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Abstract

Background Lower body mass index (BMI) and weight loss have been associated with worse outcomes in some
studies in patients with pulmonary fibrosis. We analyzed outcomes in subgroups by BMI at baseline and associations
between weight change and outcomes in subjects with progressive pulmonary fibrosis (PPF) in the INBUILD trial.

Methods Subjects with PPF other than idiopathic pulmonary fibrosis were randomized to receive nintedanib or
placebo. In subgroups by BMI at baseline (< 25,> 25 to < 30, > 30 kg/m?), we analyzed the rate of decline in FVC (mL/
year) over 52 weeks and time-to-event endpoints indicating disease progression over the whole trial. We used a joint
modelling approach to assess associations between change in weight and the time-to-event endpoints.

Results Among 662 subjects, 28.4%, 36.6% and 35.0% had BMI<25,> 25 to <30 and > 30 kg/mz, respectively. The
rate of decline in FVC over 52 weeks was numerically greater in subjects with baseline BMI <25 than > 25 to <30
or>30 kg/m2 (nintedanib: — 123.4, — 83.3, — 46.9 mL/year, respectively; placebo: — 229.5; — 176.9; — 171.2 mL/
year, respectively). No heterogeneity was detected in the effect of nintedanib on reducing the rate of FVC decline
among these subgroups (interaction p=0.83). In the placebo group, in subjects with baseline BMI < 25,> 25 to <30
and > 30 kg/mz, respectively, 24.5%, 21.4% and 14.0% of subjects had an acute exacerbation or died, and 60.2%,
54.5% and 50.4% of subjects had ILD progression (absolute decline in FVC % predicted > 10%) or died over the whole
trial. The proportions of subjects with these events were similar or lower in subjects who received nintedanib versus
placebo across the subgroups. Based on a joint modelling approach, over the whole trial, a 4 kg weight decrease
corresponded to a 1.38-fold (95% Cl 1.13, 1.68) increase in the risk of acute exacerbation or death. No association was
detected between weight loss and the risk of ILD progression or the risk of ILD progression or death.

Conclusions In patients with PPF, lower BMI at baseline and weight loss may be associated with worse outcomes
and measures to prevent weight loss may be required.

Trial registration: https://clinicaltrials.gov/ct2/show/NCT02999178.
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Patients with worsening fibrosis (scarring) of the lungs may lose weight. This study suggests that the course of disease
may be worse in patients who lose weight. Measures to prevent weight loss may be needed in these patients.

Background

Patients with various forms of fibrosing interstitial lung
disease (ILD) may develop progressive fibrosing ILD,
more recently termed progressive pulmonary fibrosis
(PPF), characterized by decline in lung function, increas-
ing fibrosis on radiology, worsening symptoms and qual-
ity of life, and high mortality [1]. Decline in lung function
in patients with pulmonary fibrosis is associated with
mortality [2—4].

Many patients with pulmonary fibrosis experience
weight loss [5-7]. Published data on the association
between weight and outcomes in patients with pulmo-
nary fibrosis are conflicting. While some studies have
suggested that lower body mass index (BMI) is associ-
ated with worse outcomes [7-14], others have found no
significant association [2, 5, 15-17]. Weight loss has been
associated with worse outcomes in patients with pul-
monary fibrosis [5, 7, 9, 10, 13, 18-21], although among
overweight and obese patients, intentional weight loss
may improve lung function [22, 23].

The randomized placebo-controlled INBUILD trial of
nintedanib was conducted in subjects with progressive
fibrosing ILDs other than idiopathic pulmonary fibrosis
(IPF). The results showed that nintedanib slowed decline
in lung function, with an adverse event profile charac-
terized mainly by gastrointestinal events [24—-26]. We
analyzed outcomes in the INBUILD trial in subgroups
by BMI at baseline and assessed associations between
weight change and time-to-event outcomes using a joint
modelling approach.

Methods

The design of the INBUILD trial has been described and
the protocol is publicly available [24]. Briefly, subjects
had an ILD other than IPF with reticular abnormality
with traction bronchiectasis (with or without honey-
combing) of >10% extent on high-resolution computed
tomography (HRCT), forced vital capacity (FVC)>45%
predicted and diffusing capacity of the lung for carbon
monoxide (DLco)>30-<80% predicted. Subjects met
criteria for ILD progression within the prior 24 months,
based on worsening of FVC, abnormalities on HRCT,
or symptoms, despite management deemed appropriate
in clinical practice. Subjects were randomized to receive
nintedanib 150 mg bid or placebo, stratified by pat-
tern on HRCT (usual interstitial pneumonia [UIP]-like
fibrotic pattern or other fibrotic patterns [24]). Treatment

interruptions (for <4 weeks for adverse events consid-
ered related to trial medication or <8 weeks for other
adverse events) and dose reductions to 100 mg bid were
used to manage adverse events. The trial consisted of two
parts. Part A comprised 52 weeks of treatment. Part B
was a variable period during which subjects continued
to receive blinded treatment until all the subjects had
completed the trial. The final database lock took place
after all subjects had completed the follow-up visit or
had entered the open-label extension study, INBUILD-
ON (NCT03820726); the data available at this point are
referred to as data from the whole trial.

Analyses in subgroups by BMI at baseline

In these post-hoc analyses, we analyzed the rate of
decline in FVC (mL/year) over 52 weeks in subgroups
by BMI at baseline (<25,>25 to<30,>30 l(g/mZ). In
the same subgroups, we analyzed two time-to-event
endpoints: time to acute exacerbation of ILD (defined
in [24]) or death and time to ILD progression (absolute
decline in FVC % predicted > 10%) or death. Exploratory
interaction p-values were calculated to evaluate potential
heterogeneity in the treatment effect of nintedanib versus
placebo across the subgroups, a recommended approach
for the reporting of subgroup analyses of clinical trials
[27, 28]. The analyses were not adjusted for multiple test-
ing. Adverse events are presented descriptively.

Joint modelling

We used joint models for longitudinal and time-to-event
data. These comprise two sub-models for the respective
processes and an association structure to connect them.
We assessed the association between change in weight
(kg) and three time-to-event endpoints (time to acute
exacerbation of ILD or death, time to ILD progression,
time to ILD progression or death) over 52 weeks and over
the whole trial. In the longitudinal sub-model, a normal
mixed effects model of weight was used, with HRCT pat-
tern (UIP-like fibrotic pattern or other fibrotic patterns)
and weight at baseline as predictor variables. Separate
mean slopes for subjects in the nintedanib and placebo
groups were assumed. Trajectories were modelled by
a linear trend with an unstructured variance—covari-
ance matrix assumed. Weight was assessed at baseline,
at weeks 2, 4, 6, 12, 24, 36 and 52 and every 16 weeks
thereafter. Only values obtained before an event or cen-
soring timepoint were considered. In the time-to-event
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sub-model, a piecewise exponential model with five knots
was used to model the baseline hazard. Weight was used
as the endogenous time-dependent covariate and treat-
ment as a predictor variable. The sub-model was strati-
fied by HRCT pattern. Subjects were censored once they
experienced an event and were not considered at risk of
further events.

The shared parameter in each of the joint models was
the estimated slope of weight (i.e., the annual rate of
change in weight), which assumed that the rate of change
in weight affected the risk of an event. Joint models
were fitted for each time-to-event endpoint. We pre-
sent the risk of the first event in terms of 1-unit, 4-unit
and 10-unit decreases in weight (kg). The joint model
approach was implemented with the SAS macro %JM
[29]. Analyses were performed in subjects who had >1
post-baseline weight measurement and for whom data on
the respective time-to-event endpoint were available.

Characteristics of subgroups by weight loss

We present descriptive analyses of the baseline charac-
teristics of subjects with weight loss <5% and>5% over
the whole trial, based on change in weight from baseline
to any visit.

Results

Baseline BMI and outcomes

Among 662 subjects with available data, mean (SD) BMI
at baseline was 28.3 (5.3) kg/m?% 28.4%, 36.6% and 35.0%
of subjects had a BMI of<25,>25 to<30 and >30 kg/
m?, respectively. Compared with subjects with a base-
line BMI > 25 to < 30 or > 30 kg/m? a numerically greater

BMI <25 kg/m?

BMI 225 to <30 kg/m?
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proportion of subjects with BMI <25 kg/m? were Asian,
a greater proportion had autoimmune disease-related
ILDs, and a greater proportion had a UIP-like fibrotic
pattern on HRCT (Additional file 1: Table S1). The mean
time since diagnosis of ILD, FVC % predicted and DLco
% predicted were similar across the subgroups by base-
line BMI (Additional file 1: Table S1).

In both the nintedanib and placebo groups, the rate of
decline in FVC over 52 weeks was numerically greater
in subjects with baseline BMI<25 than>25 to<30
or>30 kg/m® (Fig. 1). The exploratory interaction
p-value did not indicate heterogeneity in the effect of
nintedanib on reducing the rate of FVC decline among
the subgroups by baseline BMI (p=0.83). The median
follow-up for the time-to-event endpoints over the whole
trial was 19 months. In the placebo group, the propor-
tions of subjects who had an acute exacerbation or died,
or who had ILD progression or died, was greater in sub-
jects with baseline BMI<25 or> 25 to<30 than> 30 kg/
m? (Table 1). The proportions of subjects with these
events were similar or lower in the nintedanib than the
placebo group across the subgroups by BMI, with no het-
erogeneity detected among the subgroups (Table 1).

Adverse events and dose adjustments are shown in
Table 2. The adverse event profile of nintedanib was simi-
lar across subgroups by BMI, with gastrointestinal adverse
events the most common events. In the nintedanib group,
adverse events of diarrhea and weight decrease were more
frequent in subjects with baseline BMI<25 than>25
to<30 or>30 kg/m? Decreased appetite was more fre-
quent in subjects with baseline BMI<25 than>25 to<30
or >30 kg/m? in both treatment groups. In the nintedanib

BMI 230 kg/m?
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Difference: 106.1 mL/year
(95% Cl: 28.3, 184.0)

Treatment-by-subgroup-by-time interaction p=0.83.

Difference: 93.7 mL/year
(95% Cl: 24.7, 162.6)

Difference: 124.3 mL/year
(95% Cl: 55.4, 193.3)

Fig. 1 Rate of decline in FVC (mL/year) over 52 weeks by baseline BMI in the INBUILD trial
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Table 1 Outcomes over the whole INBUILD trial in subgroups by BMI at baseline
BMI < 25 kg/m? BMI > 25 to < 30 kg/m? BMI > 30 kg/m?
Nintedanib Placebo Nintedanib Placebo Nintedanib Placebo
(n=90) (n=98) (n=130) (n=112) (In=111) (n=121)
Acute exacerbation or death, n (%) with event 12(133) 24 (24.5) 18 (13.8) 24(21.4) 16 (14.4) 17 (14.0)
Hazard ratio (95% Cl) 0.52(0.26,1.04) 0.66 (0.36, 1.21) 0.92(0.47,1.83)
Treatment-by-subgroup interaction p=0.52
Progression of ILD® or death, n (%) with event 44 (48.9) 59 (60.2) 48 (36.9) 61 (54.5) 42 (37.8) 61 (50.4)
Hazard ratio (95% Cl) 0.74(0.50, 1.10) 0.65 (0.44, 0.94) 0.64 (0.43,0.95)
Treatment-by-subgroup interaction p=0.85

Analyzed as time to first event
BMI body mass index, ILD interstitial lung disease

2 Absolute decline in forced vital capacity % predicted > 10%

group, adverse events leading to dose reduction were more
frequent in subjects with baseline BMI<25 than>25
to<30 or>30 kg/mz. Adverse events led to treatment dis-
continuation more frequently in subjects with baseline
BMI <25 than> 25 to<30 or>30 kg/ m? in both treatment
groups. The most frequent adverse event leading to dis-
continuation of nintedanib was diarrhea, which occurred
at rates of 4.3, 6.1 and 3.9 events per 100 patient-years in
subjects with baseline BMI<25,>25 to<30 and >30 kg/
m?, respectively. One subject in the nintedanib group (with
baseline BMI<25 kg/m?) and one subject in the placebo
group (with baseline BMI > 25 to <30 kg/m?) discontinued
treatment due to weight loss.

Weight loss and outcomes

Subjects in the nintedanib group had a significantly
greater decrease in weight than subjects in the placebo
group over 52 weeks (Additional file 1: Table S2) and over
the whole trial (Table 3). The baseline characteristics of
the subgroups of subjects by weight loss <5% and>5%
over the whole trial were similar (Additional file 1:
Table S3).

Over the whole trial, 19.4% of subjects in the placebo
group and 13.9% of subjects in the nintedanib group had
an acute exacerbation or died. There was a significant
association between weight decrease and time to acute
exacerbation or death over 52 weeks (Additional file 1:
Table S2) and over the whole trial (Table 3). Based on the
estimated slope, a 4 kg weight decrease corresponded
to a 1.38-fold (95% CI 1.13, 1.68) increase in the risk of
acute exacerbation or death (Fig. 2).

Over the whole trial, 47.7% of subjects in the placebo
group and 33.4% of subjects in the nintedanib group
experienced ILD progression, and 54.1% of subjects
in the placebo group and 39.6% of subjects in the nint-
edanib group experienced ILD progression or death. No
association was detected between weight decrease and

the risk of ILD progression or the risk of ILD progression
or death (Table 3, Fig. 2 and Additional file 1: Table S2).

Discussion

These analyses of data from the INBUILD trial suggest
that there may be associations between baseline BMI or
weight loss and clinically relevant outcomes in patients
with PPFE. The rate of FVC decline, and the risk of ILD
progression or death, were numerically greater in sub-
jects with baseline BMI<25 kg/m? than in those with
higher BMI. Weight loss during the trial was associated
with a significantly increased risk of acute exacerbation
or death. As observed in clinical trials in patients with
other ILDs [10, 30], nintedanib had a consistent effect on
slowing the progression of ILD across the subgroups by
baseline BMI.

Our finding that the rate of decline in FVC was great-
est in subjects with baseline BMI < 25 kg/m? is consistent
with observations in subjects with IPF in the INPUL-
SIS trials [10] and other studies in subjects with IPF and
systemic sclerosis-associated ILD [13, 14]. In an analy-
sis including data from trials of pirfenidone in patients
with IPF, the annualized decline in FVC % predicted was
greater in patients with baseline BMI<25 kg/m? than
BMI> 25 to<30 or>30 kg/m2 in the placebo groups, but
this was not observed in patients who received pirfeni-
done [13]. Our finding that the risk of ILD progression or
death was numerically greater in subjects with baseline
BMI <25 kg/m? is consistent with observations from pre-
vious studies showing higher mortality in patients with
pulmonary fibrosis who have lower BMI [7-9, 12]. The
reasons why low BMI is associated with worse outcomes
in patients with ILDs are not understood, but may be
related to loss of muscle mass [31, 32] or to increased lev-
els of pro-inflammatory cytokines, such as tumor necro-
sis factor, which have been associated with weight loss in
animal studies [33].
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Table 3 Association between change in weight (slope) and risk of outcomes over the whole INBUILD trial
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Acute exacerbation or death

ILD progression

ILD progression or death

Nincluded
Placebo 330
Nintedanib 331

Longitudinal sub-model®
—1.60(—2.08,—1.12)
—1.51(—2.19,—0.84)

Estimated change in weight (kg) (95% Cl) with placebo

Estimated change in weight (95% Cl) difference for
nintedanib vs placebo

p-value <0.001
Time-to-event sub-model®

n (%) with event

Placebo 64 (19.4)
Nintedanib 46 (13.9)
Hazard ratio (95% Cl) for nintedanib vs placebo 0.60 (0.41,0.89)
p-value 0011

Association between change in weight (slope) and risk of event, hazard ratio (95% Cl)
1.08(1.03,1.14)
1.38(1.13, 1.68)
Per 10 kg decrease 2.23(1.36,3.65)
p-value 0.002

Per 1 kg decrease
Per 4 kg decrease

327
326

—0.76 (—1.34,-0.19)
—207(—284,—131)

<0.001

156 (47.7)

109 (33.4)
0.68(0.52,0.89)
0.004

0.96 (0.91,1.01)
0.83 (0.68,1.02)
0.64 (0.39,1.05)
0.08

327
326

—093(-150,-0.37)
—2.00(—276,—1.24)

<0.001

177 (54.1)

129 (39.6)

0.64 (0.50,0.81)
<0.001

1.00 (0.96, 1.04)
1.01(0.87,1.18)
1.03 (0.70, 1.53)
0.88

UIP usual interstitial pneumonia, ILD interstitial lung disease

2 Random effects normal linear model of weight (kg) with HRCT pattern (UIP-like pattern or other fibrotic patterns) and weight at baseline as predictor variables, a
separate slope assumed for the nintedanib and placebo groups, and trajectories modelled by a linear trend with an unstructured variance-covariance matrix assumed

b Proportional hazard model with a piecewise exponential baseline hazard, stratified by HRCT pattern, with treatment as a predictor variable and the endogenous

time-dependent covariate of weight (kg) as estimated slope of the longitudinal response

Risk of acute exacerbation or death

Per 1 kg decrease @

Per 4 kg decrease ——

Per 10 kg decrease —_———
Risk of ILD progression

Per 1 kg decrease P

Per 4 kg decrease ——

Per 10 kg decrease e
Risk of ILD progression or death

Per 1 kg decrease L ]

Per 4 kg decrease ——

Per 10 kg decrease —_—

0.25 0.5 1 2

HR (95% CI)

ILD progression: absolute decline in forced vital capacity % predicted 210%.

Association between
change in weight

HR (95% CI)

1.08(1.03, 1.14)
1.38(1.13, 1.68)
2.23(1.36, 3.65)

0.96 (0.91, 1.01)
0.83(0.68, 1.02)
0.64 (0.39, 1.05)

1.00 (0.96, 1.04)
1.01(0.87, 1.18)
1.03(0.70, 1.53)

Fig. 2 Association between change in weight (slope) and risk of outcomes over the whole INBUILD trial

Various approaches can be used to investigate asso-
ciations between a longitudinal measure such as weight
and the risk of an outcome. In these analyses, we used
a joint modelling approach, as this enables longitudinal
markers and time-to-event endpoints to be analyzed

(slope) and risk of event
p=0.002

p=0.08

p=0.88

simultaneously, overcoming issues of bias and measure-
ment error that occur when repeated measurements
and outcomes are analyzed separately, when analyses
are based on post-baseline subgroups, or when analyses
do not consider longitudinal endpoints as endogenous



Kreuter et al. Respiratory Research (2023) 24:71

time-varying factors [34—37]. This joint modelling also
enabled us to evaluate the validity of weight change as
a surrogate endpoint for the time-to-event endpoints
according to the three levels of surrogacy defined by
Taylor and Elston [38]. The significant association
between the outcome of weight change and the risk of
acute exacerbation or death fulfils Taylor and Elston’s
criteria for surrogacy at level two, but further valida-
tion is required. While several previous studies have
shown that weight loss is associated with a greater risk
of mortality in patients with pulmonary fibrosis [5, 7,
9, 10, 13, 18-21], we are not aware of prior studies sug-
gesting an association between weight loss and acute
exacerbations of ILD.

The adverse event profile of nintedanib was gener-
ally similar across the subgroups by baseline BMI, but
adverse events of diarrhea, decreased appetite and
weight decrease, and adverse events leading to dose
reduction and treatment discontinuation, were more
frequent in subjects who had a baseline BMI<25 kg/
m? than a higher BMIL In the INPULSIS, SENSCIS
and INBUILD trials in subjects with pulmonary fibro-
sis, the proportion of subjects with adverse events of
weight loss over 52 weeks ranged from 9.7 to 12.3% in
the nintedanib groups compared to 3.3 to 4.2% in the
placebo groups [6, 24, 39]. The reported proportion of
patients with IPF treated with nintedanib who experi-
ence weight loss in real-world studies is highly variable,
likely reflecting differences in methodology and the
patient populations studied [40—42]. Clinicians should
be aware of weight loss as a potential adverse event of
nintedanib, particularly in patients with low BMI, and
consider nutritional interventions when required. Man-
agement of gastrointestinal adverse events associated
with nintedanib therapy using symptomatic therapies
such as loperamide and dose adjustment is important
to minimize their impact and help patients remain on
treatment [43, 44].

Strengths of our analyses include the robust collec-
tion of data on FVC and weight in the setting of a clinical
trial, and the use of a joint modelling approach to assess
the associations between weight loss and outcomes [34—
37]. Limitations include that BMI is limited as a measure
of nutritional status [45, 46] and that the subgroups with
different BMI differed in factors beyond BMI. The lowest
BMI subgroup included a greater proportion of subjects
with autoimmune disease-related ILDs, which are asso-
ciated with gastrointestinal complications that may lead
to weight loss, and this may have influenced the risk of
outcomes across the subgroups. The numbers of subjects
with individual ILD diagnoses were too small for these
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subgroups to be analyzed separately. The number of sub-
jects who were underweight was too small for this group
to be analyzed separately. The number of acute exacer-
bations available for use in the time-to-event analyses
was quite small. There were too few deaths for associa-
tions between weight change and death alone to be ana-
lyzed. Our analyses did not establish cause and effect.
These analyses were post-hoc and should be considered
exploratory.

Conclusions

In conclusion, these analyses of data from the INBUILD
trial suggest that in subjects with PPF, lower BMI at base-
line and weight loss may be associated with worse out-
comes. Nintedanib had a consistent effect on slowing
ILD progression across subgroups by baseline BMI. Phy-
sicians should monitor weight in patients with PPF and
consider interventions where necessary.
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