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Abstract

Objectives—Muscle wasting is a recognised extra-pulmonary complication in chronic
obstructive pulmonary disease and has been associated with increased risk of death. Acute
respiratory exacerbations are associated with reduction of muscle function, but there is a paucity of
data on their long-term effect. This study explores the relationship between acute respiratory
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exacerbations and long-term muscle loss using serial measurements of CT derived pectoralis
muscle area (PMA).

Design and setting—~Participants were included from two prospective, longitudinal,
observational, multicentre cohorts of ever-smokers with at least 10 pack-year history.

Participants—The primary analysis included 1332 (of 2501) participants from Evaluation of
COPD Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) and 4384 (of 10 198)
participants from Genetic Epidemiology of COPD (COPDGene) who had complete data from
their baseline and follow-up visits.

Interventions—PMA was measured on chest CT scans at two timepoints. Self-reported
exacerbation data were collected from participants in both studies through the use of periodic
longitudinal surveys.

Main outcome measures—Age-related and excess muscle loss over time.

Results—Age, sex, race and body mass index were associated with baseline PMA. Participants
experienced age-related decline at the upper end of reported normal ranges. In ECLIPSE, the
exacerbation rate over time was associated with an excess muscle area loss of 1.3% (95% CI 0.6 to
1.9, p<0.001) over 3 years and in COPDGene with an excess muscle area loss of 2.1% (95% CI
1.2 to 2.8, p<0.001) over 5 years. Excess muscle area decline was absent in 273 individuals who
participated in pulmonary rehabilitation.

Conclusions—Exacerbations are associated with accelerated skeletal muscle loss. Each annual
exacerbation was associated with the equivalent of 6 months of age-expected decline in muscle
mass. Ameliorating exacerbation-associated muscle loss represents an important therapeutic target.

INTRODUCTION

Sarcopenia is defined as an age-related loss of skeletal muscle mass and function and is
closely linked to frailty.! Over age 40, healthy adults lose muscle mass at a rate of 0.64%—
0.7% per year for women and 0.8%-0.98% per year for men.23 Chronic disease can
accelerate sarcopenia through inflammation, metabolic derangement, hospitalisation and
activity reduction.#®

There is an extensive body of literature demonstrating increased rates of sarcopenia in
persons with COPD, but muscle wasting is not universal.>=8 van den Borst and colleagues
found lower baseline fat free mass, but no difference in the rate of decline in fat free mass
over 8 years of follow-up when comparing smokers with obstructive lung disease to smokers
without obstruction.? In the acute setting, respiratory events are associated with reductions in
muscle function.1911 Hopkinson and colleagues demonstrated subacute persistence of
muscle volume loss at 1 year in those with two or more exacerbations in that period.12 These
data suggest that respiratory events may contribute to chronic muscle wasting in smokers,
but there is a paucity of longitudinal data to examine the durability of these effects.

Several methods for quantitatively measuring muscle mass have been endorsed in
international guidelines including dual-energy X-ray absorptiometry, bioelectrical
impedance analysis (BIA) and CT.1 Pectoralis muscle area (PMA), unlike lumbar, psoas or
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thigh muscle area, can be derived from routine chest CT. In patients with COPD, PMA
correlates well with the whole-body fat free mass index derived from BIA and is more
closely associated with mortality than body mass index (BMI).13-17

Using baseline and 3-year or 5-year follow-up data from the Evaluation of COPD
Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) and Genetic
Epidemiology of COPD (COPDGene) studies, we sought to identify the relationship
between respiratory exacerbation rate over time and long-term muscle loss. We hypothesised
that higher rates of respiratory exacerbation would be associated with an accelerated loss of
skeletal muscle beyond what would be expected with age in ever smokers with and without
COPD.

METHODS
Study population

The study populations used in our analysis were derived from two previously described
multicentre, longitudinal, observational, cohort studies. The ECLIPSE (NCT00292552,
SCO0104960) study enrolled 2164 COPD patients and 337 controls, aged 45-75, with a
smoking history of at least 10 pack years.1® Participants were enrolled from 26 centres
across 12 countries and followed for a total of 3 years with assessments completed at
baseline, 12 months and 36 months. For our primary analysis, we included those subjects
who had complete data for both their baseline and 36-month visits.

The COPDGene study (NCT00608764) is ongoing and has enrolled 10 198 non-Hispanic
White or African American ever smokers with and without COPD, aged 45-80, with a
history of at least 10 pack years of smoking.1® Enrolment occurred at 21 centres in the USA
with assessments every 5 years; the 10-year follow-up visit is ongoing. Our primary analysis
used data from those participants with complete data for their baseline and year 5 visits.

Assessments

Both studies collected self-reported acute respiratory event data at each visit and between
visits. Study visits were delayed if a patient was currently having an event. COPDGene
participants were contacted every 6 months by telephone or web systems and ECLIPSE
participants were contacted monthly by telephone.1820 In both studies, an acute respiratory
event (hereafter referred to as an exacerbation) was considered to be an increase in
respiratory symptoms requiring antibiotics or systemic steroids; a severe event was one that
required emergency department evaluation or hospitalisation.1819 For each participant, the
number of reported events was divided by the observed follow-up time to generate an
annualised exacerbation rate.

Spirometry was obtained at baseline and each follow-up visit in both studies, before and
after the administration of an inhaled short-acting beta agonist. Expiratory airflow
obstruction was defined spirometrically by the presence of a post-bronchodilator FEV1/FVC
ratio of less than 0.7. Additional categorisation of disease severity was performed based on
decrements in the FEV. COPD was defined as those with Global Initiative for Chronic
Obstructive Lung Disease (GOLD) stage 2 or higher disease (ie, FEV1 per cent predicted
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<0.8).21 Ever smokers without obstruction and those with an FEV4/FVC ratio less than 0.7,
but an FEV4 >80% of predicted (GOLD 1), were categorised as “at risk’.

Six-minute walk testing was completed according to international guidelines at study visits
for all participants in COPDGene and in participants diagnosed with COPD in ECLIPSE.22
The minimum clinically important change in distance on serial testing was taken as 30 m.23

Participants in both studies underwent CT scanning of the chest at full inflation at each in-
person visit. 1819 Quantitative assessments of the PMA were obtained as described
previously from a single axial slice of the CT scan above the aortic arch.2425 Each resulting
segmentation was reviewed for quality control and segmentation failures (eg, malposition of
the arm, distortion from an implanted device) were visually identified and excluded. The
calculated PMA reported for each scan was expressed in cm? and represented the aggregate
cross-sectional area of the right and left pectoralis major and minor muscles.

Statistical analyses

Models were checked for normality of residuals, homoscedasticity and multicollinearity.
When the 154 observations with residuals more than 2.5 SD away from the residuals mean
were excluded, the effect estimates and Cls did not change. Variance inflation factors were
between 1 and 2 for all covariates. Histogram and quantile-quantile plots revealed the
distribution of the PMA values to be non-normal. Linear mixed effects models were used to
fit the log-transform of PMA longitudinally. Primary predictors of interest in these models
included phase of study (baseline or follow-up), annual exacerbation rate, and their
interaction. The PMA loss associated with the interaction term is described as ‘excess loss’.
Additional time-invariant covariates were race, sex and smoking history on enrolment
(measured in pack years); time dependent covariates included age, BMI, chronic oral steroid
use and current smoking status. Covariates were selected a priori as potential confounders of
the relationship between exacerbations and PMA or their role as independent predictors of
the outcome of interest. Repeated measures were accounted for by including random
intercepts for subjects, which induced a compound symmetric covariance structure on the
repeated measures. The Satterthwaite method for df was used to obtain p values for fixed
effects.26 Cls were generated by the Wald method. Annual severe exacerbation rate and its
effect on PMA was similarly and separately modelled. GOLD stage and participation in
intercurrent pulmonary rehabilitation (PR) were explored as model covariates in separate,
exploratory models.

Study participants were then divided into quintiles of per cent PMA decline, with quintile 0
representing those whom gained PMA and quintile 5 representing the largest decline over
the study interval. The Kruskal-Wallis test was used to assess for differences in distribution
of 6 min walk distance and BMI across quintiles. The Fisher exact test was used to assess for
differences in the per cent of participants with a minimum clinically important gain or loss
in 6 min walk distance across quintiles.

To account for bias due to missing data, we repeated the analysis in both cohorts including
participants with complete data for only one of the time points, which we term the expanded
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cohort. For more details, see online supplemental file 1. All analyses were performed using
R V.3.5.1, with longitudinal models using the Ime4 and ImerTest packages.

For the primary analysis, 1332 participants from ECLIPSE and 4384 participants from
COPDGene had complete data for the baseline and follow-up visits (figure 1A,B,
respectively). Baseline clinical characteristics of the cohorts are shown in table 1. The
ECLIPSE cohort was 63.6% men, 97.7% non-Hispanic White, had a mean PMA of 36.6 cm?
(£10.9), and 0.5% of the participants reported using chronic oral steroids. The COPDGene
cohort was 50.5% men, 70.6% non-Hispanic White, had a mean PMA of 41.3 cm? (+15.3),
and 1.5% of the participants reported using chronic oral steroids.

Exacerbations were common in both cohorts prior to enrolment as well as during the
intercurrent follow-up interval (table 1). In the 12 months preceding study entry, 45.9% of
participants in ECLIPSE and 20.5% of participants in COPDGene reported at least one
exacerbation, with 15.3% and 4.6% reporting at least one severe exacerbation, respectively.
During the follow-up interval, 59% of ECLIPSE participants and 39.9% of COPDGene
participants reported at least one exacerbation, with 21.0% and 17.4% reporting at least one
severe exacerbation, respectively.

In the mixed models for both cohorts, age(p<0.001), sex (p<0.001), BMI (p<0.001) and race
(ECLIPSE p=0.004, COPDGene p<0.001) were significant correlates of PMA. Men and
women experienced age-related decline at the upper end of reported normal ranges. WWomen
lost 0.8% (95% CI 0.6 to 1.0, p<0.001) and 0.8% (95% CI 0.7 to 0.9, p<0.001) of their PMA
annually in ECLIPSE and COPDGene, respectively while men lost 1.0% (95% CI1 0.8 to 1.2,
p<0.001) and 1.0% (95% CI 0.9 to 1.1, p<0.001) of their PMA annually in the ECLIPSE and
COPDGene cohorts, respectively.

The exacerbation rate by time interaction was associated with a statistically significant
excess PMA loss. In ECLIPSE, an annual exacerbation rate of one per year was associated
with an excess loss of 1.3% (95% CI 0.6 to 1.9, p<0.001) over 3 years. The severe
exacerbation rate by time interaction was associated with an excess PMA loss of 2.6% (95%
Cl 1.2 to 4.0, p<0.001) over that same time period. In COPDGene, an exacerbation rate of
one per year was associated with an excess loss of 2.1% (95% CI 1.2 to 2.8, p<0.001) over 5
years. An equivalent severe exacerbation rate was associated with an excess PMA loss of
2.9% (95% CI 1.1 to 4.8, p=0.002) over that same time period (figure 2).

The exacerbation rate by time interaction in women was associated with an excess PMA loss
of 1.1% (95% CI 0.1 to 2.2, p=0.043) in ECLIPSE and 1.8% (95% CI 0.8 to 2.9, p=0.001) in
COPDGene, compared with 1.4% (95% CI 0.6 to 2.2, p<0.001) in ECLIPSE and 2.6% (95%
Cl 1.4 to0 4.0, p<0.001) in COPDGene for men (figure 2).

In both the at-risk and COPD groups, the exacerbation by time interaction was associated
with excess loss of PMA (figure 2). In participants with COPD, an annual exacerbation rate
of one per year was associated with a 0.7% (95% CI 0 to 1.4, p=0.050) excess loss of PMA
in ECLIPSE and 1.5% (95% CI 0.3 to 2.6, p=0.017) in COPDGene. In participants at-risk,
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an effect estimate could not be calculated for those in ECLIPSE due to their low rates of
exacerbation (online supplemental table 2), but for those in COPDGene, an annual
exacerbation rate of one per year was associated with a 1.9% (95% CI 0.7 to 3.1, p=0.002)
excess loss of PMA.

When included as a fixed effect in the model, GOLD stage was negatively associated with
PMA (p=0.062 for GOLD 1 in COPDGene and p<0.001 for each GOLD 2-4 stage in both
studies). When included as a fixed effect, intercurrent PR was also a significant predictor of
PMA (p=0.001) in the COPDGene cohort. In the group whom attended PR (n=273), there
was no significant excess decline in PMA (-0.2%, 95% CI -2.2 to 2.5, p=0.882) attributable
to the exacerbation by time interaction despite a mean annual exacerbation rate of 1.0.

Participants whose PMA decreased over time had a corresponding decrease in BMI
(p<0.001 for both cohorts, table 2). Greater decreases in PMA were not associated with
changes in 6 min walk distance as measured by median per cent change (p=0.379 in
ECLIPSE, p=0.363 in COPDGene), per cent gaining 30 m or more metres (p=0.965 in
ECLIPSE, p=0.738 in COPDGene) or per cent losing 30 m or more metres (p=0.332 in
ECLIPSE, p=0.520 in COPDGene, table 3).

DISCUSSION

The results of this longitudinal study in two observational cohorts demonstrate that acute
respiratory exacerbations are associated with accelerated loss of skeletal muscle cross-
sectional area over 3-year and 5-year periods of observation. The association was present in
both men and women, as well as both those diagnosed with COPD, and current and former
smokers at risk for COPD. In annualised terms, our data suggest that for each exacerbation,
a person loses the equivalent of 6 months of age-related pectoral muscle area. That is, a
person who has one exacerbation per year would be expected to lose 1.5 times their age-
expected muscle area and a person who has two exacerbations per year would lose two times
their age expected muscle area in that year.

Our findings extend and reinforce the conclusions of Hopkinson and colleagues who found
that persons with two or more exacerbations in 1 year of follow-up had a larger decrease in
fat free mass.12 Two or more exacerbations in 12 months allows little recovery time, making
their described change in body composition potentially attributable to the acute effect of
those exacerbations. By observing participants for multiple years, our study demonstrates a
persistent decrement despite periods of intercurrent stability and provides a potential
explanation as to why people with COPD may have accelerated muscle loss.

Similar to van den Borst and colleagues, we found that persons with COPD had lower
baseline muscle mass than those without obstruction. However, van den Borst found no
difference in the body composition trajectories over 8 years comparing participants with
COPD to smoking controls.® Their study did not report data on exacerbations and had only
260 obstructive lung disease participants, of whom one third were GOLD stage 1. It is
possible that their cohort had a low exacerbation frequency, which limited their power to
detect differences attributable to exacerbations. Taken in concert, our two studies suggest
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that exacerbations are a potential mechanism for accelerated decline in muscle mass and that
absence of exacerbations could result in a body composition trajectory similar to that of non-
obstructed individuals.

Exercise programmes, such as PR, are the most widely available, recommended intervention
in persons with skeletal muscle dysfunction.12728 Exercise programmes improve skeletal
muscle function and increase muscle mass in the short-term.82%-31 For the small number of
people in this study whom underwent intercurrent PR, there was no association between
exacerbations over time and PMA. This raises the possibility that PR attenuates the effect of
exacerbations on the skeletal musculature; however, replication in a larger cohort is
necessary to confirm this hypothesis. PR immediately following exacerbations may be of
particular benefit; multiple studies have demonstrated improvement in 1-year mortality when
PR was initiated within 90 days of hospital discharge.3233 Unfortunately, long-term
mortality has not shown a similar improvement, which may be related to the inconsistency
with which PR results in sustained increases in physical activity.293234

Surprisingly, those individuals with the greatest percentage of PMA loss did not have
reduced performance on 6 min walk testing compared with those with little or no PMA loss
(table 3). This may reflect the fact that the 6 min walk is a submaximal test and is more akin
to a test of functional performance rather than a test of endurance exercise capacity or force
generation. Muscle weakness does manifest predominantly in the lower limbs; however, a
disconnect between skeletal muscle mass and quadriceps weakness has also been previously
described.®835 This underscores the point that low muscle mass does not necessarily equate
to muscle weakness and that a test of functional performance is not necessarily a strong
correlate of muscle mass. Similarly, following BMI clinically would underestimate the
impact on muscle mass, as we found the change in skeletal muscle area to be 10-fold the
change in BMI (table 2). Identifying and potentially intervening in those patients with
muscle mass loss, regardless of BMI or physical performance, is important, however, as
muscle wasting is demonstrated to carry a poor prognosis.}336-38 |ndeed, weight loss, even
in the absence of low BMI, is associated with increased mortality in COPD, likely because it
often represents loss of muscle, rather than fat, mass.3?

Strengths of our study include the replicability in two large, multicentre cohorts, our
longitudinal model design, and our examination of both muscle mass and function. The
smaller effect estimates reported for the ECLIPSE cohort are likely a reflection of the
shorter duration of follow-up: 3 years in ECLIPSE compared with 5 years in COPDGene,
given the annualised effects were consistent between cohorts. While loss to follow-up
presents a concern for bias in our results, our expanded analysis using partial data and
application of inverse probability weighting methods suggest that missing data did not alter
estimates notably (see online supplemental file 1).

Other limitations to our investigation include lack of data on physical activity, having only
two time points, and lack of causal inference. Due to the long time intervals used, we could
not observe acute muscle decrement associated with exacerbations and the potential
mechanism of incomplete recovery remains a hypothesis. The low exacerbation rate in the
at-risk subjects in the ECLIPSE cohort prevented us from replicating the effect noted in the
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at-risk subjects in the COPDGene cohort. Nonetheless, fat free mass index has been
previously associated with higher risk of exacerbations in ECLIPSE, corroborating our
findings.4? The true effect on those at-risk or with mild disease is of interest not only for the
possibility of early intervention, but because lung function decline was most prominent in
GOLD stage 1 participants in a recent longitudinal analysis of the COPDGene cohort.*!
Further, all of the exacerbation data was self-reported, which introduces recollection bias,
especially in the baseline data in which subjects were asked to recall the prior 12 months.
Subjects in COPDGene were contacted every 6 months, compared with monthly in
ECLIPSE, which may have resulted in relative under-reporting of exacerbations in the
COPDGene cohort.

In summary, we used clinical and radiological data from two cohorts of patients at risk for,
or diagnosed with, COPD to demonstrate an association between exacerbation rate over time
and an accelerated loss of skeletal muscle. Neither BMI nor 6 min walk performance
reflected the degree of skeletal muscle loss. CT phenotyping could prove to be a useful
methodology for assessing body composition as many patients already undergo imaging
scans for lung cancer screening or clinical concerns. Further work is needed to determine
whether PR attenuates muscle loss and whether intervention to preserve muscle mass can
alter prognosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages
What is the key question?

> Are respiratory exacerbations associated with chronic muscle loss in ever-
smokers?

What is the bottom line?

» Each annual exacerbation is associated with excess muscle loss equivalent to 6
months of age-related decline.

Why read on?

» Muscle wasting is noted across the spectrum of obstructive lung disease
severity and is associated with increased risk of death; finding and addressing
potential drivers represents an important therapeutic avenue.
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Consort diagram. (A) Evaluation of COPD Longitudinally to Identify Predictive Surrogate
Endpoints cohort; (B) Genetic Epidemiology of COPD cohort. ILD, interstitial lung disease.
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Estimated excess per cent loss of pectoral muscle area per annual exacerbation. The 1332
participants from ECLIPSE were followed for 3 years and the 4384 participants in
COPDGene were followed for 5 years. The dot represents the effect estimate for excess per
cent muscle loss and the whiskers correspond to the 95% CI. COPDGene, Genetic

Epidemiology of COPD; ECLIPSE, Evaluation of COPD Longitudinally to Identify

Predictive Surrogate Endpoints; GOLD, Global Initiative for Chronic Obstructive Lung

Disease.
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Table 1
Clinical characteristics of the cohorts

ECLIPSE COPDGene
Baseline characteristics
Sample size 1332 4384
Age, years (mean, SD) 61.8 (7.9) 59.8 (8.6)
Male (n, %) 847 (63.6) 2214 (50.5)
Caucasian (n, %) 1302 (97.7) 3093 (70.6)
Current smoker (n, %) 512 (38.4) 2122 (48.4)
Pack years on study entry (mean, SD) 45.8 (27.5) 42.8 (23.8)
BMI (mean, SD) 26.5 (5.1) 29.1 (5.9)
Chronic oral steroid use (n, %) 7(0.5) 64 (1.5)
Pectoral muscle area, cm? (mean, SD) 36.6 (10.9) 41.3 (15.3)

6-minute walk distance, m (mean, SD)
Baseline exacerbation history

An event in past year (%)

Mean rate, per year

A severe event in past year (%)
Mean severe rate, per year
Intercurrent exacerbation history
An event during follow-up (%)

>1 event per year (%)

Mean rate, per year

A severe event during follow-up (%)
>1 severe event per year (%)

Mean severe rate, per year

386.4 (118.3)

459
0.93
153
0.25

59.0
41.7
0.94
21.0
7.7
0.19

434.7 (113.1)

20.5
0.33
4.6
0.06

39.9
117
0.33
17.4
2.4
0.09

Page 16

Baseline exacerbation history represents participants’ self-reported 12-month exacerbation frequency at study enrolment. Intercurrent exacerbations
are those that occurred during the study and were assessed using periodic surveys during the study follow-up period. These data are available by

Global Initiative for Chronic Obstructive Lung Disease stage in online supplemental tables E1 and E2.

BMI, body mass index; COPDGene, Genetic Epidemiology of COPD; ECLIPSE, Evaluation of COPD Longitudinally to Identify Predictive

Surrogate Endpoints.
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Table 2

Percent change in pectoral muscle area and BMI by quintile of PMA loss

Page 17

Quintile of PMA

ECLIPSE

COPDGene

Median % change

Median % change

Median % change

Median % change

decline n PMA n PMA

0 503 8.2 0.8 1516 9.4 1.8
1 166 =21 -0.3 574 -25 0.1
2 166 -6.3 -1.3 574 -7.6 0.1
3 166 -9.7 -25 573 -12.5 -14
4 166 -14.7 -2.2 574 -18.6 -1.2
5 165 -22.4 -2.6 573 -27.9 -39

The Oth quintile represents those subjects who had an increase in their PMA during the study.

BMI, body mass index; COPDGene, Genetic Epidemiology of COPD; ECLIPSE, Evaluation of COPD Longitudinally to Identify Predictive
Surrogate Endpoints; PMA, pectoral muscle area.
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