Appendix 4).

Model validation. To ensure that our model was 
able to replicate real-world survival among US 
patients with CF, the model was validated by run-
ning the simulation using a patient population 
with mean characteristics similar to those of 
patients of all ages and genotypes enrolled in the 
US CFFPR, and results were compared to real-
world survival data from the US CFFPR for all 
genotypes (Appendix 5). The validation was con-
ducted on all genotypes rather than on those 
homozygous for F508del-CFTR only, due to the 
lack of publicly available genotype-specific sur-
vival data for the US population with CF.

Results

Base-case results
The projected survival curves for patients with 
CF who are aged ⩾ 6 years, homozygous for 
F508del-CFTR, and treated with LUM/IVA + 

SC, or SC alone, are shown in Figure 2. Patients 
with CF have a marked reduction in projected 
survival compared with the general US popula-
tion. Accounting for discontinuation, median 
predicted survival in the LUM/IVA + SC cohort 
was 45.5 years (95% CI: 43.5–47.6) versus 
39.4 years (95% CI: 38.1–40.8) for SC alone, an 
incremental gain of 6.1 years (95% CI: 4.3–8.2; 
Table 3). Patients in the LUM/IVA + SC cohort 
had a mean residual life expectancy (calculated as 
the number of years’ survival after the model 
start) of 30.8 life-years (95% CI: 27.7–34.0) ver-
sus 23.1 (95% CI: 21.8–24.6) for SC alone, a pro-
jected increase of 7.8 years (95% CI: 4.8–10.8).

While the base-case estimates the average benefit 
in a cohort of patients initiating LUM/IVA + SC, 
some of whom are assumed to discontinue LUM/
IVA, the persistence scenario estimates the benefit 
in those patients who remain on therapy over a 
lifetime. When perfect LUM/IVA treatment per-
sistence was assumed for a cohort aged ⩾ 6 years, 
the model predicted a median increment of 
7.8 years (95% CI: 5.7–11.1) for the LUM/IVA + 
SC patients versus SC alone; this represents an 
increase in median projected survival compared 
with the base case, which includes discontinuation 
[7.8 years (95% CI: 5.7–11.1) versus 6.1 years 
(95% CI: 4.3–8.2)].

The time spent in specific lung-function catego-
ries (ppFEV1 ⩾ 90, 70 to <90, 40 to <70, and 
<40) was evaluated. Patients in the LUM/IVA + 

Figure 2. Projected survival for patients on lumacaftor/ivacaftor + SC or SC alone.*

*Dotted lines represent median survival.
SC, standard care; US, United States.
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SC cohort spent a greater number of years with 
higher lung function (i.e. ppFEV1 ⩾ 90, 70 to 
<90, and 40 to <70 categories) than those receiv-
ing SC alone (Table 3).

Fewer patients were projected to require lung 
transplantation when treated with LUM/IVA + 
SC versus SC alone (Table 3). Furthermore, 
among those receiving lung transplants, the aver-
age time to transplantation was approximately 
12 years longer in the LUM/IVA + SC cohort 
versus the SC-alone cohort.

Scenario analyses
The model predicts that initiating LUM/IVA + 
SC at an earlier age will lead to increased sur-
vival benefit. When simulating patients who ini-
tiate treatment at age 6, 12, 18, and 25 years, 
LUM/IVA + SC increased median predicted 
survival by 17.7, 12.6, 8.0, and 3.8 years, respec-
tively (Figure 3). Furthermore, assuming full 
treatment persistence in the same simulated 
cohorts, the incremental median predicted sur-
vival increased to 23.4, 18.2, 11.0, and 4.8 years 
for patients initiating at age 6, 12, 18, and 
25 years, respectively.

A scenario analysis using patient profiles 
derived from trials of LUM/IVA showed a lower 
survival benefit for LUM/IVA + SC compared 
with the US registry-matched population (base 
case), with an incremental median predicted 
survival of 5.0 years (base case: 6.1 years), and 
an incremental mean residual life expectancy of 
7.2 years (base case: 7.8 years); assuming full 
persistence, the median predicted survival was 
7.0 years. The average ppFEV1 in the simulated 
cohort derived from the clinical trials was lower 
than that of the registry-matched cohort (66.5 
versus 74.4, respectively) due to trial inclusion 
criteria that excluded patients with ppFEV1 
>90%.

Based on simulations of patients aged 6 years 
from the registry-matched cohort, LUM/IVA + 
SC was associated with an incremental median 
predicted survival of 21.1 years when assuming a 
50% reduction in ppFEV1 decline relative to SC 
alone over a lifetime (longer than 17.7 years 
assuming the 42% reduction in ppFEV1), and 
15.6 years when assuming a delay in the 42% 
reduction in ppFEV1 decline relative to SC alone 
until age 12 years (shorter than 17.7 years assum-
ing the reduction in ppFEV1 after week 24).

Table 3. Projected lifetime outcomes of lumacaftor/ivacaftor + SC versus SC.

Projected health outcomes Base case 100% persistence

 SC LUM/IVA+SC LUM/IVA + SC 
versus SC

LUM/IVA + SC LUM/IVA + SC 
versus SC

Median projected survival, years 
(95% CI)

39.4 (38.1, 40.8) 45.5 (43.5, 47.6) 6.1 (4.3, 8.2) 47.2 (44.9, 50.6) 7.8 (5.7, 11.1)

Mean residual life-years (95% CI) 23.1 (21.8, 24.6) 30.8 (27.7, 34.0) 7.8 (4.8, 10.8) 32.9 (29.2, 36.8) 9.8 (6.2, 13.6)

Mean time in ppFEV1 categories, years

⩾90% 2.6 4.6 2.1 5.3 2.7

70 to <90% 5.1 8.5 3.4 9.4 4.4

40 to <70% 10.5 13.8 3.3 14.7 4.2

<40% 4.9 3.9 −1.0 3.5 −1.5

Patients undergoing lung 
transplantation, %

6.2 3.2 −3.0 2.8 −3.4

Average time until lung 
transplantation, years

28.0 40.1 12.1 43.5 15.5

CI, confidence interval; LUM/IVA, lumacaftor/ivacaftor; ppFEV1, percent predicted forced expiratory volume in 1 second; SC, standard care.
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Additional scenario analyses confirm that discon-
tinuation in the short and long term reduce the 
projected impact of LUM/IVA on median sur-
vival. Assuming 10% of patients discontinue in 
the first 24 weeks, LUM/IVA is associated with 
incremental median predicted survival of 
5.7 years; assuming an additional 30% of patients 
discontinue between weeks 96 and year 15, on 
top of base-case discontinuation, the incremental 
survival gain is 5.2 years.

Sensitivity analyses and model validation 
results
Variance in incremental residual life-year out-
comes for LUM/IVA + SC versus SC alone as a 
result of one-way sensitivity analyses are pre-
sented in Appendix 3. Projected gain in life-
years was most sensitive to individual changes in 
each of the following: long-term reduction in 
ppFEV1 decline for LUM/IVA + SC-treated 
patients, LUM/IVA treatment effect on rate of 
PEx, LUM/IVA discontinuation rates, and 
change in ppFEV1 by week 24 for LUM/IVA + 
SC. The most influential factors did not change 
when assuming 100% persistence. The survival 
curves produced from the model validation 
closely replicate real-world survival estimates 
from the US CFFPR and suggest that the model 
appropriately estimates survival for the CF popu-
lation (Appendix 5).

Discussion
LUM/IVA demonstrated efficacy in patients aged 
⩾ 6 years and homozygous for the F508del-CFTR 

mutation in clinical trials,10,11,13,18 however, due to 
the short duration of these studies (24–96 weeks) 
and newness as an available medication, its impact 
on long-term survival has not been fully assessed. 
Multiple analyses indicate that ppFEV1,21,30,34–39 
PEx rate, and nutritional status40–44 predict sur-
vival in patients with CF. The model presented 
here estimates the extent to which improvements 
in ppFEV1, PEx rate, and nutritional status 
observed in clinical trials of LUM/IVA increase 
patient-relevant long-term outcomes. Our analysis 
projects that adding LUM/IVA to SC over a 
patient’s lifetime would substantially increase time 
spent in higher lung-function categories, reduce 
the rate of lung transplantation, and increase sur-
vival in treatment-eligible patients with CF. Model 
projections are stable across a range of realistic 
baseline conditions.

In the base-case analysis, the model predicted 
that LUM/IVA + SC will increase median sur-
vival by 6.1 years. Analyses investigating LUM/
IVA + SC initiation at specific baseline ages 
found potentially greater survival benefits with 
earlier initiation. This trend is primarily driven by 
reducing the rate of lung-function decline among 
younger patients, since patients with CF have 
higher ppFEV1 earlier in life.

This model projects that LUM/IVA + SC will 
delay transplantation by reducing the rate of 
decline in ppFEV1 (independent of additional fac-
tors that influence the decision to proceed to trans-
plantation). This has the potential to reduce the 
number of patients requiring lung transplantation, 
as a proportion of the treated population will die 

Figure 3. Incremental median predicted survival (years) by baseline age of lumacaftor/ivacaftor initiation.
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without ever reaching the severity of illness to trig-
ger evaluation for lung transplantation.

The projected effects of initiating LUM/IVA at age 
6 years are of particular interest, as patients initiat-
ing treatment in the future are likely to be those 
turning 6 years of age and newly eligible. While rate 
of reduction in lung-function decline associated 
with LUM/IVA has not been assessed in the patient 
population aged 6–11 years, clinical data from three 
recent studies11,13,18 showed that patients who initi-
ated LUM/IVA between the ages of 6 and 11 years 
experienced significant improvements in lung-
clearance index and nutritional status that contin-
ued to increase over the first 24 weeks of the 
follow-up open-label extension study.11,18 Several 
studies show a consistent linkage between these 
measures of early CF disease and longer-term 
ppFEV1 trajectory.43–46 To test a range of potential 
treatment effects for earlier LUM/IVA + SC treat-
ment initiation, scenarios were modeled with higher 
or lower treatment effects on rate of ppFEV1 
decline for patients initiating LUM/IVA + SC 
between the ages of 6 and 11 years (compared with 
initiating at age ⩾ 12 years). The scenario assuming 
a greater reduction in rate of ppFEV1 decline pre-
dicted greater survival benefits.

To ensure that our model can replicate real-world 
survival among US patients, it was tested by run-
ning the simulation using a patient population with 
mean characteristics similar to those of patients of 
all ages and genotypes enrolled in the US CFFPR. 
The model’s projected survival for this validation 
cohort, assuming patients received SC alone, was 
comparable with the real-world survival observed 
in the registry population. This ability of the model 
to match real-world survival data provides confi-
dence in both the underlying survival prediction 
methodology and the assumptions used to model 
the natural history of the disease (Appendix 5).

For both the full registry-matched population and 
the single-age cohorts, dual scenarios were 
explored, assuming either some discontinuation 
of LUM/IVA or 100% persistence. For each sim-
ulated population examined, assuming 100% 
persistence predicted greater benefits compared 
with the corresponding scenario that included 
discontinuation, highlighting the clinical value of 
remaining on LUM/IVA over the long term.

Outcomes based on modeling have inherent limi-
tations, including use of inputs from multiple data 

sources and extrapolation of observations from 
clinical trials over the longer term. Several assump-
tions were made or extrapolated in the model 
inputs due to the lack of existing clinical evidence. 
The functions developed to project survival, the 
rate of ppFEV1 decline for SC-treated patients, 
and the relationship between ppFEV1 and the PEx 
rate are derived from studies of the CF population 
that included all genotypes and are assumed to be 
applicable to patients homozygous for the F508del-
CFTR mutation. Survival estimates were gener-
ated by combining two published sources [partial 
survival curves with SC (US CFFPR 1992–2011) 
and the CPH model obtained from Liou et al. (US 
CFFPR 1993–1997);21 they were shown as 
remaining stable from 1993 to 2015 (unpub-
lished)], and assumed to be comparable in patients 
homozygous for the F508del-CFTR mutation. The 
survival model was originally designed to focus 
only on patient and disease characteristics rather 
than treatments. Treatment effects on survival are 
thus mediated via their effects on model covari-
ates. And the model inherently assumes that the 
relationship between the clinical factors included 
in the CPH model proposed by Liou et al.21 and 
survival remains the same when treatment is intro-
duced and that treatment impacts survival by 
changing the factors themselves. It is possible that 
treatment modifies these relationships (e.g. each 
one-unit increase in ppFEV1 with treatment is 
associated with more or less improvement in sur-
vival than a one-unit increase without treatment); 
however this is currently unknown. As real-world 
data continue to emerge on LUM/IVA, continued 
research in this area is warranted.

The model predicts that LUM/IVA will reduce 
the proportion of patients undergoing lung trans-
plantation. The model utilizes crude assumptions 
about transplant eligibility and the probability of 
receiving a transplant once eligible, based on pub-
lished literature. It should be noted that trans-
plantation rates are influenced by various factors, 
including whether the patient meets the require-
ments for the waiting list, the availability of 
matching donor organ, and the patient’s health 
status, which are not accounted for in the model. 
Therefore, results may over- or underestimate 
actual transplant rates and the ability of LUM/
IVA to impact transplant outcomes.

Clinical trial data for LUM/IVA used in this 
model are limited to 24 weeks for patients aged 
6–11 years and up to 120 weeks (of which only 
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24 weeks were placebo controlled) for patients 
aged ⩾ 12 years. The long-term treatment effect 
of LUM/IVA on the rate of ppFEV1 decline is a 
major model driver and is derived from an analy-
sis of patients aged ⩾ 12 years, treated with LUM/
IVA and compared with matched controls from 
the US CFFPR. This treatment effect is assumed 
to apply to patients initiating LUM/IVA at age 
6–11 years, and scenario analyses were conducted 
to evaluate the specific impact of this assumption 
on model results. Further observational research 
is needed to confirm the potential long-term ben-
efits of LUM/IVA in patients with CF who are 
homozygous for the F508del-CFTR mutation.

Conclusion
This analysis predicts that treating patients with 
LUM/IVA will lead to increased survival, more 
years with greater lung function, and a lower risk 
of lung transplantation. Initiation of LUM/IVA at 
younger ages, when lung disease is mild, followed 
by uninterrupted treatment leads to increased 
survival gains among patients with CF.
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Appendix 1. Prediction of mortality
The model estimates individual patient mortality 
by adjusting background mortality hazards derived 
from the US CFFPR 1992–2011 birth cohorts to 
account for individual patient characteristics that 
predict survival based on a CPH model published 
by Liou et al.21 The projected mortality hazard for 
patients with CF estimated in this model is also 
capped by the sex-specific general US population 
mortality hazard at each age.

The US CFF provided the accompanying life table 
output for the Kaplan–Meier survival curves of five 
birth cohorts published in the 2011 US CFFPR 
(cohort groups: 1987–1991, 1992–1996, 1997–
2001, 2002–2006, and 2007–2011). The life table 
output included number of deaths, as well as num-
bers at risk at yearly intervals. These were processed 
to generate virtual patient-level data by assigning 
deceased or living (i.e. censored) status at each age 
based on the available counts for each cohort.

The data were analyzed to test various parametric 
distributions; these included the exponential, 
Weibull, Gompertz, log-normal, gamma, and 
log-logistic. The optimal parametric fit was 
selected based on statistical fit (Akaike informa-
tion criterion and the Bayesian information 

criterion, closeness of fit in comparisons of 
observed and predicted curves), as well as based 
on the clinical plausibility of fits (based on median 
survival times, and shape of projected curves).

Data from each of the birth cohort groups were 
first analyzed separately to assess the possibility of 
accurate fitting in the most recent cohorts (e.g. 
2007–2011), as these are more reflective of cur-
rent survival expectations. Follow-up in these 
groups was very short, with curves dropping by a 
few percent only, which led to projections of 
implausibly long survival. Thus, the birth cohorts 
were grouped in order to overcome this issue. 
The final analyses were based on survival data 
from the 1992 to 2011 cohorts (Figure A1).

A Gompertz fit to the 1992–2011 birth cohorts 
produced the most plausible projection, with the 
curve reaching 0% near 65 years of age, and a 
predicted median of 39.7 years (Figure A1 and 
Table A1). The survival of birth cohorts for 2012 
and after were not updated in the US CFFPR 
reports published after 2011, therefore, they were 
not included in the fitting exercise.

The Gompertz survival function used in the 
model is shown below:

Figure A1. Kaplan–Meier curve and parametric fits to the US CFF population (all genotypes): combined birth 
cohort 1992–2011.
CFF, Cystic Fibrosis Foundation; S(t), Gompertz survival function (survival time).
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Table A1. Parameters for Gompertz distribution used 
to derive CF survival projections based on US CFFPR 
population (all genotypes): birth cohort 1992–2011.

Parameter Value

l −6.7273

g 0.1033

CF, cystic fibrosis; CFFPR, Cystic Fibrosis Foundation 
Patient Registry.

Table A2. Cox proportional hazards model coefficients and reference values.

Covariate Coefficient* Mean characteristics of 
reference population

β SE

Age (per year) 0.011 0.0049 19.8$

Sex (female = 1) 0.15 0.074 0.48

ppFEV1 (per %) −0.042 0.0025 77.1

Weight-for-age Z score −0.28 0.041 −0.85‡

Pancreatic sufficiency (yes = 1) −0.14 0.23 0.126

Diabetes mellitus (yes = 1) 0.44 0.098 0.19

Staphylococcus aureus (yes = 1) −0.25 0.09 0.68

Burkholderia cepacia (yes = 1) 1.41 0.19 0.03

Annual number of acute exacerbations (maximum 5) 0.35 0.024 0.7

PEx B. cepacia −0.28 0.06 0.0286§

Mean estimates obtained from US CFFPR 2011, except where indicated.
*Unless specified, coefficients for each covariate are unitless.
$Data not available from the US CFFPR 2011 report. Data reported in US CFFPR 2012 are used as proxy.
‡Liou et al. 2001.21

§Assumed equal to mean B. cepacia mean* acute exacerbations.
PEx, pulmonary exacerbation; ppFEV1, percentage of predicted forced expiratory volume in 1 second; SE, standard error.

S t e
e t( ) = −( )1 γ λ γ/

The survival projections in the model are adjusted 
to reflect the characteristics of the simulated 
patients. For patients receiving LUM/IVA, the 
projections are further adjusted to account for the 
assumed treatment benefit gained by adding 
LUM/IVA to SC. Liou and colleagues developed 
the CPH model based on data collected from 
1993 to 1997 by the US CFFPR on 11,630 indi-
viduals; the following nine characteristics of 

patients with CF were found to predict survival: 
age, ppFEV1, sex, weight-for-age Z score, pancre-
atic sufficiency, diabetes, S. aureus infection, B. 
cepacia infection, and number of acute exacerba-
tions per year.21 Reference values for each of these 
characteristics were used to make the adjustment 
from the US CFFPR to an individual patient in 
the model at baseline. Covariates included in the 
Liou et al. model21 and the corresponding coeffi-
cients, as well as the reference values used in the 
model, are presented in Table A2.

While the CPH model has not been updated 
since its publication, Liou and colleagues pre-
sented an updated analysis in 2015 of the logis-
tic regression that was originally published 
alongside the CPH model in 2001.21 The 
updated logistic regression used US CFFPR 
data from 1993 to 2010. This analysis con-
cluded that while there were some slight changes 
to coefficients, the factors predicting mortality 
in patients with CF have remained stable. These 
results support continued use of the 2001 CPH 
model in these simulations.
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The probability of death at each cycle in the sur-
vival model (p) is calculated using the following 
formula:

p h t= − −( )1 exp *

where h is the annual mortality hazard calculated 
at that cycle and t is the cycle length (in years). 
Random numbers are used to determine in which 
cycle an individual patient would die. After death, 
the patient exits the model and the next patient is 
simulated through the model.

Appendix 2. Assumptions for clinical inputs

Percent predicted forced expiratory volume in 
1 second
Over the first 24 weeks after LUM/IVA initia-
tion, an increase in ppFEV1 was assumed, based 
on the placebo-controlled treatment effects from 
the relevant clinical trials.10,18 Patients initiating 
LUM/IVA + SC at ages of 6–11 years were 
assumed to experience an acute increase of 2.4 
percentage points in ppFEV1 by week 24 of the 
simulation. Whereas, patients initiating at age ⩾ 
12 years were assumed to experience an acute 
increase of 2.8 percentage points in in ppFEV1 
over the first 24 weeks of the model, based on the 
placebo-controlled changes observed at the  
average of weeks 16 and 24 in TRAFFIC/
TRANSPORT (primary clinical endpoint); sim-
ulated patients therefore receive an acute increase 
in ppFEV1 by week 16 and remain at that level 
until week 24 of the simulation. Patients receiv-
ing SC alone were assumed to have no change in 
ppFEV1 over the initial 24 weeks, since placebo-
adjusted treatment effects were used for patients 
receiving LUM/IVA + SC.

It is well documented that lung function declines 
over time in patients with CF.19,22,23,46 After 24 
weeks, the model assumed age-dependent 
annual ppFEV1 decline for the remainder of the 
simulation, based on the findings from Konstan 
et  al.22,23 Patients receiving LUM/IVA + SC 
were assumed to have a reduced rate of ppFEV1 
decline relative to SC alone.13 Based on findings 
from a matched analysis of data from TRAFFIC/
TRANSPORT and PROGRESS studies com-
paring patients on LUM/IVA with a matched 
control cohort from the US CFFPR,13 the model 
assumed that while a patient was receiving 

LUM/IVA + SC, they had a 42% slower annual 
rate of decline in ppFEV1.

PEx rate
Occurrence of PEx per patient in each model cycle 
was predicted contingent on patient ppFEV1 and 
age from a relationship derived from the 2004 US 
CFFPR, based on a publication by Goss et  al.32 
PEx rates were found to increase with lower 
ppFEV1. The data reported were fitted to an expo-
nential regression function, to provide a continuous 
relationship between the PEx rates and ppFEV1:24

PEx rate a b ppFEV = −( )* *exp 1

Two equations were applied: for patients aged < 
18 years (a = 8.594, b = 0 .035), and ⩾18 years 
(a = 3.789, b = 0.026). Since the PEx events 
tracked in this data source were likely those 
treated with intravenous antibiotics with or with-
out hospitalization, it is this subset of PEx that is 
tracked in the model.

For patients aged 6–11 years, no treatment effect 
of LUM/IVA + SC was assumed on PEx, as the 
809-109 study was not powered to detect a differ-
ence in PEx rate. For patients aged ⩾ 12 years, 
LUM/IVA + SC treatment was assumed to reduce 
the rate by 56%, the observed treatment effect on 
the rate of PExs treated with intravenous antibiot-
ics from TRAFFIC/TRANSPORT study.10

Weight-for-age Z score

During the first 2 years of the simulation, patients 
on LUM/IVA + SC were assumed to experience 
a constant weight-for-age Z score increase of 
0.033 per year based on the findings from the 
registry-matched analysis by Konstan et  al.13 
Patients on SC alone declined by 0.030 per year 
for the first 2 years after baseline.13 Weight-for-
age Z score was updated during the first 2 years of 
treatment and was subsequently assumed to 
remain constant over time.

Lung transplantation

International guidelines suggest that patients with 
CF and a ppFEV1 of <30% should be evaluated 
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for lung transplantation.31 Thus, in the model, 
patients were assumed to be eligible to receive a 
lung transplant when ppFEV1 fell below 30%. The 
percentage of eligible patients who went on to 
receive a transplant was estimated to be 26.8%, 
based on data from the 2015 US CFFPR report,2 
this was implemented in the model as a one-time 
chance (26.8% risk) of receiving a lung transplant 
once ppFEV1 fell below 30%.

Lumacaftor/ivacaftor discontinuation
Discontinuation rates for weeks 1–24 of the simu-
lation were derived from discontinuation data 
from either (a) TRAFFIC/TRANSPORT for 
patients who were aged ⩾12 years at baseline, or 
(b) the 809-109 study for patients aged 6–11 years 
at baseline. The discontinuation rate for weeks 
25-96 was based on the discontinuation from the 

first 72 weeks of the PROGRESS study.13 While 
PROGRESS only included patients aged ⩾ 12 
years who completed TRAFFIC/TRANSPORT, 
the model assumed these data were applicable for 
patients aged ⩾ 6 years in the absence of longer-
term LUM/IVA discontinuation data for patients 
aged 6–11 years. Patients who discontinued LUM/
IVA during the first 24 weeks of the model were 
assumed to retain the acute increase in ppFEV1, 
as the ppFEV1 treatment effect was derived from 
an intent-to-treat analysis and so included patients 
who discontinued. In contrast, for patients who 
discontinued LUM/IVA between in weeks 25–96, 
the acute ppFEV1 increase was removed in the 
cycle in which the patient discontinues. The 
model assumed no discontinuation of LUM/IVA 
after 96 weeks. Upon discontinuation of LUM/
IVA, a patient was assumed to transition to SC 
alone.
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Appendix 3. Parameter inputs in deterministic sensitivity analysis
The parameter inputs in deterministic sensitivity analysis (DSA) are given in Table A3 and Figure A2.

Table A3. Lower and upper bounds for each model parameter in DSA.

Parameter INPUTS

Base case Lower bound Upper bound Bounds source

Long-term reduction in rate of ppFEV1 
decline with LUM/IVA+SC (all ages)

42.0% 33.9% 52.6% 95% CI (Konstan 
2017,VXR-
HQ-88-00035) (13)

LUM/IVA+SC PEx rate ratio for 
patients ⩾ 12 years

0.44 0.33 0.60 95 % CI (Wainwright 
2010) (10)

LUM/IVA discontinuation rates Multiple 
Inputs

20% lower 20% greater Assumption

Change in ppFEV1 by Week 16 for LUM/
IVA+SC patients ⩾ 12 years

2.8 1.8 3.8 95% CI (Wainwright 
2010) (10)

Change in ppFEV1 by Week 24 for LUM/
IVA+SC patients 6 to 11 years

2.4 0.4 4.4 95% CI (Ratjen 
2017) (18)

ppFEV1 threshold for lung transplant 30 20 40 Assumption

Multiplier for annual PEx rate 
(parameter a of Goss equation), 
patients ⩾ 18 years

3.789 3.031 4.547 Assumption (20% 
lower/higher)

Age-dependent ppFEV1 annual rates of 
decline after 24 weeks

Multiple 
Values

20% lower 
(less negative)

20% greater 
(more negative)

Assumption (20% 
lower/higher)

Post lung transplant mortality, years 
⩾ 2 after transplant

5.70% 4.56% 6.84% Assumption (20% 
lower/higher)

Change in weight-for-age z-score over 
2 years for LUM/IVA + SC patients

0.066 0.012 0.122 95 % CI (Konstan 
2017) (13)

Prevalence of S. aureus at baseline 70.60% 56.48% 84.72% Assumption (20% 
lower/higher)

Post lung-transplant mortality, year 1 
after transplant

15.18% 12.14% 18.22% Assumption (20% 
lower/higher)

Percentage of eligible patients 
receiving lung transplantation

26.81% 21.45% 32.17% Assumption (20% 
lower/higher)

Change in weight-for-age z-score over 
2 years for SC patients

-0.06 -0.09 -0.03 95 % CI (Konstan 
2017) (13)

Multiplier for annual PEx rate 
(parameter a of Goss equation), 
patients <18 years

8.594 6.875 10.313 Assumption (20% 
lower/higher)

Minimum ppFEV1 15 12 18 Assumption (20% 
lower/higher)

Prevalence of B. cepacia at baseline 2.60% 2.08% 3.12% Assumption (20% 
lower/higher)

Prevalence of diabetes at baseline Multiple 
Values

20% lower 20% greater Assumption (20% 
lower/higher)

Annual incidence rate of diabetes Multiple 
Values

20% lower 20% greater Assumption (20% 
lower/higher)

CI, confidence interval; LUM/IVA, lumacaftor and ivacaftor; ppFEV1, percent predicted forced expiratory volume in 1 
second; PEx, pulmonary exacerbation; SC, standard care.
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Figure A2. DSA tornado diagram: lumacaftor/ivacaftor + SC versus SC alone.
ppFEV1, percent predicted forced expiratory volume in 1 second; PEx, pulmonary exacerbation; SC, standard care.
* When all age-dependent ppFEV1 annual rates of decline are increased, both the LUM/IVA and SC rates of decline increase, 
leading to lower survival in both groups and reduced incremental survival vs. the base-case; when the rates are reduced, 
survival increases for both LUM/IVA and SC but in this case incremental survival is also reduced vs. the base-case.
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Table A4. PSA assumptions.

Parameter Distribution Mean Standard 
error

Source

Change in ppFEV1 by week 16 for LUM/
IVA + SC patients ⩾ 12 years

Normal, bounded by 0 2.80 0.52 95% CI (Ratjen 
et al.18)

Change in ppFEV1 by week 24 for LUM/
IVA + SC patients 6–11 years

Normal, bounded by 0 2.40 1.00 95% CI 
(Wainwright 
et al.10)

Change in weight-for-age Z score over 
2 years for LUM/IVA + SC patients

Normal, bounded by 0 0.066 0.028 95% CI (Konstan 
et al.13)

Change in weight-for-age Z score over 
2 years for SC patients

Normal, bounded by 0 −0.060 0.015 95% CI (Konstan 
et al.13)

Age-dependent ppFEV1 rates of decline 
after 24 weeks for SC 6–8 years

Normal, bounded by 0 −1.12 0.22 Assumed 20% of 
mean

Age-dependent ppFEV1 rates of decline 
after 24 weeks for SC 9–12 years

Normal, bounded by 0 −2.39 0.48 Assumed 20% of 
mean

Age-dependent ppFEV1 rates of decline 
after 24 weeks for SC 13–17 years

Normal, bounded by 0 −2.34 0.47 Assumed 20% of 
mean

Age-dependent ppFEV1 rates of decline 
after 24 weeks for SC 18–24 years

Normal, bounded by 0 −1.92 0.38 Assumed 20% of 
mean

Age-dependent ppFEV1 rates of decline 
after 24 weeks for SC 25+ years

Normal, bounded by 0 −1.45 0.29 Assumed 20% of 
mean

Long-term reduction in rate of ppFEV1 
decline with LUM/IVA + SC (all ages)

Beta, bounded by 0 42.0% 0.112 95% CI (Konstan 
et al.,13

VXR-
HQ-88-00035)

LUM/IVA + SC PEx rate ratio for 
patients ⩾ 12 years

Log-normal, bounded 
by 0

0.440 0.152 95% CI 
(Wainwright 
et al.10)

Multiplier for annual PEx rate 
(parameter a of Goss equation), 
patients ⩾ 18 years

Normal, bounded by 0 8.594 1.719 Assumed 20% of 
mean

Multiplier for annual PEx rate 
(parameter a of Goss equation), 
patients ⩾ 18 years

Normal, bounded by 0 3.789 0.758 Assumed 20% of 
mean

CI, confidence interval; LUM/IVA, lumacaftor and ivacaftor; ppFEV1, percent predicted forced expiratory volume in 1 second; 
PEx, pulmonary exacerbation; SC, standard care.

Appendix 4. Probabilistic sensitivity analysis
A probabilistic sensitivity analysis (PSA) was 
conducted to account for multivariate and sto-
chastic uncertainty in the model. The PSA tests 
effect of statistical uncertainty of model parame-
ters on model outcomes. The uncertainty in the 
individual parameters was characterized using 
probability distributions and analyzed using 
Monte Carlo simulation (1000 replications). In 
the PSA, the uncertainties around parameters 

were estimated as shown in Table A4. Output 
from the PSA was used to derive 95% credible 
intervals on the point estimates.

The empirical distribution of mean residual life-
years and median predicted survival results from 
the PSA (Figures A3 and A4, respectively) deline-
ate that treatment with LUM/IVA + SC yields 
additional survival benefits across all PSA replica-
tions, relative to SC.
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Figure A3. PSA histograms of incremental residual life-years and incremental median predicted survival of 
the base case.
(a) PSA histogram of incremental residual life-years (base case); (b) PSA histogram of incremental median predicted 
survival (base case).
PSA, probabilistic sensitivity analysis.
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Figure A4. PSA histograms of incremental residual life-years and incremental median predicted survival with 
100% persistence.
(a) PSA histogram of incremental residual life-years (100% persistence); (b) PSA histogram of incremental median predicted 
survival (100% persistence).
PSA, probabilistic sensitivity analysis.
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Appendix 5. Model validation
To validate the input cohort and natural disease 
history assumptions in the model, a cohort with 
baseline characteristics that resembled the popu-
lation used to derive the registry reference curve 
detailed in Appendix 1 (i.e. patients with CF of 
all ages and all genotypes in the US CFFPR) was 
simulated. It would be expected that simulating 
such a cohort through the SC of the model would 
produce a survival curve similar to the reference 
curve derived from registry data using parametric 
survival analysis. A registry-matched cohort was 

generated with mean characteristics similar to 
those of the 2011 US CFFPR population, using 
the 2011 registry report.25. The model’s projected 
survival of this simulated cohort was compared to 
the curve fitted to the registry population. To cre-
ate this validation cohort, it was necessary to 
deduce baseline risk profiles that collectively 
yielded the average profile. As such, a perfect 
match of the simulation to the registry cannot be 
expected. Nevertheless, the model output is a 
good fit to the registry survival curve, as shown in 
Figure A5.

Figure A5. Validation of simulated cohort survival.
CF, cystic fibrosis; SC, standard care.
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