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Abstract
Background and Objective: Surrogate endpoints enable determination of meaningful
treatment effects more efficiently than applying the endpoint of ultimate interest. We
used data from trials of nintedanib in subjects with pulmonary fibrosis to assess
decline in forced vital capacity (FVC) as a surrogate for mortality.
Methods: Data from the nintedanib and placebo groups of trials in subjects with idio-
pathic pulmonary fibrosis, other forms of progressive pulmonary fibrosis, and pulmo-
nary fibrosis due to systemic sclerosis (NCT00514683, NCT01335464, NCT01335477,
NCT01979952, NCT02999178, NCT02597933) were pooled. Using joint models for
longitudinal and time-to-event data, we assessed the association between decline in
FVC % predicted and time to death over 52 weeks. The rate of change in FVC % pre-
dicted and the current value of FVC % predicted were modelled longitudinally and
estimates applied as predictors in time-to-event models.
Results: Among 2583 subjects with pulmonary fibrosis, both a greater rate of decline
in FVC % predicted and a lower current value of FVC % predicted were associated
with an increased risk of death over 52 weeks (HR 1.79 [95% CI: 1.57, 2.03] and HR
1.24 [1.17, 1.32] per 5-percentage point decrease, respectively). Associations between
the rate of change in FVC % predicted and the risk of death were consistent between
patients with IPF and other ILDs.
Conclusion: Data from clinical trials in subjects with pulmonary fibrosis of diverse
aetiology demonstrate a strong association between decline in FVC % predicted and
mortality over 52 weeks, supporting FVC decline as a surrogate for mortality in these
patients.
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INTRODUCTION

The use of surrogate endpoints enables the determination of
meaningful treatment effects more efficiently than applying
the endpoint of ultimate interest.1 The dismal prognosis of
progressive pulmonary fibrosis2–5 means that mortality is an
outcome of particular importance. A decline in forced vital
capacity (FVC) has been associated with mortality in

patients with idiopathic pulmonary fibrosis (IPF)6–8 and
other forms of pulmonary fibrosis.3,9–11 Change in FVC has
been accepted as a surrogate for mortality by authorities.12,13

However, further data are needed to establish FVC decline
as a surrogate for mortality in patients with pulmonary
fibrosis, particularly in populations other than IPF, and to
quantify the relationship between FVC decline and
mortality.

Joint modelling enables analysis of longitudinal and
time-to-event data in a single model.14,15 These models are
often used to determine the effect of a time-dependent
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marker on the time to occurrence of clinically meaningful
events. We applied a joint modelling approach to data from
clinical trials of nintedanib to assess the patient-level associ-
ation between longitudinal changes in FVC and mortality
(and composite outcomes including mortality). Following a
widely accepted three-step framework for surrogate end-
point validation,16,17 the present analysis primarily addresses
level 2, which is established when a strong association is
demonstrated between the surrogate and the final endpoint
across cohorts or at patient level. These analyses add to the
evidence supporting FVC decline as a measure of progres-
sion of pulmonary fibrosis in clinical practice, and have
implications for the design and interpretation of clinical tri-
als in patients with progressive pulmonary fibrosis.

METHODS

Subjects

Data were pooled from subjects who participated in the
placebo-controlled, double-blind periods of the TOMOR-
ROW (NCT00514683),18 INPULSIS-1 and -2 (NCT01335464
and NCT01335477),19 or Phase IIIb trial (NCT01979952)20

of nintedanib in subjects with IPF, the INBUILD trial
(NCT02999178) in subjects with other forms of progressive
pulmonary fibrosis,21 and the SENSCIS trial (NCT02597933)
in subjects with pulmonary fibrosis due to systemic sclerosis
(SSc).22 The designs of these trials have been published.19,21,22

In each trial, subjects were randomized to receive nintedanib
or placebo. Acute exacerbations and hospitalizations were
reported by investigators as adverse events. In the trials in
patients with IPF, but not in the INBUILD trial, for an acute
worsening to be classified as an acute exacerbation, infection
was to be excluded as a potential cause as per routine clinical
practice and microbiological studies. Data on acute exacerba-
tions were not collected in the SENSCIS trial. These trials
were carried out in compliance with the protocol and with
the principles of the Declaration of Helsinki and the Harmo-
nized Tripartite Guideline for Good Clinical Practice of the
International Conference on Harmonization. The trials were
approved by the local authorities. All subjects provided writ-
ten informed consent prior to their participation.

Statistical analysis

We used joint models for longitudinal and time-to-event data.
We assessed associations between the estimated rate of change
in the percentage of the predicted value for FVC (FVC % pre-
dicted) over 52 weeks and time to death, acute exacerbation or
death, and hospitalization or death, over 52 weeks. We also
assessed the association between the estimated current value
of FVC % predicted and time to death over 52 weeks. Thus,
we looked at the effect of an estimated slope in FVC % pre-
dicted and the effect of an estimated current value of FVC %
predicted at any given time on the risk of the event. The slope

parameterization assumed linearity and reflected the change
over 52 weeks. The linearity assumption was verified by
descriptive analyses and by statistical models allowing for
non-linear FVC trajectories. FVC % predicted was preferred
over FVC in mL as this adjusts for some prognostic variables
(i.e., age, sex, race/ethnicity, height).

FVC % predicted was modelled longitudinally using lin-
ear mixed-effects models. Individual estimates of the time-
dependent slope, that is, the annual rate of change in FVC
% predicted or the current value of FVC % predicted, were
applied as predictors in survival models. FVC data collected
up to 7 days after the end of treatment were included and
no imputation was performed. The longitudinal sub-model
was a random intercept and slope model that assumed sepa-
rate slopes for subjects receiving nintedanib or placebo and
was adjusted for baseline FVC % predicted and the effects of
individual studies. The time-to-event sub-model assumed a
parametric (piecewise constant) baseline hazard function,
was adjusted for the effects of individual studies and,
depending on the analysis, included either an effect of the
estimated annual rate of change in FVC % predicted or

TAB L E 1 Baseline characteristics of the pooled dataset.

Nintedanib
(n = 1399)

Placebo
(n = 1184)

Male, n (%) 863 (61.7) 687 (58.0)

Age, years, mean (SD) 63.8 (10.5) 63.3 (11.3)

Body mass index, kg/m2, mean
(SD)

27.6 (4.8) 27.5 (5.1)

Race, n (%)a

White 918 (65.6) 799 (67.5)

Asian 363 (25.9) 310 (26.2)

Black or African-American 27 (1.9) 21 (1.8)

Other 6 (0.4) 5 (0.4)

Missing 82 (5.9) 47 (4.0)

FVC, mL, mean (SD) 2584 (775) 2583 (809)

FVC, % predicted, mean (SD) 75.5 (17.7) 75.0 (17.6)

DLco, % predicted, mean (SD)b 48.1 (13.8) 49.1 (14.6)

SpO2, %, mean (SD) 96.3 (2.3) 96.2 (2.5)

aData from subjects who selected one race.
bCorrected for haemoglobin; n = 1305 in nintedanib group, n = 1091 in placebo
group.

SUMMARY AT A GLANCE

We used data from clinical trials of nintedanib in
subjects with pulmonary fibrosis of diverse aetiol-
ogy to demonstrate a strong association between
decline in FVC per cent predicted and mortality
over 52 weeks, supporting the use of FVC decline as
a surrogate for mortality in clinical trials.
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the estimated current value of FVC % predicted. In sensitiv-
ity analyses, we assessed associations between the rate of
change in FVC % predicted and time to death in subgroups
by FVC <75% and ≥75% predicted at baseline, by diagnoses
of IPF and non-IPF and by treatment group.

Subjects with ≥1 post-baseline FVC value and data on
time to the respective event were included in the analysis.
Analyses were implemented using the SAS® macro %JM.23

RESULTS

Subjects

The pooled dataset comprised 2583 subjects, of whom 1399
received nintedanib and 1184 received placebo; 1344 subjects
(52.0%) had IPF, 663 (25.7%) had other forms of progressive
pulmonary fibrosis, 576 (22.3%) had SSc-ILD. The baseline
characteristics of subjects in the individual trials have been
published.18–22 In the pooled dataset, most subjects were male
(60.0%) and white (66.5%); mean (SD) age was 63.6 (10.9)
years and FVC was 75.3 (17.7) % predicted (Table 1).

Associations between FVC % predicted
and death

The difference between the nintedanib and placebo groups in
the rate of change in FVC % predicted over 52 weeks was 2.84
(95% CI: 2.20, 3.49; p < 0.0001). Over 52 weeks, 4.6% of sub-
jects in the nintedanib group and 5.5% of subjects in the pla-
cebo group died. Deaths by trial and treatment are presented
in the Supporting Information Table S1. A greater rate of

decline in FVC % predicted was associated with an increased
risk of death over 52 weeks (HR 3.20 [95% CI: 2.48, 4.14] per
10-percentage point decrease [e.g., a change from 80% pre-
dicted to 70% predicted]; Table 2; Figure 1). Associations
between the rate of change in FVC % predicted and the risk of
death in subgroups by FVC <75% and ≥75% predicted at
baseline were consistent with findings in the overall popula-
tion (HR 3.27 [95% CI: 2.32, 4.61] and HR 3.44 [95% CI: 2.25,
5.25] per 10-percentage point decrease in subjects with FVC
<75% and ≥75% predicted, respectively; Supporting Informa-
tion Table S2). Associations between the rate of change in
FVC % predicted and the risk of death in subgroups by diag-
nosis of IPF versus other fibrosing ILDs were consistent with
findings in the overall population (HR 3.56 [95% CI: 2.54,

T A B L E 2 Associations between the rate of change in FVC % predicted
and risk of death over 52 weeks.

Nintedanib
(n = 1380)

Placebo
(n = 1173)

Longitudinal sub-model

Estimated fixed-effect slope
(95% CI)

�5.34 (�5.82,
�4.87)

Difference in rate of change in
FVC % predicted (95% CI)

2.84 (2.20, 3.49)

p-value <0.0001

Time to event sub-model

Subjects who died, n (%) 63 (4.6) 65 (5.5)

Associations between rate of change in FVC % predicted and risk of
death

HR (95% CI) per 10-unit increase 0.31 (0.24, 0.40)

HR (95% CI) per 5-unit increase 0.56 (0.49, 0.64)

HR (95% CI) per 1-unit increase 0.89 (0.87, 0.91)

HR (95% CI) per 1-unit decrease 1.12 (1.10, 1.15)

HR (95% CI) per 5-unit decrease 1.79 (1.57, 2.03)

HR (95% CI) per 10-unit decrease 3.20 (2.48, 4.14)

p-value <0.0001

F I G UR E 1 Association between the rate of change in FVC %
predicted and risk of death over 52 weeks.

TAB L E 3 Associations between the current value of FVC % predicted
and risk of death over 52 weeks.

Nintedanib
(n = 1380)

Placebo
(n = 1173)

Longitudinal sub-model

Estimated fixed-effect slope
(95% CI)

�5.23 (�5.70,
�4.76)

Difference in FVC % predicted
(95% CI)

2.87 (2.23, 3.51)

p-value <0.0001

Time to event sub-model

Subjects who died, n (%) 63 (4.6) 65 (5.5)

Associations between FVC % predicted and risk of death

HR (95% CI) per 10-unit increase 0.65 (0.57, 0.73)

HR (95% CI) per 5-unit increase 0.80 (0.76, 0.86)

HR (95% CI) per 1-unit increase 0.96 (0.95, 0.97)

HR (95% CI) per 1-unit decrease 1.04 (1.03, 1.06)

HR (95% CI) per 5-unit decrease 1.24 (1.17, 1.32)

HR (95% CI) per 10-unit decrease 1.55 (1.37, 1.75)

p-value <0.0001

FVC DECLINE AS A SURROGATE FOR MORTALITY 3
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4.98] and HR 2.80 [95% CI: 1.83, 4.30] per 10-percentage
point decrease in subjects with IPF and with other fibrosing
ILDs, respectively; Supporting Information Table S3). A lower
current value of FVC % predicted was associated with an
increased risk of death over 52 weeks (HR 1.55 [95% CI: 1.37,
1.75] per 10-percentage point decrease; Table 3).

Associations between FVC % predicted and time
to acute exacerbation or death or
hospitalization or death

Over 52 weeks, 8.0% of subjects in the nintedanib group
and 10.9% of subjects in the placebo group had an acute
exacerbation or died. Descriptive analyses of patients with
acute exacerbation or death by trial and treatment are pro-
vided in the Supporting Information Table S1. A greater
rate of decline in FVC % predicted was associated with an
increased risk of acute exacerbation or death (HR 2.99
[95% CI: 2.32, 3.85] per 10-percentage point decrease;
Table 4; Supporting Information Figure S1). Over
52 weeks, 23.4% of subjects in the nintedanib group and
22.6% of subjects in the placebo group were hospitalized or
died. Descriptive analyses of patients with hospitalization
or death by trial and treatment are provided in the Sup-
porting Information Table S1. A greater rate of decline in
FVC % predicted was associated with an increased risk of
hospitalization or death (HR 2.28 [95% CI: 1.89, 2.75] per
10-percentage point decrease; Table 5; Supporting Infor-
mation Figure S2).

Further analyses

The joint models yielded consistent associations for all end-
points when fitted separately by treatment group (data not
shown). Treatment effect estimates are not of interest for
the specific objective of this study, but have general rele-
vance for surrogacy validation. Results for death are pro-
vided in the Supporting Information Table S4.

DISCUSSION

These analyses of data from clinical trials of nintedanib in
subjects with pulmonary fibrosis demonstrate a strong asso-
ciation between decline in FVC and death over 52 weeks.
According to the three levels of surrogacy outlined by Taylor
and Elston16 and guidance provided by the International
Conference on Harmonization,24 these findings, plus the
biological plausibility of a link between FVC decline and
mortality,25 support FVC decline as a surrogate for mortality
at level 2. Demonstration of the highest level of surrogacy
would require evidence from more randomized controlled
trials that effects of treatment on the surrogate have com-
mensurate effects on the final patient-related outcome.

In our analyses, an increase in the estimated rate of
decline in FVC % predicted of 1 percentage point over
52 weeks increased the risk of mortality by 12% over the
same period. The risk of mortality associated with this
decline in FVC was of a similar magnitude in subjects with

T A B L E 4 Associations between the rate of change in FVC % predicted
and risk of acute exacerbation or death over 52 weeks.

Nintedanib
(n = 1092)

Placebo
(n = 883)

Longitudinal sub-model

Estimated fixed-effect slope
(95% CI)

�6.10 (�6.67,
�5.53)

Difference in rate of change in
FVC % predicted (95% CI)

3.39 (2.63, 4.14)

p-value <0.0001

Time to event sub-model

Subjects who had an acute
exacerbation or died, n (%)

87 (8.0) 96 (10.9)

Associations between the rate of change in FVC % predicted and risk of
acute exacerbation or death

HR (95% CI) per 10-unit
increase

0.33 (0.26, 0.43)

HR (95% CI) per 5-unit increase 0.58 (0.51, 0.66)

HR (95% CI) per 1-unit increase 0.90 (0.87, 0.92)

HR (95% CI) per 1-unit decrease 1.12 (1.09, 1.14)

HR (95% CI) per 5-unit decrease 1.73 (1.52, 1.96)

HR (95% CI) per 10-unit
decrease

2.99 (2.32, 3.85)

p-value <0.0001

TAB L E 5 Associations between the rate of change in FVC % predicted
and risk of hospitalization or death over 52 weeks.

Nintedanib
(n = 1365)

Placebo
(n = 1166)

Longitudinal sub-model

Estimated fixed-effect slope
(95% CI)

�5.19 (�5.66,
�4.71)

Difference in rate of change in
FVC % predicted (95% CI)

2.55 (1.91, 3.18)

p-value <0.0001

Time to event sub-model

Subjects who were hospitalized
or died, n (%)

319 (23.4) 263 (22.6)

Associations between the rate of change in FVC % predicted and risk of
hospitalization or death

HR (95% CI) per 10-unit
increase

0.44 (0.36, 0.53)

HR (95% CI) per 5-unit increase 0.66 (0.60, 0.73)

HR (95% CI) per 1-unit increase 0.92 (0.90, 0.94)

HR (95% CI) per 1-unit decrease 1.09 (1.07, 1.11)

HR (95% CI) per 5-unit decrease 1.51 (1.37, 1.66)

HR (95% CI) per 10-unit
decrease

2.28 (1.89, 2.75)

p-value <0.0001
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IPF and with other forms of pulmonary fibrosis, supporting
previous studies showing that progressive fibrosing ILDs
have commonalities in clinical course.2,3,11,26–28

Data from trials of nintedanib in subjects with IPF sug-
gest that 60%–70% of deaths had a respiratory cause.18–20

We investigated all-cause mortality, as opposed to
respiratory-related mortality, as this was assessed in a con-
sistent fashion across the trials and is the endpoint of ulti-
mate interest. Although estimates of the risk of mortality
based on the rate of decline in FVC and the current value of
FVC both support FVC as a surrogate, they differ in their
interpretation. For example, for a subject who lost 5 percent-
age points in FVC % predicted at week 52, the model based
on the rate of decline in FVC, which assumes a linear
decline in FVC, would estimate a 79% increase in the risk of
mortality at each timepoint compared with a subject with
no decline in FVC. For the same patient, the model using
the current value of FVC would estimate a 24% increase in
the risk of mortality at week 52. This is because this model
only considers the absolute magnitude of the change at a
specific time, irrespective of how rapidly the change
occurred. The estimate based on the rate of decline in FVC
may be seen as a better reflection of the situation in an indi-
vidual subject, as it is based on subject-level trajectories, and
supports the importance of regular monitoring of FVC.

The strong association between decline in FVC and
death supports the need for prompt initiation of therapies
that slow decline in FVC in patients with progressive pul-
monary fibrosis. A meta-analysis of data from placebo-
controlled clinical trials demonstrated a consistent effect of
nintedanib on reducing the rate of FVC decline across pro-
gressive fibrosing ILDs.29 The use of nintedanib was associ-
ated with a reduction in mortality in analyses of pooled data
from patients with IPF.30 In addition, real-world observa-
tional studies have suggested improved survival in patients
with IPF who receive antifibrotic therapy.31–34 A meta-
analysis of data from 12,956 patients with IPF showed a rel-
ative risk of mortality of 0.55 (95% CI: 0.45, 0.66) in patients
who received versus did not receive antifibrotic therapy.33

Low FVC and decline in FVC have been associated with
an increased risk of hospitalization and of acute exacerba-
tion in subjects with IPF and other fibrosing ILDs.13,35–37 In
our analyses, an increase in the rate of decline in FVC %
predicted of 1 percentage point over 52 weeks increased the
risk of acute exacerbation or death by 12%, and the risk of
hospitalization or death by 9%. An analysis of the SENSCIS
trial using similar methodology found a similar association
between decline in FVC % predicted and risk of hospitaliza-
tion or death over 52 weeks.38

Strengths of our analyses include the large and hetero-
geneous population of subjects, the standardized procedure
for measuring FVC and the use of a joint modelling
approach that allows for estimation of time-dependent
effects that considers temporality (i.e., FVC changes pre-
cede events at the individual level). Our analyses were lim-
ited by the time frame over which FVC decline and
mortality were assessed (52 weeks), the use of different

definitions for an acute exacerbation across the trials, and
the lack of collection of data on acute exacerbations in the
SENSCIS trial.

In conclusion, data from clinical trials in over 2500 sub-
jects with pulmonary fibrosis demonstrate a strong associa-
tion between decline in FVC % predicted and mortality over
52 weeks, supporting the use of FVC decline as a surrogate
for mortality in clinical trials and a measure of the progres-
sion of pulmonary fibrosis in clinical practice. A visual
abstract summarizing the data in this manuscript is available
at: https://www.globalmedcomms.com/respiratory/
FVCDeclineAsSurrogateForMortality
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