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Abstract

acute exacerbations of COPD (AECOPD).

development, with validation in MACRO.

increase [95%Cl: 0.67 to 0.94; p = 0.008]).

(registered 12 May 2006).

Background: Bilirubin is a potent anti-oxidant and higher serum concentrations of bilirubin have been associated
with better lung function, slower lung function decline, and lower incidence of chronic obstructive pulmonary disease
(COPD). We sought to determine whether elevated bilirubin blood concentrations are associated with lower risk for

Methods: We performed a secondary analyses of data in the Simvastatin for Prevention of Exacerbations in
Moderate-to-Severe COPD (STATCOPE) and the Azithromycin for Prevention of Exacerbations of COPD (MACRO) studies.
We used time-dependent multivariable Cox proportional hazards analyses, using bilirubin concentrations prior to first
AECOPD as the exposure variable and time to first AECOPD as the outcome variable. STATCOPE was used for model

Results: In STATCOPE (n = 853), higher bilirubin was associated with a lower but statistically insignificant hazard for
AECOPD, (adjusted hazard ratio [aHR] 0.89 per log;q increase [95%Cl: 0.74 to 1.09; p = 0.26]). In the validation MACRO
study (n = 1018), higher bilirubin was associated with a significantly lower hazard for AECOPD (aHR 0.80 per log;q

Conclusions: Bilirubin may be a biomarker of AECOPD risk and may be a novel therapeutic target to reduce AECOPD risk.
Trial registrations: ClinicalTrialsgov NCT01061671 (registered 02 February 2010) and ClinicalTrials.gov NCT00325897
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Background
Acute exacerbations of chronic obstructive pulmonary
disease (AECOPD) are associated with accelerated lung
function decline, lower quality of life, increased mortality,
and higher healthcare costs [1-3]. AECOPD patho-
genesis is complex, but oxidative stress is commonly
observed in AECOPD.

Anti-oxidant interventions such as carbocysteine and
N-acetylcysteine have been shown to reduce risk for
AECOPD in some [4, 5] but not all [6] trials. These
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interventions are targeted at increasing intracellular and
extracellular concentrations of glutathione, a major en-
dogenous antioxidant. Bilirubin is another potent antioxi-
dant that protects lipids against oxidant stress and inhibits
membrane-bound nicotinamide adenine dinucleotide
phosphate oxidase, which is a large intracellular source of
reactive oxygen species [7-9].

These antioxidant mechanisms may help explain why
several large observational studies have shown that
higher serum bilirubin concentrations are associated
with better lung function [10], slower rate of FEV; de-
cline over 3 to 9 years [11] and a lower incidence of
COPD, lung cancer, and all-cause mortality [12].
Together, these data suggest that higher serum bilirubin
concentrations are associated with a lower risk of
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incident COPD and lower rates of COPD disease
progression. No studies have investigated the association
between serum bilirubin concentrations and AECOPD.

Given the important role of oxidant stress in AECOPD
pathogenesis, we hypothesized that higher serum
concentrations of bilirubin would be associated with a
lower risk of AECOPD. We tested this hypothesis using
data from two large multi-center cohorts of patients
with COPD at high risk of AECOPD.

Methods

We performed secondary analyses of data in the
Simvastatin for the Prevention of Exacerbations in
Moderate-to-Severe COPD (STATCOPE; Clinical-
Trials.gov NCT01061671) and the Macrolide Azithro-
mycin to Prevent Rapid Worsening of Symptoms
Associated With Chronic Obstructive Pulmonary Disease
(MACRO; ClinicalTrials.gov NCT00325897) studies.

Study participants

STATCOPE and MACRO were designed as multi-center
randomized controlled trials to test the efficacy of daily
simvastatin  (STATCOPE) and daily azithromycin
(MACRO) to reduce the risk of acute exacerbations of
COPD (AECOPD). The COPD Clinical Research
Network conducted both studies with funding from the
US National Heart, Lung and Blood Institute and
Canadian Institutes of Health Research (for STATCOPE).
The studies were approved by each participating center’s
institutional review board and all study participants
provided informed consent for study participation.

Study participants

The design and results of both studies have been
published [13, 14]. Inclusion criteria in both studies
included age > 40 vyears, post-bronchodilator forced
expiratory volume in one second (FEV;)/forced vital
capacity (FVC) <70%, FEV; < 80% of predicted, =10
pack-year smoking history, and an increased risk of
AECOPD (defined as home oxygen use, systemic cor-
ticosteroid or antibiotic usage for AECOPD, or having
an emergency department visit or hospitalization for
AECOPD in the year prior to study entry). Exclusion cri-
teria included alcoholism and active liver disease
(defined as transaminase elevations >1.5 times the upper
limit of normal in STATCOPE, and >3 times the upper
limit of normal in MACRO). STATCOPE additionally
excluded those already treated with statins, those with
indications to be on a statin according to the Adult
Treatment Panel III risk stratification, and those with
contraindications to statins. MACRO additionally
excluded those with asthma, a resting heart rate greater
than 100 beats per minute, a prolonged corrected QT
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(QTc) interval (>450 msec), the use of QT-prolonging
medications, or hearing impairment.

STATCOPE was performed at 45 sites, and study
follow-up time ranged from 21 to 1263 days, with a
median (interquartile range) of 635 (329 to 990) days.
The wide range of follow-up time in STATCOPE was
largely due to the recommendation by the Data Safety
and Monitoring Board for early termination of the trial,
at a time when participants were still being actively
recruited into the study. In contrast, MACRO continued
to its planned closure date and had a follow-up time that
ranged from O to 380 days, with a median of 200 (IQR
60 to 357) days. MACRO was performed at 17 sites.

Data collection
AECOPD was defined identically in both studies as a
complex of respiratory symptoms (increased or new
onset) of more than one of the following: cough, sputum,
wheezing, dyspnea, or chest tightness with a duration of at
least three days requiring treatment with antibiotics or
systemic steroids. Study personnel assessed AECOPD
status monthly via clinic visits or telephone contacts.
Bilirubin concentrations were measured at baseline in
both studies. In STATCOPE follow-up bilirubin was
measured at months 6, 12, 18, and 24. In MACRO,
follow-up bilirubin was measured more frequently, at
months 1, 3, 6, 9, and 12.

Statistical methods

We first utilized STATCOPE to develop and calibrate our
analytic model and then validated the model using data
from MACRO. The rationale for this ordering was due to
several limitations of the STATCOPE cohort, compared to
the MACRO cohort for this analysis, including STAT-
COPE’s smaller sample size, variable follow-up times, and
less frequent bilirubin measurements (every 6 months in
STATCOPE vs. every 1-3 months in MACRO).

We included all study participants who had at least one
bilirubin measurement and at least one follow-up contact.
One hundred five participants were in both STATCOPE
and MACRO; these participants were included in the
STATCOPE development/calibration dataset and were
then excluded from the MACRO validation analysis.

We used time-dependent multivariable Cox propor-
tional hazards analyses, using log;o-transformed bilirubin
concentrations prior to first AECOPD as the exposure
variable of interest and time to first AECOPD as the
outcome variable of interest. In contrast to traditional (i.e.
non-time dependent) Cox models using only a static
measure of exposure, time-dependent models account for
intrinsically variable exposures that might influence
outcomes (in our case serum bilirubin that has been
shown to vary between several visits over a year [15]).
Time-dependent models also can be more robust than
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static models, as they utilize all available data. Due to the
availability of repeated bilirubin measurements in
both of our cohorts, we elected to use this time-
dependent approach.

Our development and calibration model included
analyses of several clinical variables treated as continuous
or categorical data, along with interaction terms. Covari-
ates were those previously shown to affect AECOPD risk
including age, sex, race, body mass index (BMI), chronic
bronchitis, respiratory health status (as assessed by the St.
George’s Respiratory Questionnaire [SGRQ] score), ethanol
consumption, smoking status, post-bronchodilator FEV,%-
predicted, inhaled medications, use of supplemental
oxygen, hospitalization or emergency department visit
within the previous year, and steroid or antibiotic use
within the previous year. Although simvastatin was shown
to not affect AECOPD risk, we felt it important to also
include treatment assignment (i.e. simvastatin vs. placebo)
into the initial full development model. Covariates from this
full STATCOPE development model were included in a
final reduced STATCOPE model if they were significant at
p < 0.10 by backwards stepwise regression; we forced treat-
ment assignment into the reduced model also. We did not
access the MACRO dataset until after the final reduced
STATCOPE model was agreed upon.

In the better-powered MACRO validation analysis, we
applied the final STATCOPE model, and we forced
treatment assignment (i.e. azithromycin vs. placebo) into
the model, due to azithromycin’s proven effect in
reducing AECOPD risk and unclear effects on bilirubin
concentrations [14].

Statistical analyses were conducted using SAS 9.3
(SAS Institute, Cary, NC, USA).

Results

Among the 885 participants enrolled in STATCOPE,
853 had bilirubin concentrations measured and had at
least one follow-up contact for determination of
AECOPD status. These 853 participants formed the
development/calibration sample for this study. Mean age
of these STATCOPE participants was 62 years, 56% were
male, 30% were current smokers, mean FEV; was 1.19 L
(42% of predicted), and 51% had been to an emergency
department or hospitalized for AECOPD within the year
prior to enrollment. Mean bilirubin concentrations were
between 0.62-0.65 mg/dL, which is well within the
general population normal range of 0.20-1.20 mg/dL.
Additional baseline characteristics of these STATCOPE
participants are presented in Table 1.

Of these STATCOPE participants, 475 (56%) experi-
enced an AECOPD during the study. Covariates that
were independently associated (at p < 0.10) with time to
first AECOPD included male sex, black race, BMI,
chronic bronchitis, supplemental oxygen use, St
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Table 1 Participant characteristics in development/calibration
dataset (STATCOPE = Simvastatin for the Prevention of
Exacerbations in Moderate-to-Severe COPD) and validation
dataset (MACRO = Macrolide Azithromycin to Prevent Rapid
Worsening of Symptoms Associated With Chronic Obstructive
Pulmonary Disease)

STATCOPE  MACRO
(n = 853) (n=1018)

Age, years 62 +8 66 £ 9
Male sex - no. (%) 479 (56%) 606 (60%)
Race - no. (%)

Black 177 21%) 138 (14%)

White 651 (77%) 830 (82%)

Other 20 (2%) 50 (5%)
BMI, kg/m? 272469 278+62
Alcohol consumption, drinks per day 048 +£085 040+ 1.03
Currently smoking - no. (%) 257 (30%) 222 (22%)
Oxygen use - no. (%) 408 (48%) 604 (59%)
ED visit or hospitalized for AECOPD in year 434 (51%) 517 (51%)
prior to enrollment - no. (%)
Steroids or antibiotics in previous year - no. (%) 715 (84%) 865 (85%)
FEV1/FVC ratio, % 44 +13 43+£13
Post-bronchodilator FEV;, L 119+ 057 1.12£051
Post-bronchodilator FEV;, % predicted 42 +18 40 + 16
GOLD category - no. (%)

1 - 1(0.1%)

2 278 (33%) 277 (27%)

3 293 (35%) 410 (40%)

4 277 (33%) 327 (32%)
Mean Serum Bilirubin (mg/dL)

Enroliment/baseline 065+ 030 064 +0.29

Month 1 - 063 +0.28

Month 3 - 0.63 £0.28

Month 6 062 £0.28 063 +027

Month 9 - 063 +0.28

Month 12 065+ 028 064 +0.28

Month 18 063+027 -

Month 24 065+028 -

Abbreviations: AECOPD acute exacerbation of chronic obstructive
pulmonary disease, BMI body mass index, ED emergency department,
FEV, forced expiratory volume in one second, FVC forced vital
capacity, GOLD Global Initiative for Chronic Obstructive Lung Disease

George’s Respiratory Questionnaire (SGRQ) score,
inhaler use, and steroid or antibiotic use within the past
one year (Table 2). Covariates that were not independ-
ently associated with time to AECOPD included age,
hospitalization for AECOPD within the previous year,
ethanol use, FEV,;% predicted, and current smoking.
Follow-up bilirubin concentrations were not different
between those assigned to simvastatin vs. placebo.
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Table 2 Full STATCOPE development model. Time-dependent
multivariable Cox proportional hazards analyses for risk of acute
exacerbation of chronic obstructive pulmonary disease
(AECOPD) and bilirubin prior to first AECOPD
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Table 3 Reduced STATCOPE development cohort model.
Time-dependent multivariable Cox proportional hazards analyses
for risk of acute exacerbation of chronic obstructive pulmonary
disease (AECOPD) and bilirubin prior to first AECOPD

Parameter aHR 95% Cl p-value Parameter aHR 95% Cl p-value
STATCOPE Full Development Cohort Model STATCOPE Reduced Development Cohort Model
Treatment assignment 0.93 0.77-1.11 041 Treatment assignment 092 0.77-1.11 0.38
Age 1.00 0.99 to 1.01 0.69 Male sex 0.86 0.72-1.04 0.12
Male sex 0.84 0.69-1.01 0.07 Black race 0.66 0.51-0.84 <0.001
Black race 0.66 0.51-0.86 0.002 BMI (kg/mz) 0.98 0.97-1.00 0.02
BMI, kg/m? 099  097-1.00 0.07 Chronic bronchitis 117 0.97-142 0.11
Chronic bronchitis 1.22 1.00-1.49 0.05 Supplemental oxygen use 137 1.12-1.67 0.002
Supplemental oxygen use 1.26 1.02-1.58 0.04 SGRQ score 1.02 1.01-1.02 <0.001
SGRQ score 1.02 1.01-1.02 <0.001 Inhaler use® - none (0 of 3 classes: LABA, 052 0.36-0.76 0.007
Inhaler use® - none (0 of 3 classes: LABA,  0.57 0.39-0.84 0.02 LAMA, 1C5)
LAMA, ICS) Inhaler use® - 1 of 3 classes 091 0.68-1.22 0.12
Inhaler use® - 1 of 3 classes 0.96 0.72-1.29 0.10 Inhaler use® - 2 of 3 classes 0.72 0.58-0.90 0.51
Inhaler use® - 2 of 3 classes 074  059-093 040 Steroid or antibiotic use in year prior to 162 1.22-2.16 0.001
Steroid or antibiotic use for AECOPD in 152 113-205 0006 enroliment
year prior to enrollment BILIRUBIN (per log, increase) 0.89 0.74-1.09 0.26

Hospitalized for AECOPD in year priorto  1.13 0.92-1.39 0.25
enroliment

Ethanol use, drinks/day 0.99 0.88-1.10 0.79
FEV;, % predicted 1.00 0.99-1.00 0.19
Current smoker 084  066-1.05 0.13
BILIRUBIN (per log,, increase) 090 0.74-1.09 0.28

Abbreviations: AECOPD acute exacerbation of chronic obstructive
pulmonary disease, BMI body mass index, ED emergency department,
FEV; forced expiratory volume in one second, ICS inhaled corticosteroid,
LABA long-acting beta agonist, LAMA long-acting antimuscarinic, SGRQ St.
George’s Respiratory Questionnaire

“Referent group is 3-class inhaler therapy (long-acting beta agonist,
long-acting antimuscarinic, and inhaled corticosteroid)

Bilirubin is presented in bold, as this was the primary predictor variable

In the STATCOPE development dataset, higher bilirubin
concentrations were independently associated with a lower
but statistically insignificant hazard ratio for AECOPD
(adjusted hazard ratio [aHR] in the final reduced model of
0.89 per logo increase in bilirubin [95%CI: 0.74 to 1.09;
p = 0.26) (Table 3).

This final model was then applied to the larger, better-
powered MACRO validation cohort. Of the 1142
MACRO participants, 1024 did not participate in STAT-
COPE. 1018 of the 1024 participants had a measured
bilirubin concentration with at least one follow-up con-
tact for AECOPD status determination and this com-
prised the validation cohort. MACRO participants were
similar to STATCOPE participants, with a mean age of
66 years, 60% were male, 22% were current smokers,
and mean FEV; was 1.12 L (40% of predicted) (Table 1).
640 (63%) of MACRO participants experienced an
AECOPD during the study. Follow-up bilirubin concen-
trations were not different between those assigned to
azithromycin vs. placebo. In this validation dataset,

Abbreviations: BMI body mass index, ICS inhaled corticosteroid, LABA
long-acting beta agonist, LAMA long-acting antimuscarinic, SGRQ St.
George’s Respiratory Questionnaire

“Referent group is 3-class inhaler therapy (long-acting beta agonist,
long-acting antimuscarinic, and inhaled corticosteroid)

Bilirubin is presented in bold, as this was the primary predictor variable

higher bilirubin concentrations were independently asso-
ciated with a statistically significantly lower hazard ratio
for AECOPD. The point estimate was similar to that
observed in STATCOPE, but with a narrower confidence
interval (aHR 0.80 per log;o increase in bilirubin [95%CI:
0.67 to 0.94; p = 0.008]) (Table 4).

Discussion

Our data lend support to the hypothesis that higher
circulating bilirubin concentrations are associated with a
lower risk of AECOPD. Our findings are consistent with
other observational data suggesting clinically important
cardiopulmonary health benefits associated with higher
bilirubin concentrations.

Several studies in the cardiac literature have demon-
strated that higher blood bilirubin concentrations are
associated with a lower risk of cardiovascular disease
including peripheral vascular disease, carotid intimal-
medial thickness, and stroke [16]. A study in the
Framingham Heart Study Offspring cohort showed that
among 1780 individuals with 24 years of follow-up, those
with higher bilirubin due to a genetic polymorphism
affecting the UGT1A1l enzyme of bilirubin metabolism
(the enzyme defect that leads to Gilbert’s syndrome) had
approximately one-third the risk of cardiovascular events
compared to wild-type carriers with normal bilirubin
concentrations [17]. The significant relationship between
genetically determined bilirubin and cardiovascular
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Table 4 MACRO validation cohort model. Time-dependent
multivariable Cox proportional hazards analyses for risk of acute
exacerbation of chronic obstructive pulmonary disease (AECOPD)
and bilirubin prior to first AECOPD

Parameter aHR 95% Cl p-value
MACRO Validation Cohort Model
Treatment assignment 0.73 0.63-0.86 <0.001
Male sex 0.78 0.66-0.91 0.002
Black race 1.01 0.80-1.27 0.95
BMI (kg/mz) 0.99 0.98-1.00 0.07
Chronic bronchitis 1.22 1.03-144 0.02
Supplemental oxygen use 1.29 1.09-1.53 0.003
SGRQ score 1.01 1.00-1.01 0.003
Inhaler use® - none (0 of 3 classes: LABA,  0.74 0.54-1.03 0.20
LAMA, ICS)
Inhaler use® - 1 of 3 classes 0.84 0.66-1.07 0.71
Inhaler use® - 2 of 3 classes 0.91 0.76-1.09 0.52
Steroid or antibiotic use in year prior to 1.64 1.28-2.10 <0.001
enroliment
BILIRUBIN (per log, increase) 0.80 0.67-0.94 0.008

Abbreviations: BMI body mass index, ICS inhaled corticosteroid, LABA
long-acting beta agonist, LAMA long-acting antimuscarinic, SGRQ St.
George’s Respiratory Questionnaire

Referent group is 3-class inhaler therapy (long-acting beta agonist, long-
acting antimuscarinic, and inhaled corticosteroid)

Bilirubin is presented in bold, as this was the primary predictor variable

events (an example of a so-called ‘Mendellian
randomization’ study design) provides some additional
support to a causal relationship. However, a more recent
meta-analysis did not support an association between
genetically elevated bilirubin and reduced risk of ische-
mic heart disease [18], thus, the potential protective role
of bilirubin in cardiovascular disease pathogenesis is not
fully known.

In addition to the data suggesting a potential cardiac
benefit to higher blood bilirubin concentrations,
emerging data suggest pulmonary benefits as well. A
cross-sectional, population-based spirometry study of
4195 smokers and non-smokers in Switzerland showed
that elevated serum concentrations of bilirubin and a
genetic polymorphism associated with higher bilirubin
concentrations were both independently associated with
better lung function [10].

These cross-sectional findings were supported by a
subsequent longitudinal study of 4680 North American
smokers aged 35 to 60 years old with mild to moderate
COPD at study entry, where higher serum bilirubin at
baseline was associated with higher baseline FEV; and a
significantly slower rate of FEV; decline over 3 to 9 years
of prospective follow-up [11]. In this cohort of persons
with COPD, there was also an association between
higher serum bilirubin and a lower risk of coronary
heart disease mortality over 15 years.
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The largest study to investigate the association
between serum bilirubin and pulmonary outcomes was
conducted using a UK primary care research database
[12]. In this longitudinal sample of 504,206 adults with a
median follow-up time of 8 years, higher serum bilirubin
concentrations were associated with a significantly lower
incidence of COPD (adjusted incidence rate ratio of 0.92
[0.89 to 0.95] per 0.1 mg/dL increase in bilirubin in men
and 0.89 [0.86 to 0.93] in women]. Higher bilirubin was
also associated with a lower incidence of lung cancer
and all-cause mortality.

Together, these data suggest that higher bilirubin
concentrations are associated with a lower risk of
incident COPD and lower rates of disease progression.
We extend these data by demonstrating that elevated
serum bilirubin concentrations are associated with a
lower risk of AECOPD, one of the most important
clinical outcomes for patients with COPD.

Our study has several strengths, including the ability
to perform analyses in two large, multi-center trials that
used very similar entry criteria and carefully collected
AECOPD data, the primary outcome of both original
studies. Unlike many epidemiologic studies that conduct
analyses within only a single cohort, we were uniquely
able to develop our analytic model in an exploratory
fashion in the STATCOPE dataset, knowing from the
outset that this would be a somewhat underpowered
cohort due to infrequent bilirubin measurements,
smaller sample size, fewer exacerbations, and variable
follow-up time. We were thus able to reserve the better-
powered MACRO dataset for validation purposes only.
Moreover, the serial measurements of serum bilirubin
during the observational period, especially the frequent
measures in the MACRO validation dataset, enabled us
to use a dynamic and flexible time-dependent Cox
model to determine the relationship between bilirubin
and incident exacerbations.

Our study has some limitations, including its reliance
on bilirubin assays performed in clinical laboratories at
study sites, rather than in a central laboratory. However,
bilirubin is a well-established assay with well-established
standard operating procedures in clinical laboratories,
and an inter-laboratory coefficient of variation of only
1% to 3% [19]. The study population was also limited to
those from North America at high risk of AECOPD, so
our data do not apply to those at lower risk of COPD
and may not apply to patients with COPD in other re-
gions of the world. Perhaps most importantly, our study
is observational and therefore unable to prove causality.
High bilirubin concentrations could potentially be con-
founded by other healthy behaviors associated with these
pulmonary outcomes.

Our study was not designed to answer mechanistic
questions regarding how bilirubin might confer
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pulmonary benefits, but biologic plausibility comes from
publications demonstrating that bilirubin is a potent
antioxidant [7]. Indeed, bilirubin may be the most potent
in vivo antioxidant to protect lipids against oxidant
stress, tissue degeneration and death [8]. Smoking and
other environmental oxidant insults significantly reduce
serum bilirubin concentrations, but shortly after smok-
ing cessation, serum bilirubin rapidly increases [20]. A
recent study using a rat model of COPD showed that ex-
ogenous administration of bilirubin (as a therapeutic
agent) reduced lung and systemic inflammation, sup-
pressed regional oxidative lipid damage and prevented
progression of histological changes of emphysema [21].
Bilirubin also inhibits membrane-bound nicotinamide
adenine dinucleotide phosphate oxidase, which is a large
intracellular reactive oxygen species source [9].

In summary, cellular and animal model data suggest
that higher concentrations of bilirubin provide antioxi-
dant benefits to the lung, while observational human
data support the notion that higher bilirubin concentra-
tions are associated with better COPD-related outcomes.
Our data are consistent with these observations and sug-
gest that higher bilirubin concentrations are associated
with a lower risk for AECOPD.

Conclusions

Among individuals with moderate-to-severe COPD
without active liver disease, higher serum bilirubin con-
centrations are independently associated with a lower
risk for AECOPD. Bilirubin may be a novel biomarker of
AECOPD risk and may represent a novel therapeutic
target for future investigations.
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