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Abstract

Rationale: It is unclear why select patients with moderate-to-
severe asthma continue to lose lung function despite therapy.
We hypothesized that participants with the smallest responses to
parenteral corticosteroids have the greatest risk of undergoing a
severe decline in lung function.

Objectives: To evaluate corticosteroid-response phenotypes as
longitudinal predictors of lung decline.

Methods: Adults within the NHLBI SARP III (Severe Asthma
Research Program IIT) who had undergone a course of intramuscular
triamcinolone at baseline and at =2 annual follow-up visits were
evaluated. Longitudinal slopes were calculated for each participant’s post-
bronchodilator FEV % predicted. Categories of participant FEV; slope
were defined: severe decline, >2% loss/yr; mild decline, >0.5-2.0%
loss/yr; no change, 0.5% loss/yr to <<1% gain/yr; and improvement, =1%
gain/yr. Regression models were used to develop predictors of severe decline.

Measurements and Main Results: Of 396 participants, 78 had
severe decline, 91 had mild decline, 114 had no change, and 113
showed improvement. The triamcinolone-induced difference in

the post-bronchodilator FEV;% predicted (derived by baseline
subtraction) was related to the 4-year change in lung function or slope
category in univariable models (P < 0.001). For each 5% decrement
in the triamcinolone-induced difference the FEV1% predicted, there
was a 50% increase in the odds of being in the severe decline group
(odds ratio, 1.5; 95% confidence interval, 1.3-1.8), when adjusted for
baseline FEV, exacerbation history, blood eosinophils and body
mass index.

Conclusions: Failure to improve the post-bronchodilator FEV after a
challenge with parenteral corticosteroids is an evoked biomarker for
patients at risk for a severe decline in lung function.

Keywords: severe asthma; corticosteroid sensitivity; longitudinal;
lung function; exacerbations
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At a Glance Commentary

Scientific Knowledge on the
Subject: Numerous factors related to
loss of lung function are known at the
population level for patients with
asthma. These include age, sex, genetic
factors, duration of asthma, allergen
sensitization, tobacco exposure, body
mass index, baseline airflow limitation,
bronchial hyperresponsiveness, blood
and sputum eosinophils, maintenance
therapy, and exacerbation history. In
patients with moderate-to-severe
asthma on stable medical therapy,
the responsiveness to parenteral
corticosteroids has not been evaluated
as a predictor of lung function decline
in a cohort with more than 1 year of
follow-up.

What This Study Adds to the Field:
Fewer than half of adults with
moderate or severe persistent asthma
continue to lose lung function while on
maintenance therapy not including a
biologic. The absolute change from
baseline in the post-bronchodilator
FEV% predicted 2-3 weeks after

an intramuscular injection with
triamcinolone acetonide (post-
triamcinolone acetonide value —
pre-triamcinolone acetonide value) is
a useful measure to help predict the
lung function trajectory over the next
4 years.

Loss of lung function is one of the four
risk criteria composing the definition of
severe asthma, and numerous studies have
documented predictors for this process.
Early studies quantified this loss as a height-
adjusted average rate of approximately 50
ml/yr, with variability relating to bronchial

hyperresponsiveness and baseline airflow
limitation (1-4), which can be modified by

the use of inhaled corticosteroids (5-7).
Additional risk factors for lung function
decline in patients with mild-to-moderate
asthma include exacerbations, second-hand
tobacco exposure, female sex, allergen
sensitization, blood eosinophils, exhaled
nitric oxide, body mass index (BMI), and
genetic determinants (8-20). Many of these
studies involved patients with newly
diagnosed asthma on low concentrations of
therapy. By contrast, cohort studies of
patients with severe asthma on high-dose
inhaled corticosteroids and other
controllers have been more limited.
Matsunaga and colleagues followed 54
adults with severe asthma for 10 years and
showed that the rate of decline for FVC
exceeded the rate for the FEV,, with
predictors including age, low baseline FVC,
exacerbations, and maintenance oral
corticosteroid use (21), which could relate
to compressive air trapping during forced
expiratory maneuvers (22). Newby and
colleagues showed that 26% of 430 adults
with severe asthma had evidence of
progressive loss of lung function, possibly
related to highly variable sputum
eosinophils (23). Finally, Calhoun and

colleagues studied 2,429 participants with
severe or difficult-to-treat asthma of 6 years
of age and above; compared with patients
with good control, patients with
exacerbations during the study period
experienced a difference of —2.0% = 0.4%
predicted per year in terms of their FEV,
(24). Although many of these studies
identified heterogeneity in the risk of lung
function decline, there remains a gap for
clinicians caring for patients with severe
asthma in terms of using a baseline
evaluation to identify those at risk for an
accelerated decline in lung function.

The mechanisms underlying loss of
lung function in asthma have been suggested
but remain unclear. Years of chronic airway
inflammation can lead to thickening of the
basement membrane and oxidized mucus
plugs (25, 26), loss of bronchodilator
responsiveness (27), and a physiological
transition from airflow limitation to the
development of baseline air trapping (28,
29). These mechanisms of lung function
loss are likely to be relatively resistant to
corticosteroid therapy. Whether measured
responses to a systemic corticosteroid
challenge serve as evoked biomarkers
for such processes is unclear. Of the few
studies evaluating resistance to systemic
corticosteroids, the follow-up period has
been significantly less than a year (30-33).

The NHLBI SARP III (Severe Asthma
Research Program III) established a
longitudinal cohort of 183 adolescents and
526 adults with moderate-to-severe asthma.
Baseline characterization included survey
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data, blood biomarkers, fractional exhaled
nitric oxide (FEno) and lung function
measurements, and analysis of induced
sputum samples (34). A single intramuscular
injection of triamcinolone acetonide

(40 mg) was administered at the baseline
visit, followed by repeated phenotyping

18 = 3 days later to assess the change in
lung function, symptoms, and potential
resolution of measures of airway
inflammation (35). Whereas our approach
was to find the best clinically available
predictors of lung function decline in adults,
we also hypothesized that the smallest
measurements of response to parenteral
corticosteroids at baseline would enable
identification of patients with the largest loss
in lung function after longitudinal follow-up.
We evaluated known risk factors of severe
decline that can be measured by clinicians,
using methods suited for individual patient
predictions. A portion of this work has been
reported previously as a poster abstract (36).

Methods

Cohort and Clinical Measurements
Institutional review, recruitment methods,
informed consent, severe asthma definition,
and assessments have been described for
this longitudinal cohort at baseline (34, 35).
Enrollment occurred from November
2012 through January 2015, with a
baseline evaluation, an injection of

40 mg of triamcinolone acetonide, and
repeat assessments 18 = 3 days later.
Triamcinolone-induced differences from
baseline in measures of lung function,
Juniper Asthma Control Questionnaire 6
scores, blood and sputum eosinophils, and
FEno have been described previously and
were derived by simple subtraction
(post-triamcinolone acetonide values
minus the pre-triamcinolone acetonide
values) (35); these variables were renamed
as triamcinolone-induced differences

(e.g., the triamcinolone-induced difference
in the FEV,% predicted [tdFEV,]) for this
manuscript. Medication updates, clinical
outcomes, adverse events, and asthma-
control measures were collected by phone
interviews 6 months after the baseline visits,
as well as 6 months after each of the annual
study visits and at the annual study visits
using a 6-month recall period. The Asthma
Severity Scoring System (ASSESS) asthma-
severity measure was calculated as
described (37). To avoid complexity
associated with adolescent lung growth,

Denlinger, Phillips, Sorkness, et al.: Predictors of Lung Function Trajectory in SARP i

adult participants with lung function data
from the baseline and at least two follow-up
visits were included in this analysis. Use of
biologic therapy during this time period
was an exclusion; however, if the baseline
data and at least two more data points were
collected before the start of biologic
therapy, the data collected after biologic
initiation were censored. The data set for
this analysis was accessed on January 15,
2019.

Lung Function Assessment

Spirometry and maximum bronchodilator
reversibility were performed annually
according to the American Thoracic Society
Guidelines and as described previously (34).
Normative comparisons were assessed using
the Global Lung Initiative data set (38). Post-
bronchodilator measurements (four puffs of
albuterol) were chosen as the primary lung
function measurement to reduce intrasubject
varijability from year to year and to increase
the likelihood of identifying changes that
reflected airway remodeling; therefore, all
reported data are the post-bronchodilator
values unless otherwise specified. Similar to
the methods in the SARP III physiology
manuscript (28), we partitioned each
participant’s spirometric data to determine
patterns of change related to a dominance of
airflow limitation, airway closure, or a mixture
of both. See online supplement for details.

Statistical Analysis

The annualized rate of change (slope) for
post-bronchodilator FEV;% predicted was
estimated separately for each participant
using standard least-squares linear
regression models. Participants were
classified into four slope categories, namely
severe decline (>2.0% loss per year), mild
decline (>0.5-2.0% loss per year), no
change (0.5% loss to <1.0% gain per year),
and improvement (=1.0% gain per year).
Baseline and triamcinolone-induced-
difference variables are summarized as the
mean * SD for symmetric variables, the
median with the first and third quartiles for
asymmetric variables, and percentages for
categorical variables. Differences among
groups were tested using ANOVA or the
Kruskal-Wallis test for continuous variables
and Pearson or Fisher exact chi-square tests
for categorical variables. The 4-year change
in FEV,% predicted was derived by
multiplying each participant’s slope by four.
Least-squares linear regression models were
derived for the 4-year change in FEV,%

predicted. The stability of these linear
models was assessed by removing highly
influential points. Univariable and
multivariable ordinal logistic models were
derived for predictors of the slope
categories using proportional odds
assumptions. Predictors for these models
were restricted to variables that could be
assessed by clinicians currently. A
sensitivity analysis of the multivariable
ordinal logistic model was performed

by adding back excluded data from
participants on biologic therapy. In
addition, linear mixed-effect models of
repeated measures of FEV, were also
performed using data from all participants
to assure that minor effects from other
predictors were addressed. See online
supplement for additional details regarding
the models.

Statistical analysis and figures were
generated using SAS 9.4 and SAS/JMP
software (SAS Institute, Inc.). All
statistical tests were two-sided, with
P < 0.05 indicating statistical significance
without adjustment for multiple comparisons.

Results

Change Associated with Severe
Decline in Lung Function Noted in
Only a Subset of Participants

Despite enrichment for severe asthma

in this cohort, the distribution of post-
bronchodilator lung function measures
(mean FEV % predicted, FVC% predicted
and FEV,%/FVC% predicted) did not
change over time (Figures 1A-1C).
However, given that a minority of patients
with severe asthma can have loss of lung
function at a rate of 2% predicted per year
or more (24), we calculated a rate of change
for individual participants on the basis of
simple linear regression models, using at
least three data points for each participant.
There were 396 adults in SARP III, with at
least one baseline and two additional
annual measurements of lung function
preceding the use of biologic therapies; for a
Consolidated Standards of Reporting Trials
diagram, see Figure E1 in the online
supplement. Fifty-nine (11%) of the
original 526 adult participants dropped out
of the study before completing a second
follow-up visit or for other reasons.
Compared with the study population, the
early-discontinuation group was younger;
had worse Asthma Control Test (ACT)
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Figure 1. Longitudinal lung function of adult participants in SARP Il (Severe Asthma Research Program Ill) not using biologic therapies. Data shown were
collected after the participants were given four puffs of albuterol and are represented as box-and-whisker plots. The sample sizes are shown in A, with

ongoing accrual contributing to the lower numbers at Years 4 and 5. (A-C) The FEV;% predicted (Pred) (4), FVC% Pred (B), and FEV1/FVC% Pred (C). (D) The
distribution of longitudinal slopes for individual participants shown as a violin plot of the frequency distribution, with stratification by sex and baseline severity.

scores at baseline, with a trend toward
lower medication-compliance scores; and
had a smaller triamcinolone-induced
decline in blood eosinophils (Table E1). In
addition, 71 participants received a biologic
therapy before completing a second follow-
up visit. Relative to the study population,
those receiving biologics were older, had
lower baseline lung function, and had worse
ACT scores and more exacerbations,
resulting in a greater proportion of
participants with a severe asthma
classification. The number of years of
follow-up per participant in the study
population was 4.1 * 0.8 years, with a total
of 1,914 participant-years for this analysis.
The annualized change in lung function
over time was expressed as a slope (percent
predicted per year), calculated for each

844

participant. Inspection of the distribution of
these slopes for the population suggests that
neither baseline severity nor participant sex
are significant modifiers (Figure 1D).
Consistent with the results of Calhoun
and colleagues (24), we defined a severe loss
of lung function as a slope less than —2%
predicted/yr (Figure 2A). Additional
boundaries were created to define
participants with mild decline, no change,
or an increase in lung function over time
(Figure 2A); these boundaries are close to
quartile intervals for this SARP III subset
but were defined numerically to increase
generalizability. The group mean FEV,%
predicted values at each annual follow-up
are shown in Figure 2B and are stratified by
the slope categories. The baseline post-
bronchodilator FEV; measures were not

different across the slope categories
(P=0.372 Figure 2B). The mean slopes
are —134.4 + 104.5, —52.5 204,

—15.3 £16.8, and 61.3 = 63.0 ml/yr in the
severe-decline, mild-decline, no-change,
and improvement groups, respectively.

To examine the physiologic characteristics
of these slope categories, we investigated the
distribution of airflow limitation and air-
trapping phenotypes (28) across these groups.
As expected from correlative studies using
plethysmography (22), less than 20% of the
cohort had lung function trajectories
dominated by changes in airflow limitation
(Figure 2C). Conversely, over half of the
participants in the severe-decline or
improvement groups showed effects that were
dominated by changes in the FVC% predicted
(Figure 2C). These observations are consistent

American Journal of Respiratory and Critical Care Medicine Volume 203 Number 7 | April 1 2021
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Figure 2. Lung function trajectories of adult participants of SARP Il (Severe Asthma Research Program Ill) not using biologic therapies. (A) Histogram of
the FEV; slope for each participant. As stated in the MeTHops, participants were classified into four slope categories, namely severe decline (>2% loss/yr),
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with changes related to the development or
relief of airway closure and/or air trapping.

Identification of the Triamcinolone-
induced Change in Lung Function as a
Predictor of Longitudinal Trajectory
Table 1 shows categorical analyses of the
baseline clinical variables stratified by the
longitudinal lung-function-change

Denlinger, Phillips, Sorkness, et al.: Predictors of Lung Function Trajectory in SARP Il

classifiers. The number of exacerbations in
the 12 months before enrollment was
different across these groups, with the
highest number being in the severe-decline
and improvement categories. Compared
with participants in the other groups, those
with severe decline were using a greater
median number of controller therapies at
baseline. No other differences were notable

in demographic or asthma-severity features
across these groups (Table 1), which
included differences in the ASSESS score,
a comprehensive measure of asthma
severity that is more dynamic than the
categorical consensus definition (37). The
corticosteroid-response variables of interest
are shown in Table 2, with a complete
listing of the spirometric variables before
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Table 1. Baseline Characteristics of Adult Participants in SARP llI Stratified by Longitudinal Category of Change in Lung Function

Characteristic

Baseline visit, n
Age at baseline, yr
Duration of asthma, yr
Sex
M, n (%)
F, n (%)
Race
White, n (%)
Black, n (%)
Other, n (%)
Hispanic, n (%)
BMI, kg/m?
Severe asthma at baseline, n (%)
ICS dose
None, n (%)
Low, n (%)
Medium, n (%)
High, n (%)
On maintenance OCS, n (%)
Dose of OCS, mg/d
Number of controller therapies
Baseline exacerbations in prior 12 mo

Baseline ACT score
Baseline MARS score
Baseline ASSESS score
PreBD FEV1% predicted

Maximum albuterol reversibility, postBD — preBD

PCszo, mg/ml

Severe Decline  Mild Decline No Change Improvement P Value
78 91 114 113 —

50.0+12.7 475+14.2 46.9+14.5 46.9+14.5 0.415
26.3+16.3 28.8+16.7 28.8+15.3 26.7+14.4 0.538
26 (33.3) 29 (31.9) 41 (36) 35 (31) 0.869
52 (66.7) 62 (68.1) 73 (64) 78 (69)
53 (67.9) 59 (64.8) 79 (69.3) 69 (61.1) 0.872
17 (21.%) 24 (26.4) 25 (21.9) 30 (26.5)

8 (10.3) 8 (8.8) 10 (8.%) 14 (12.4)

4 (5.1) 3 (3.3) 3 (2.6) 5 4.4) 0.804
321+77 32.3+9.1 31.5+78 32.8+8.8 0.727
49 (62.8) 43 (47.3) 57 (50) 61 (54) 0.197

4 (5.1) 11 (12.1) 17 (14.9) 15 (13.3) 0.112
13 (16.7) 13 (14.3) 11 (9.6) 17 (15)

9 (11.5) 22 (24.2) 22 (19.3) 14 (12.4)

52 (66.7) 45 (49.5) 64 (56.1) 67 (59.3)

9 (11.5) 9 (9.9) 9(7.9) 12 (10.6) 0.845
10 (5-15) 10 (5-21) 10 (5-10) 8 (5-15) 0.630

3 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 0.012

1 (0-2); min, 0 (0-2), min, 0 (0-1), min, m 1 (0-2), min, 0.012

max: 0, 12 max: 0, 9 ax: 0, 12 max: 0, 12
16.8+4.3 17.5+4.6 18.1£45 17247 0.260
22.3+2.6 224+29 223+29 21.7+3.7 0.326

9.1+37(n=78) 83*x3.7(n=90) 7.9+3.7 (n=114) 8.7+4.2 (n=113) 0.1583
75.6 =20.8 73.1+17.6 745+19.7 722 +21.0 0.669
124+7.4 10.2+8.2 10.1 £6.7 11576 0.104

26*+2.7 (n=27) 3.1x39(nN=48 3.1x3.7(n=68 3.1+3.7 (n=56) 0.957

Definition of abbreviations: ACT = Asthma Control Test; ASSESS = Asthma Severity Scoring System; BMI =body mass index; ICS =inhaled corticosteroid;
MARS = Medication Adherence Report Scale; max = maximum; min=minimum; OCS = oral corticosteroid; PCoq = provocative concentration of methacholine,
causing a 20% fall in FEV; postBD = post-bronchodilator value; preBD = pre-bronchodilator value; SARP Il = Severe Asthma Research Program |l
Continuous data with normal distributions are presented as means and SDs, with testing conducted by ANOVA. Categorical variables are shown as the
number of participants and percentage within each lung-function-change category, with significance testing conducted by using the Fisher exact test. The
sample size is included for those characteristics with notable amounts of missing data for comparison with the totals in each category.

and after triamcinolone administration
shown in Table E2. The triamcinolone-
induced differences from baseline FEV ;%
predicted (tdFEV; difference in the post-
bronchodilator values [post-triamcinolone
minus pre-triamcinolone]) ranged from
—24.3% to 37.6% predicted and were not
correlated with the visit-to-visit differences
noted for each participant during screening
before the triamcinolone injection
(R=—0.093; P=0.080, with the trend
susceptible to influence from a single data
point). Of the 388 participants with
complete data for the post-bronchodilator
tdFEV, 168 (43%) had a tdFEV; value less
than 0, and 47 of these participants (12% of
the total) had a value less than —5. The
tdFEV, was different across these slope
categories (P < 0.001); the average value
was slightly negative in the participants
with severe decline, with a progressive
numerical increase across these categories
(Table 2). No differences were noted across
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these categories for the triamcinolone-
induced change in baseline Juniper Asthma
Control Questionnaire 6 scores, FExo,
blood eosinophils, or sputum granulocytes
(Table 2).

From these variables, we selected the
tdFEV; and historic exacerbations for
further study. The tdFEV,, measured
18 £ 3 days after the baseline visit, has a
linear relationship to the 4-year trajectory
in FEV % predicted (univariable model
shown in Figure 3A). Stability of the model
was verified with removal of highly
influential data points at both extremes of
tdFEV;. The tdFEV; model of the 4-year
trajectory was not influenced by adjustment
for the baseline FEV,, nor was there
interaction between these predictors.
Regarding differences in individual
participant slopes, the larger the
triamcinolone-induced increase in
lung function, the greater the 4-year
improvement; similarly, the larger the

decrease in tdFEV], the greater the 4-year

decline. Figure 3B shows the effects of the

baseline exacerbation history on the 4-year
change in FEV;. Although the slope of this
model is in the predicted direction based on
several studies (19, 24), the effect size in this
cohort is small and not significant.

Insensitivity to Triamcinolone as a
Multivariable Risk for Severe Decline
in Lung Function

Categorical results from Tables 1 and 2, as
well as information from the literature,
guided our subsequent models of lung
function slope category, with a focus on
predictors that can be assessed by
clinicians. We first fit an ordinal logistic
regression model with the tdFEV, variable
as the only predictor. Similar to the linear
models, the tdFEV; model has a strong
inverse relationship with the categorical
lung function trajectory (P < 0.001). This
probability of assignment to individual
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Table 2. Corticosteroid-evoked Phenotypes of Adult Participants in SARP Il Stratified by Longitudinal Category of Change in Lung

Function

Study Population

Characteristic (N =396; tdX n=388)

FEV, Post4BD, %

predicted
BL 82.2+18.9
V3 84.1+18.5
tdX 1.8+7.2
Feno
BL 23.0 (13.5 to 38.5)
V3 19.0 (13.0 to 28.0)
tdX -4.0 (—12.0 to 1.0)
ACQ6 score
BL 15+1.0
V3 1.3+1.0
tdX -0.2+0.8
Sputum
n 311
tdX n 266
Eosinophils, %
BL 0.7 (0.1 to 2.9)
V3 0.4 (0.0 to 1.5)
tdX -0.2 (-1.7t0 0.2)
Neutrophils, %
BL 54.0+254
V3 56.1 +25.3
tdX 3.0+22.8
Blood eosinophils,
count
n 395
tdX n 195
BL 207 (118 to 374)
V3 147 (90 to 265)
tdX —60 (—170 to 0)

Decline Group

Mild Decline No Change Improvement
Severe Decline (n=91; tdX (n=114; tdX (n=113; tdX P
(n=78; tdX n=76) n=389) n=114) n=109) Value
85.6 £19.8 81.3+17.3 82.5+18.7 80.3 +19.6 <0.001
84.5+18.9 82.1 £17.0 83.5+19.1 86.1 +18.7
-0.8£6.7 05*4.38 1.0x£6.0 5.7+8.8
24.0 (14.0 to 43.0) 23.0 (14.0 to 33.0) 20.5 (14.0 to 36.0) 23.0 (13.0 to 45.0) 0.850
22.0 (13.0t0 35.0) 17.0 (13.0 to 24.0) 18.0 (12.0 to 26.0) 20.0 (13.0 to 30.0)
-4.0(—13.0t0 1.0) —4.0(-12.0t0 1.0) —4.0(—10.0t0 1.0) —4.5 (—14.0 to 0.0)
1612 1.3%£1.0 1.4+09 1.6x1.1 0.773
14+141 1.1£0.9 1.2+0.9 1.3x1.1
-02+0.8 -0.3+£0.8 -02+0.7 -0.3x£0.9
57 65 91 98 —
51 56 79 80 —
1.3 (0.0 to 5.2) 0.3 (0.0 to 1.9) 0.5 (0.2 to 1.5) 1.0 (0.2 to 3.5) 0.768
0.8 (0.0 to 2.1) 0.2 (0.0 to 0.9) 0.4 (0.0to 1.1) 0.4 (0.0 to 1.8)
-04(-16t00.8 -0.2(-1.7t00.0) —0.2(-0.8t00.2) -0.2(-2.2t00.2)
55.0+24.3 56.0 £25.0 54.0+27.5 52.1£24.5 0.401
50.8 £26.9 57.3£26.9 57.3+23.5 57.7x24.7
—-1.7+20.3 42+224 3.3+24.4 5.0+22.9
78 91 114 112 —
48 43 55 49 —
180 (126 to 427) 217 (108 to 391) 195 (123 to 320) 242 (110 to 393) 0.815

166 (86 to 328) 180 (100 to 289)
—62 (—155to —25) —77 (—226 to 0)

130 (82 to 216)
—51 (—158 to 0)

146 (96 to 236)
—39 (—167 to 5)

Definition of abbreviations: ACQ6 = Juniper Asthma Control Questionnaire 6; BL = baseline; Feno = fractional exhaled nitric oxide; Post4BD = after four-puff
bronchodilator therapy; SARP Il = Severe Asthma Research Program |lI; tdX = triamcinolone-induced difference for the variable in that row’s group,
wherein the baseline measures are subtracted from the post-triamcinolone values; V3 = visit 3.
Continuous data with normal distributions are presented as the means and SDs, with testing conducted by ANOVA. Eosinophil data are shown as
medians with the boundaries of the first and third quartiles, before log transformation for significance testing. Categorical variables are shown as the
number of participants and percentage within each lung-function-change category, with significance testing conducted by using the Fisher exact test. The
sample size is included for those characteristics with notable amounts of missing data for comparison with the totals in each category.

categories is shown in Figure 4A, with 95%
confidence intervals for each fitted line.
Participants with a negative tdFEV; value
18 £ 3 days after the baseline visit have
increasing probability of severe decline
longitudinally, and those with a positive
tdFEV, value have increasing probability of
improvement (Figure 4A). Table E3 shows
the predicted probability of group
assignment for varying measures of the
baseline FEV,; and the tdFEV;. Age, sex,
duration of asthma symptoms, baseline
severity, or medication adherence were not
significant in univariable models of lung
function trajectory (P> 0.1).

In a multivariable ordinal logistic
model, the tdFEV, continues as the
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most significant baseline predictor of
longitudinal categories of lung function
change (Figure 4B). The odds of assignment
to the severe decline category versus other
categories are 1.5 times greater (odds ratio,
1.5; 95% confidence interval, 1.3-1.8;

P <0.001) for each 5% decrement in the
tdFEV;. The odds of assignment to the
severe-decline group are 1.1 times greater
for each exacerbation at baseline, with a
95% confidence boundary slightly greater
than 1.0 in the multivariable model. These
relationships persist after adjustment

for baseline measures of FEV, blood
eosinophils, and BMI. Using a sensitivity
analysis, these results were not affected

by adding back the data collected from

visits while participants were on biologic
therapy (Figure E2). With data from all
participants, we also confirmed that the
tdFEV, is the dominant predictor of lung
function in a linear mixed-effect model of
the FEV,% predicted, with a highly
significant interaction with the years of
follow-up (P < 0.001; Table E4). In this
model, there was also an interaction of the
baseline blood eosinophils and the years of
follow-up (P=0.035). Given the known
influence of asthma medications and the
potential effect of participant weight on the
FVC, we added time-dependent changes in
controller medications, biologic therapy,
and BMI to this mixed-effect model with
data from all participants. The tdFEV,
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Figure 3. Linear models of the change in FEV1% Pred over 4 years. The symbols represent data from individual participants, with colors denoting the
lung-function-change category. (A) Univariable model for tdFEV; (P < 0.001). (B) Univariable model for the history of exacerbations in the 12 months before
enrollment (P=0.134). For both panels, the solid blue line and surrounding shading represents the model-fitted values and their 95% confidence intervals.
PostTA = post-triamcinolone acetonide value; Pred = predicted; PreTA = pre—triamcinolone acetonide value; tdFEV, =triamcinolone-induced difference in
the FEV4 % Pred.

remained a highly significant predictor of  adherence, asthma control, exacerbations, ~ exacerbations (Table 3). There was a trend
longitudinal lung function even after healthcare use, and asthma severity after for the severe-decline group to have more
adjustment for time-dependent variables 3 years of follow-up, the time point at unscheduled health visits, although
(Table E4). which the remaining participants in the emergency department visits and
SARP III cohort had completed information  hospitalizations were not different across
Longitudinal Outcomes of (Table 3). There were no differences in slope categories. The mean difference from
Participants in the Lung Function medication adherence across the slope baseline in the ASSESS score was negative
Categories categories. Relative to the other groups, in all slope categories, reflecting an
To assess the impact of slope classification,  participants with severe decline in lung improvement in asthma severity. However,
we evaluated the changes in medication function had worse ACT scores and more  the severe-decline group had the smallest
A B
—— Improvement Odds Ratio
1,04 — NoChange (95% CL)
—— Mild Decline Exacerbation Frequency - e 1.12 (1.02, 1.24)
—— Severe Decline .
0.8 Lung Function Response to
- Baseline Corticosteroid AQministration R —— 1.52 (1.31,1.77)
% 0.6 | (For a 5-Unit Decrease)
«© Baseline FEV4 % Pred
E 0.4 (For a 10-Unit I1ncrease) i ™ 1.07(0.96,1.19)
0.2 - Blood Eos Count (Log) - ————— | 1.34 (0.83, 2.17)
001 : ‘ : BMI (For a 5-Unit Decrease) - - 1.06 (0.95, 1.19)
20 0 20 40 | ||
tdFEV, (PostTA — PreTA) 05 1.0 15 2.0
Odds Ratio

Figure 4. Ordinal logistic models of the categorical lung function trajectory. (A) The probability of assignment to individual categories, with 95% confidence
intervals included with the fit lines, derived through subtraction from the base univariable model for the tdFEV, (P < 0.001). (B) Multivariable ordinal logistic
regression model of baseline predictors associated with the risk of severe decline. Baseline predictors are listed at the left of the figure, with the units
of change shown in parentheses for continuous variables. The point-estimate limits and 95% CLs for the odds ratios in this model are shown graphically
and numerically. BMI=body mass index; CL = confidence limit; Eos = eosinophils; PostTA = post-triamcinolone acetonide value; Pred = predicted;
PreTA = pre-triamcinolone acetonide value; tdFEV = triamcinolone-induced difference in the FEV4 % Pred.
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amount of improvement in this metric, and
there was a progressive increase in the
amount of asthma-severity improvement
across the remaining slope categories

(P <0.001). Finally, the changes in the
ASSESS scores were driven primarily by the
control, lung function, and exacerbation
domains, without differences across the
groups at Year 3 in the medication
components of this composite measure of
asthma severity (Table E5).

Discussion

The extensive phenotyping of the SARP III
cohort provides a unique opportunity to
evaluate the impact of clinical features and
biomarkers on the longitudinal trajectories
of severe asthma. Within this cohort, only
20% of biologic-naive participants have a 4-
year decline in post-bronchodilator FEV,
that is greater than 8% predicted, a result
that is consistent with data from Newby
and colleagues (23). However, whether
using the consensus definition of severity or
the ASSESS score (37), baseline severity did
not influence the likelihood of severe
decline, which is a notable difference from
the literature. We also did not observe
differences in baseline lung function,
airway hyperreactivity, or bronchodilator
responsiveness across these groups.
Nevertheless, the impact of lung function

loss over time was notable, as participants
in the severe-decline group had progressively
deteriorating asthma control, more
exacerbations, and a trend toward more
unscheduled healthcare visits at the third
year of follow-up (Table 3). These factors in
combination influence the ASSESS score,
which improved the least for participants in
the severe-decline group.

Of the 282 participants who had a
longitudinal change in their lung function,
only 59 (21%) showed a pattern that was
dominated by changes in airflow limitation
(FEV,/FVC), whereas 164 (58%) exhibited
changes primarily in air trapping (FVC;
Figure 2C). Air trapping is a manifestation
of peripheral airway instability and closure
and has been recognized in asthma as a
correlate with severity, symptoms, and poor
control in adults and children (22, 28, 29,
39-41). Small airways close when the radial
forces of lung elastic recoil decrease as
lungs deflate, reaching a critical point of
luminal narrowing forced by surface
tension and smooth-muscle tone. Increased
luminal exudate, airway wall-thickening,
and increased smooth-muscle tone in
asthmatic airways not only increase airflow
resistance but also increase the amount of
radial force required to prevent closure.
This results in heterogeneous airway
closure and air trapping, as the most
affected airways close at higher lung
volumes (40). Asthma-associated air

trapping may be attenuated acutely by
reducing smooth-muscle tone with
bronchodilators (22, 29, 39), and in this
study, the subgroup that improved post-
bronchodilator FEV; longitudinally

also exhibited an increase in post-
bronchodilator FVC, suggesting that

their peripheral airway instability may
have reflected attenuation of baseline
inflammatory processes. In contrast, the
severe-decline subgroup in this study
exhibited progressive declines in post-
bronchodilator FEV, that were associated
with reductions in FVC, consistent with
worsening air trapping. Loss of lung elastic
recoil is one mechanism that could
contribute to both airflow limitation and air
trapping (42), and it has been reported as a
contributing mechanism in asthma with
persistent airflow limitation (43). Older
individuals with asthma commonly have a
compressive component of air trapping
during forced expiration in addition to their
lung volume-dependent airway closure
(22). The compressive air trapping is more
resistant to bronchodilators (22) and may
be associated with accelerated loss of lung
elastic recoil with age.

We hypothesized that insensitivity to
parenteral corticosteroids is a risk factor for
accelerated lung function loss and evaluated
several evoked phenotypes; namely, the
triamcinolone-induced differences from
baseline in blood eosinophils, FEno, Juniper

Table 3. Longitudinal SARP Ill Survey Scores and Outcomes Stratified by Lung Function Slope Categories

Characteristic

Year 3 follow-up visit, N

Difference in MARS score, Year
3 — baseline

Difference in ACT score, Year 3 — baseline

Cumulative exacerbations, Years 1
through 3

Years with unscheduled health visits,
Years 1 through 3

Years with emergency department visits,
Years 1 through 3

Cumulative asthma-specific
hospitalizations, Years 1 through 3

Cumulative asthma-specific ICU
admissions, Years 1 through 3

Difference in ASSESS score Year
3 — baseline

~0.3+2.4 (n=70)

~09+2.4 (n=89)

-1.1+2.5 (1=106)

P
Severe Decline Mild Decline No Change Improvement Value
70 of 78 90 of 91 106 of 114 101 of 113 —
-05=x27 -0.6+3.0 -0.3+x3.3(n=105) —-04=33(n=100) 0.941
-0.1+£3.8 1.3x42 0.7*x46 1.9+3.7 0.017
2 (0-6); min, 1 (0-2) (n=89); min, 1 (0-3); min, 1 (0-3) (n=100); 0.012
max: 0, 21 max: 0, 13 max: 0,15 min, max: 0, 16
1.0x1.1 (n=68) 0.6 =0.9 (n=89) 0.8x1.0(=104) 0.7x0.9 (n=97) 0.075
0.4 £0.8 (h=68) 0.3x=0.7 (n=89) 0.3x0.7 (n=104) 0.3x0.6 (n=97) 0.431
0.2+1.1 (n=68) 0.2+2.0 (n=89) 02=*0.7 (n=104) 0.1x0.7 (n=97) 0.925
0.1 £0.6 (h=68) 0.1=0.9 (n=89) 0.0x0.2(n=104) 0.0x0.1 (n=97) 0.573

—2.2+2.9 (n=100) <0.001

Definition of abbreviations: ACT = Asthma Control Test; ASSESS = Asthma Severity Scoring System; MARS = Medication Adherence Report Scale;
max = maximum; min = minimum; SARP Il = Severe Asthma Research Program IIl.
Survey scores were assessed at the baseline and follow-up visits with the differences shown between Year 3 and baseline. The cumulative totals represent
events that occurred prospectively after enrollment. Significance testing was conducted by using Kruskal-Wallace, one-way ANOVA, or Fisher exact

methods as appropriate.
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Asthma Control Questionnaire scores, and
FEV % predicted. Of these, the tdFEV, was
the only measure significantly associated
with lung function trajectories in
univariable models and had the largest
effect size in the multivariable model, using
both ordinal logistic and mixed-effect
approaches. Although several studies have
shown that exacerbations are related to
lung function loss, our observations suggest
that baseline historical exacerbation data
had a small effect on these trajectories.
Persistent eosinophilic inflammation has
been shown to be related to lower lung
function (13); however, our data suggest
that baseline measures of this type 2
inflammatory biomarker have little
predictive value in this cohort using
multiple maintenance therapies, excluding
biologics. Both exacerbations and measures
of type 2 inflammation may have greater
impact on models accommodating time-
dependent predictors.

It is interesting to speculate how these
results might be useful to clinicians after a
baseline evaluation of a new patient. First, it
is possible that SARP III volunteers with
large values of tdFEV, had incomplete
medication adherence at baseline, allowing
the parenteral injection to improve lung
function 18 = 3 days later. In this regard,
participation in a cohort study may
have passively increased their use of
maintenance therapies and blunted any
apparent decline in FEV,. For a patient
with a baseline FEV,; of 80% predicted and
a tdFEV, of 10%, these data suggest that
the probability of improvement in lung
function over the next 4 years is 0.45 and
that the combined probability of avoiding
mild- or severe-decline trajectories is 0.76
(Figure 4A and Table E3). This type of
result could be instructive to clinicians in
terms of refocusing efforts on patient
education and adherence. Alternatively, it is
possible that the lack of lung function
improvement after a parenteral
corticosteroid challenge identifies SARP IIT
participants that have ongoing events
related to airway remodeling that
contribute to progressive reduction in
expiratory airflow and/or VC. A similar
patient with a baseline FEV; of 80%
predicted who instead has a tdFEV1 of
—10% has a combined probability of
further decline (mild or severe) of 0.62 and
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an individual probability of severe decline
of 0.33 (Figure 4A and Table E3). This type
of scenario could prompt more frequent
assessment of clinical status and lung
function. If physiologic decline is confirmed
in the short term, these results could serve
as an independent justification for change
in the patient’s therapy, promoting agents
that are not corticosteroids.

The observation that some patients
lose lung function after parenteral
corticosteroids is relatively unique, and
several mechanisms can be postulated from
these data. In the short term during the
evaluation of tdFEV, use of parenteral
corticosteroids in some participants could
contribute to increased concentrations of
serum amyloid A and IL-8 and decreased
resolution of granulocytic inflammation
(44-48), although this was not observed in
the subset of participants who contributed a
sputum sample 18 = 3 days after receiving
parenteral triamcinolone (Table 2). There
are also data to suggest that some patients
with severe asthma have increased
respiratory muscle weakness after receiving
parenteral corticosteroids, which could
contribute to a negative tdFEV; (49, 50). In
addition, there are several mechanisms of
airway remodeling that are relatively
resistant to corticosteroids. Airway
myofibroblasts are more common in
patients with severe asthma (51) and
contribute to excessive production of
collagen and other extracellular matrix
proteins that would likely not be
metabolically cleared after parenteral-
steroid injection. Mast cells are also more
common in severe asthma, are relatively
resistant to corticosteroids, and produce
several mediators with bronchoconstrictive
and/or remodeling functions (52).
Interestingly, our subset analysis showed
that participants with severe decline had the
highest percentages of sputum eosinophils.
Eosinophilic inflammation is a central
component of the recently described
mucus-plug phenotype (26), and it is
possible that these mucus plugs are also
relatively resistant to corticosteroids. Hastie
and colleagues showed that a phenotype
of high sputum neutrophils and eosinophils
is associated with worse asthma outcomes
(53). In this case, the increased representation
of neutrophils may define a group in
whom corticosteroid signaling may be

proinflammatory (54), thus causing this
group to be subject to a greater reduction in
FEV, over time. In both the severe-decline
group and the improvement group, the
changes in FEV; were strongly associated
with changes in the FVC, suggesting
peripheral airway dysfunction with premature
airway closure as the component driving
the changes.

A limitation of the current study is that
use of FEV-slope categories introduces the
possibility of misclassification error and
reduces statistical power. Our use of more
than two categories reduces the magnitude
of any misclassification error. Simulation
models suggest that the worst case is a
35% error (not shown) but that only
5% of participants have assignments to
noncontiguous groups (e.g., severe decline
during observed classification but no
change in the simulated assignment). That
the results of a multivariable linear mixed-
effect model are similar to the ordinal-
regression model (Table E4 and Figure 4B,
respectively) suggests that misclassification
is not a major confounder and that we have
not overlooked major contributions from
other clinically available predictors.

In summary, in a large cohort of
participants with moderate-to-severe
asthma, we have shown that most adults
with established asthma on standard
maintenance therapies do not continue to
have accelerated lung function loss, even in
the absence of biologics. However, in the
20% of patients who do have a decline, that
group has worse asthma control, more
exacerbations, and a worse ASSESS
score (Table 3). Finally, using a unique
biomarker, airway response to parenteral
corticosteroids, we were able to identify
individuals most likely to experience a
decline in airway function. The ability to
identify that group prospectively will
allow us to examine the pathobiology of
progressive loss of airway function and
perhaps identify interventions to prevent
permanent disability.
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of this article at www.atsjournals.org.
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