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Background: Lower heart rate (HR) increases during exercise and slower HR recovery (HRR) after exercise are
markers of worse autonomic function that may be associated with risk of acute respiratory events (ARE).
Methods: Data from 6-min walk testing (6MWT) in COPDGene were used to calculate the chronotropic index (CI)
[(HR immediately post 6MWT - resting HR)/((220 — age) — resting HR)] and HRR at 1 min after 6MWT
completion. We used zero-inflated negative binomial regression to test associations of CI and HRR with rates of
any ARE (requiring steroids and/or antibiotics) and severe ARE (requiring emergency department visit or hos-
pitalization), among all participants and in spirometry subgroups (normal, chronic obstructive pulmonary dis-
ease [COPD], and preserved ratio with impaired spirometry).

Results: Among 4,484 participants, mean follow-up time was 4.1 years, and 1,966 had COPD. Among all par-
ticipants, CI-6MWT was not associated with rate of any ARE [adjusted incidence rate ratio (alRR) 0.98
(0.95-1.01)], but higher CI-6MWT was associated with lower rate of severe ARE [0.95 (0.92-0.99)]. Higher HRR
was associated with a lower rate of both any ARE [0.97 (0.95-0.99)] and severe ARE [0.95 (0.92-0.98)]. Results
were similar in the COPD spirometry subgroup.

Conclusion: Heart rate measures derived from 6MWT tests may have utility in predicting risk of acute respiratory
events and COPD exacerbations.

1. Introduction rate (HR) response to exercise are common in COPD, and may be

additional risk factors for AECOPD, but have not been well investigated

Chronic obstructive pulmonary disease (COPD) is a chronic, pro-
gressive, debilitating respiratory disease which is primarily a result of
tobacco smoking in high-income settings [1,2]. Acute exacerbations of
COPD (AECOPD) account for much of the morbidity and mortality in
COPD and are defined as periods of increased respiratory symptoms that
lead to a change in treatment [2,3]. Established risk factors for AECOPD
include previous AECOPD, low lung function, and a high burden of
respiratory symptoms [2,4]. Autonomic dysfunction and impaired heart

[5,6].

The autonomic nervous system innervates virtually every organ
system, is responsible for maintaining physiologic homeostasis, and has
a role in regulation of lung function, inflammation and immune func-
tion, and cardiac function, all of which have been implicated in COPD
and AECOPD [7,8]. One way to measure activity of the autonomic
nervous system is through heart rate responses to exercise. The initial
increase in HR during exercise is caused by withdrawal of
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parasympathetic activity (i.e. reduced vagal tone); with sufficient ex-
ercise intensity and duration, subsequent HR increases are caused by an
increase in sympathetic activity [9]. Chronotropic index quantifies the
proportion of expected HR increase achieved during exercise and can be
a marker of autonomic function [10]. HR responses to exercise are
ideally measured during cardiopulmonary exercise testing (CPET),
where there is a precise measure of exercise intensity, and the appro-
priateness of the heart rate response relative to metabolic demand can
be assessed. However, CPETs are technically demanding and not
commonly performed clinically, whereas 6-min walk tests (6MWT) are
commonly used in the clinical setting to assess functional exercise
performance.

We recently showed that lower chronotropic index obtained from
6MWT (CI-6MWT) was an independent risk factor for AECOPD in an
exacerbation-prone clinical trial cohort of 477 participants with COPD
[11]. A related marker of autonomic function is HR recovery (HRR),
which measures the rate of decrease in HR after exercise. HRR has also
been associated with risk of AECOPD in previous small studies (n = 101
and 385) with a relatively short, 12 month period of AECOPD ascer-
tainment [12,13]. Neither CI-6MWT nor HRR have been evaluated as a
risk factor for AECOPD in a large cohort.

Not all smokers develop COPD, and current and former smokers
without expiratory airflow obstruction [normal spirometry or preserved
ratio impaired spirometry (PRISm)] are also susceptible to acute respi-
ratory events (ARE) and deleterious consequences from these events,
such as faster decline in lung function [3,14]. Risk factors for ARE for
current and former smokers without COPD are not well defined, and we
are aware of no previous analyses of heart rate responses as risk factors
for ARE.

We used data from the Genetic Epidemiology of COPD (COPDGene)
study, a longitudinal cohort of 10,000 current and former smokers with
and without COPD, to test the hypotheses that CI-6MWT and HRR are
risk factors for AECOPD and ARE, and to compare the ability of CI-
6MWT and HRR to predict AECOPD and ARE.

2. Methods
2.1. COPDGene®

COPDGene (NCT00608764), is an ongoing, multi-site, longitudinal
cohort study of current and former smokers with 10 or more pack-years
of cigarette smoking. COPDGene enrolled non-Hispanic white and Af-
rican American participants who were 45-80 years of age at the time of
initial enrollment. Details of the study protocol have been previously
published [15]. In-person visits were performed at baseline and year 5.

Written, informed consent was obtained from all participants, and
the study was approved by institutional review boards at all 21 study
centers.

2.2. Participants

The COPDGene 6MWT protocol did not include recording of HR at
the baseline visit, but the year 5 visit included recording of HR at rest,
end of 6MWT, and 1 min after the end of 6MWT (recovery). Therefore,
the year 5 visit served as the baseline in this analysis. We included
participants who participated in year 5 6MWT, and had a 6MWT dis-
tance >0 m. We excluded participants who did not have spirometry or
HR data, those who reported a history of atrial fibrillation, and those
who had no follow up contacts after the year 5 visit.

2.3. Procedures and definitions

We used data from the COPDGene Longitudinal Follow-up (LFU)
program through March 2020 to calculate the rate of ARE (these are
AECOPD in those with COPD, but for simplicity we used the term ARE
throughout our results). The rate of ARE was our primary outcome. The
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LFU program uses automated telephone calls or web-based questions to
collect data on longitudinal outcomes, including ARE, every 3-6
months. Details of the LFU program have been previously published
[16]. ARE were defined as episodes of worsening respiratory symptoms
requiring antibiotics or steroids. Severe ARE were defined as those
requiring an emergency department visit or hospitalization. We per-
formed analyses in the entire pooled cohort of all eligible participants,
and in the separate spirometry subgroups of COPD [post-bronchodilator
FEV,/forced vital capacity (FVC) < 0.7], PRISm (FEV;/FVC >0.7 and
FEV; < 80% predicted), and normal spirometry (FEV;/FVC >0.7 and
FEV; > 80% predicted) [14,17].

6MWT were performed per American Thoracic Society guidelines at
the year 5 visit [18,19]. HRs were recorded using a pulse oximeter at
rest, immediately after 6MWT, and after 1-min of seated rest. We
defined CI-6MWT as [(HR immediately after 6 MWT - resting HR)/((220
- age in years) - resting HR)] [10,11]. We defined HRR as (HR imme-
diately after 6MWT — HR after 1 min of seated rest following 6MWT)
[13].

A complete medication history (including beta-blocker and non-
dihydropyridine calcium channel blocker use) was obtained on a sub-
group of 5,000 participants at the year 5 visit and used in secondary
analyses described below.

Mortality assessment in COPDGene was performed by multiple
methods, including through the LFU program and periodic searches of
the Social Security Death Index, as has been previously described [20].

2.4. Statistical analysis

In our primary analysis we treated CI-6MWT as a continuous variable
and used zero-inflated negative binomial regression to test the associa-
tion between CI-6MWT and rate of ARE in all participants, and sepa-
rately in those with COPD, PRISm, and normal spirometry. Adjusted
analyses accounted for age, sex, race, body mass index (BMI), FEV;
percent predicted, current vs former smoking status, and 6MWT dis-
tance. We did not adjust for other covariates, such as diabetes and hy-
pertension, that are associated with abnormal cardiac autonomic
function, but do not have a clear causal association with AECOPD and
thus do not meet the definition of a confounder [21-24]. In a secondary
analysis, we included only those who had a detailed medication history
taken at the year 5 visit, and additionally adjusted for beta-blocker and
non-dihydropyridine calcium channel blocker use. Additional secondary
analyses excluded those with CI-6MWT or HRR <0, due to concern these
data could be erroneous. We also tested for an interaction between
CI-6MWT and beta-blocker use on rate of ARE, based upon our results
from a secondary analysis of the Metoprolol for the Prevention of Acute
Exacerbations of COPD (BLOCK COPD) trial where we found that the
protective effects of a higher CI-6MWT on risk of AECOPD were negated
by assignment to metoprolol vs placebo [11,25].

We performed these same analyses using HRR our primary predictor
instead of CI-6MWT. To investigate whether CI-6MWT or HRR was a
better predictor of the rate of ARE, we used the test mean squared error
(MSE) from leave-one-out cross validation using zero-inflated negative
binomial regression models from the primary analysis, adjusting for the
same covariates in adjusted analysis. Probability estimates represent the
proportion of time when HRR’s test MSE outperformed CI-6MWT’s test
MSE.

In an additional secondary analysis, we used Cox proportional haz-
ards models to assess all-cause mortality after the measurement of CI-
6MWT and HRR. In adjusted analysis, we included the same cova-
riates as in the primary analysis. We also used Kaplan-Meier curves and
log-rank tests to compare all-cause mortality by quartile of CI-6MWT
and HRR for both our entire cohort and those with COPD; we were
unable to perform these analyses in the PRISm or normal spirometry
subgroups due to a low number of deaths and low study power for all-
cause mortality in these subgroups.

In the adjusted analyses for ARE and mortality, we also tested for an
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interaction between heart rate measures (HRR and CI-6MWT) and sex on
the outcome of interest and reported stratified analyses if the interaction
term was significant.

3. Results
3.1. Participants

Of 6,284 study participants who attended the year 5 visit, 4,484 were
included in this analysis (Fig. 1).

Baseline characteristics of all participants (Total) and stratified by
spirometry classification are shown in Table 1. Among all participants,
the mean (SD) age was 65.4 (8.4) years, 51.4% were female, and 73.0%
were white. Median CI-6MWT was 0.3 (IQR 0.18 to 0.43) and was
similar across spirometry subgroups. Median HRR was 12 (IQR 6 to 20)
beats/minute and was lower in those with COPD compared to normal
spirometry. Participants had a mean of 4.1 (1.4) years of follow-up and
this was similar across spirometry subgroups.

Compared to the PRISm and normal spirometry subgroups, partici-
pants in the COPD subgroup were older, had greater pack-year smoking
history, and were more likely to be on COPD medications. Participants
in the PRISm subgroup were more likely to be current smokers and have
diabetes than participants in the COPD or normal spirometry subgroup.

The mean rate of ARE was 0.34 per person-year among all partici-
pants and was highest in those with COPD, at 0.52 per person-year. The
mean rate of severe ARE was 0.14 per person/year, and similarly was
highest in those with COPD at 0.21 per person/year. Mortality during
follow up was 8.6% overall, and higher in those with COPD (14.1%)
than those with PRISm (6.5%) or normal spirometry (3.8%).

3.2. CI-6MWT and acute respiratory events

Unadjusted associations between CI-6MWT and rates of any ARE and
severe ARE are included in the online supplement (e-Table 1).

In adjusted analysis, CI-6MWT was not associated with the rate of
any ARE (Fig. 2). Higher CI-6MWT was associated with a lower rate of
severe ARE among all participants (adjusted incidence rate ratio [aIRR]
0.95 [0.92 to 0.99] per 0.1 unit change in CI-6MWT), and in those with
COPD (aIRR 0.96 [0.92 to 1.00]).

There were no significant interactions between CI-6MWT and beta-
blocker treatment on rate of ARE, or severe ARE, when all participants
were included (e-Table 2). There was a significant interaction (interac-
tion p-value 0.036) between CI-6MWT and treatment with beta-blockers
on rate of severe ARE in participants with PRISm, but not in those with

10,198 participants attended
baseline COPDGene visit

v

6,284 participants attended year
5 COPDGene visit
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COPD or normal spirometry.

Results were generally similar after including beta-blocker use and
non-dihydropyridine calcium channel blocker use as co-variates in the
adjusted model (e-Fig. 1), and after excluding participants with CI-
6MWT or HRR <0 (e-Table 3 and e-Fig. 2).

There were statistically significant interactions between CI-6MWT
and sex on rate of ARE and severe ARE, but there were no significant
associations when the analyses were stratified by sex (e-Table 4).

3.3. HRR and acute respiratory events

In adjusted analysis, higher HRR was associated with a lower rate of
any ARE [aIRR 0.97 (0.95-0.99) per 5 beat/minute change] and severe
ARE [aIRR 0.95 (0.92-0.98)] among all participants; associations in the
COPD subgroup were similar (Fig. 3). Results from unadjusted analysis
are included in the online supplement (e-Table 5). There were no sig-
nificant interactions between beta-blocker use or sex and HRR on rate of
ARE (e-Tables 6 and 7).

Results were similar after additionally adjusting for metoprolol and
non-dihydropyridine calcium channel blocker use (e-Fig. 3), and
excluding those with CI-6MWT or HRR <O (e-Fig. 4 and e-Table 8).

3.4. Comparison of CI-6MWT and HRR

We found no statistically significant difference in the performance of
CI-6MWT and HRR in the prediction of ARE (Table 2).

3.5. Mortality

Higher CI-6MWT and HRR were associated with a lower risk of
mortality in crude, unadjusted analyses (e-Table 7), but these relation-
ships were not significant after covariate adjustment (Table 3). In
mortality analyses by CI-6MWT and HRR quartiles (rather than as
continuous variables), there was no significant difference in mortality by
CI-6MWT quartile (e-Fig. 5), but there was a significant difference in
mortality by HRR quartile among all participants (log-rank p-value
<0.0001), and in those with COPD (log-rank p-value 0.006) (e-Fig. 6).
There were no significant interactions between CI-6MWT or HRR and
sex on risk of mortality (e-Table 10).

4. Discussion

In a large cohort of current and former smokers, higher chronotropic
index obtained from 6-min walk and higher heart rate recovery were

v

Reasons for exclusion

825 no six-minute walk or distance =0
56 no spirometry data

281 with history of atrial fibrillation

1 missing 6MW heart rate data

637 no follow up contacts

\ 4

4,484 participants included in
this analysis

Fig. 1. Study participant flow diagram.
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Table 1
Descriptive statistics of included participants by mean (SD), N (%), or median

[IQR].

Covariate Total COPD* PRISm” Normal*
N = N = (N = 540) N =
4484) 1966) 1978)
Demographics 65.4 68.0 62.8 63.6
Age, years (8.43) (8.08) (8.15) (8.15)
Female (%) 2303 901 311 1091
(51.4%) (45.8%) (57.6%) (55.2%)
White Race (%) 3273 1540 342 1391
(73.0%) (78.3%) (63.3%) (70.3%)
BMI, kg/m"2 28.9 27.9 31.8 29.1
(6.26) (6.15) (7.12) (5.85)
Current Smoker (%) 1636 665 238 733
(36.5%) (33.8%) (44.1%) (37.1%)
Smoking History, pack-  43.4 50.3 41.3 37.0
years (23.1) (24.4) (22.3) (19.7)
Lung function and O2 use  0.68 0.54 0.76 0.78
FEV1/FVC ratio (0.15) (0.12) (0.05) (0.05)
DLCO, % predicted 78.3 66.8 78.6 89.0
(22.7) (22.3) (18.8) (18.49)
FEV1, % predicted 78.8 62.0 70.5 (7.6) 97.8
(24.2) (22.6) 11.7)
Baseline Sp0O2, % 96.1 95.3 96.5 96.9
(2.76) (3.34) (2.09) (1.94)
Supplemental 02 Use 488 425 23 (4.3%) 40 (2.0%)
(%) (10.9%) (21.6%)
Medication use (%)
Current COPD 1789 1246 199 344
Medication Use (39.9%) (63.4%) (36.9%) (17.4%)
LAMA Use 528 440 44 (8.9%) 44 (2.4%)
(12.8%) (24.7%)
LABA Use 653 509 68 76 (4.1%)
(15.9%) (28.6%) (13.7%)
ICS Use 917 701 92 124
(22.3%) (39.4%) (18.5%) (6.7%)
Oral beta-blocker” 572 287 83 202
(12.8%) (14.6%) (15.4%) (10.2%)
Non-dihydro. Ca. 77 (1.7%) 55 (2.8%) 4 (0.7%) 18 (0.9%)
channel blocker*
Comorbidities (%)
Coronary Artery 353 195 43 (8.0%) 115
Disease (7.9%) (9.9%) (5.8%)
Diabetes 748 312 143 293
(16.7%) (15.9%) (26.5%) (14.8%)
Hypertension 2242 1038 314 890
(50.0%) (52.8%) (58.1%) (45.0%)
Hyperlipidemia 2020 904 263 853
(45.0%) (46.0%) (48.7%) (43.1%)
Congestive Heart 117 71 (3.6%) 19 (3.5%) 27 (1.4%)
Failure (2.6%)
Peripheral Vascular 124 77 (3.9%) 16 (3.0%) 31 (1.6%)
Disease (2.8%)
Physiologic Variables
6-min walk test 1339 1237 1272 1457
distance, ft (393.3) (401.6) (359.8) (360.0)
Resting HR, beats per 73.3 74.6 74.0 71.7
minute (12.2) (12.4) (12.6) (11.6)
HR post 6-min walk 98.2 98.1 97.1 98.7
test, beats per minute (18.5) (18.2) (18.5) (18.7)
Chronotropic Index 0.30 0.30 0.27 0.31
[0.18, [0.17, [0.16, [0.19,
0.43] 0.43] 0.39] 0.45]
Heart Rate Recovery, 12 [6, 20] 11 [5, 19] 12 [6, 20] 13 [7, 21]
beats per minute
Follow up and event rates
Years of follow-up data 4.1 (1.4) 4101.4) 4.0 (1.4) 4.2 (1.3)
Rate of Events, events/ 0.34 0.52 0.31 0.17
yr
Rate of Severe Events, 0.14 0.21 0.15 0.07
events/yr
Died during follow-up 388 277 35 (6.5%) 76 (3.8%)
(%) (8.7%) (14.1%)

BMI, body mass index; COPD, chronic obstructive pulmonary disease; DLCO,
diffusing capacity for carbon monoxide; FEV;, forced expiratory volume in 1-s;
FVC, forced vital capacity; HR, heart rate; ICS, inhaled corticosteroid; LABA,
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long acting beta-agonist; LAMA, long acting muscarinic antagonist; 02, oxygen;
PRISm, preserved ratio impaired spirometry; SpO2, pulse oximetry saturation.

2 : COPD was defined as an FEV;/FVC ratio <0.7.

b PRISm was defined as an FEV,/FVC ratio >0.7 and an FEV; < 80%
predicted.

¢ . Normal spirometry was defined as an FEV;/FVC ratio >0.7 and FEV; > 80%
predicted.

4 : Comprehensive medication data was only collected on the first 5000 par-
ticipants at the year 5 visit. Data on beta-blocker use and non-dihydropyridine
calcium channel blocker use was missing for 1250 (27.9%) participants.

(a) Any Acute Respiratory Event

-
(n=4,484)
e
(n=1,966)
(n=540)
(n=1,978)
0.8 1.0 1.2

Adjusted Incidence Rate Ratio

(b) Severe Acute Respiratory Event

TomaL ——
(n=4,484)
(n=1,966)
PRISm k | 1.01 (0.88 to 1.16)
(n=540)
(n=1,978)

0.8 1.0 1.2
Adjusted Incidence Rate Ratio

Fig. 2. Adjusted incidence rate ratios (alRR) for the association between
chronotropic index obtained from 6-min walk test (CI-6MWT) and rate of (a)
any acute respiratory events and (b) severe acute respiratory events (requiring
emergency department visit or hospitalization). Results are presented for all
participants (Total), and by spirometry subgroup. Incidence ratio ratios are
austed for age, sex, race, body mass index (BMI), FEV; percent predicted,
current vs former smoking status, and 6-min walk test distance. alRRs represent
the change in rate for each 0.1 unit change in CI-6MWT.

COPD, chronic obstructive pulmonary disease; PRISm, preserved ratio,
impaired spirometry.
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(a) Any Acute Respiratory Event

TOTAL 0.97 (0.95 to 0.99)
(n=4,484)
COPD —e—i 0.96 (0.94 to 0.99)
(n=1,966)
PRISM —
(n=540)
Normal —e1— 0.99 (0.94 to 1.04)
(n=1,978)
0.8 0.9 1.0 1.1 1.2
Adjusted Incidence Rate Ratio
(b) Severe Acute Respiratory Event
TOTAL ——
(n=4,484)
(n=1,966)
PRISm C | 0.93 (0.84 to 1.03)
(n=540)
Normal ——1 0.97 (0.90 to 1.04)
(n=1,978)
0.8 0.9 1.0 1.1 1.2

Adjusted Incidence Rate Ratio

Fig. 3. Adjusted incidence rate ratios (aIRR) for the association between heart
rate recovery (HRR) and rate of (a) any acute respiratory events and (b) severe
acute respiratory events (requiring emergency department visit or hospitaliza-
tion). Results are presented for all participants (Total), and by spirometry
subgroup. Incidence ratio ratios are adjusted for age, sex, race, body mass index
(BMI), FEV; percent predicted, current vs former smoking status, and 6-min
walk test distance. aIRRs represent the change in rate for each 5 beat/minute
change in HRR.

COPD, chronic obstructive pulmonary disease; PRISm, preserved ratio,
impaired spirometry.

both associated with lower rates of ARE.

Our primary goal in this analysis was to evaluate the association
between CI-6MWT and ARE. In a secondary analysis of the BLOCK COPD
trial, we found that higher CI-6MWT was associated with decreased risk
of any AECOPD (adjusted hazard ratio 0.88, 95% CI: 0.80 to 0.96), but
not hospitalized AECOPD (0.94, 95% CI 0.81 to 1.10) [11]. However,
the generalizability of those findings were limited by the study’s
enrollment of only exacerbation-prone participants with at least
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Table 2

Comparison of the relationship between chronotropic index obtained from 6-
min walk test (CI-6MWT) and acute respiratory events, and between heart
rate recovery (HRR) and acute respiratory events. The mean squared error (MSE)
is a measure of the difference between the rate of acute respiratory events
predicted by the model and rate of acute respiratory events observed in the data.
A lower MSE is associated with a better model fit.

Group Outcome HRR CI-6MWT Probability
MSE MSE Estimate”
Unadjusted”

Overall  Any Event 9.228 9.243 0.534
Severe 2.676 2.675 0.505
Event

COPD Any Event 13.6 13.663 0.538
Severe 3.529 3.532 0.505
Event

PRISm Any Event 8.591 8.637 0.539
Severe 4.144 4.184 0.567
Event

Normal  Any Event 4.066 4.054 0.512
Severe 1.275 1.267 0.485
Event

Adjusted"

Overall  Any Event 8.079 8.084 0.471
Severe 2.522 2.529 0.488
Event

COPD Any Event 12.03 12.043 0.478
Severe 3.334 3.346 0.499
Event

PRISm Any Event 8.273 8.388 0.483
Severe 4.111 4.214 0.493
Event

Normal  Any Event 3.905 3.893 0.479
Severe 1.243 1.236 0.497
Event

CI-6MWT, chronotropic index obtained from 6-min walk test; COPD, chronic
obstructive pulmonary disease; HRR, heart rate recovery; MSE, mean squared
error; PRISm, preserved ratio impaired spirometry.

 Estimated probability that HRR is a better predictor of exacerbations than CI-
6MWT based on mean squared error (MSE) of leave-one-out cross validation
(LOOCV) with a zero-inflated negative binomial regression model.

b Unadjusted analysis represents univariate analysis for heart rate recovery or
chronotropic response.

¢ Adjusted for age, sex, race, body mass index, forced expiratory volume in 1-s
% predicted, current vs. former smoking status, and 6-min walk test distance.

Table 3

Associations between chronotropic index obtained from 6-min walk test (CI-
6MWT) and all-cause mortality, and between heart rate recovery (HRR) and all-
cause mortality. Hazard ratios represent the change in risk for a 0.1-unit change
in CI-6eMWT or 5 beat/minute change in HRR, and are obtained from Cox pro-
portional hazards models.

Spirometry Predictor  Adjusted Hazard Ratio” (95% Conf. P-
Group Int.) value
Total CI- 0.998 (0.953, 1.044) 0.922
6MWT
HRR 0.99 (0.95, 1.032) 0.633
COPD CI- 0.993 (0.942, 1.047) 0.802
6MWT
HRR 0.981 (0.934, 1.03) 0.441

CI-6MWT, chronotropic index obtained from 6-min walk test; Conf. Int., confi-
dence interval; COPD, chronic obstructive pulmonary disease; HRR, heart rate
recovery; PRISm, preserved ratio impaired spirometry.

@ Models account for age, sex, race, BMI, FEV,% predicted, current vs former
smoking status and 6-min walk test distance.

moderate COPD (mean FEV; was 41% of predicted normal) and no
indication for beta-blocker therapy [25]. This current analysis largely
validates and extends our prior findings, and supports the notion that
higher CI-6MWT is associated with a lower risk of ARE/AECOPD.

In studies using CPET to investigate chronotropic response in COPD,
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chronotropic insufficiency defined as a chronotropic index <0.8 is
common [5,26]. Chronotropic insufficiency measured by CPET is asso-
ciated with decreased exercise tolerance and increased risk of mortality
in the general population, and in COPD [5,10,26]. The etiology of
chronotropic insufficiency in COPD is unknown. Proposed etiologies
include smoking, cardiovascular disease, respiratory limitations to ex-
ercise, autonomic dysfunction, and dynamic hyperinflation [26,27].
These proposed etiologies may lead to chronotropic insufficiency via
chronic neurohumoral activation in COPD, which may lead to
down-regulation and decreased responsiveness of cardiac beta re-
ceptors, and inability to respond to sympathetic activation with an
appropriate increase in heart rate [28-30].

We did not find a significant interaction between CI-6MWT and beta
blocker use on time to ARE in the overall analysis, or in the COPD
subgroup. In our BLOCK COPD analysis, we found that participants who
had a higher CI-6MWT and were subsequently assigned to metoprolol
had a higher risk of AECOPD than those assigned to placebo [11]. We
may have found no significant interaction in this COPDGene analysis
because participants had stronger clinical indications for beta-blocker
therapy, as opposed to BLOCK where participants had no class I in-
dications for beta blocker treatment and were randomly assigned to
metoprolol vs placebo. We also had limited power to evaluate for
medication interactions, with only 287 COPDGene participants with
COPD on beta-blocker therapy and lower rates of exacerbations than in
BLOCK COPD. We did find a significant interaction between CI-6MWT
and beta-blocker treatment on rate of severe ARE in those with
PRISm, but we only had 83 participants with PRISm on beta-blockers
and did not adjust for multiple testing, increasing the risk of type 1 error.

Lower HRR is another measure of autonomic dysfunction which is
commonly observed and associated with increased mortality in people
with COPD [31]. Lower HRR has previously been associated with
increased risk of AECOPD. In a previous analysis of HRR in COPDGene
(n = 385), Zhao and colleagues found that HRR <10 at the year 5 visit
was associated with an increased risk of self-reported AECOPD (not the
scheduled longitudinal surveys used in our current analysis) in the year
before the year 10 visit [13]. Rodriguez and colleagues (n = 101) found
that HRR <14 beats/minute was associated with increased risk of
AECOPD in the subsequent 12 months [12]. Our analysis, with its
comparatively much larger sample size and close longitudinal follow-up
over five years, provides strong evidence that HRR is independently
associated with risk of ARE/AECOPD.

When we compared the ability of HRR and CI-6MWT to predict ARE,
we found no statistical difference in the ability of these measures to
predict ARE in all participants or any spirometry subgroup. Though only
HRR, and not CI-6MWT, had a statistically significant association with
rate of any ARE, the point estimates and confidence intervals for HRR
and CI-6MWT were very similar across ARE analyses. Our finding of no
difference is not a surprising result, as both of these measures are
inherently dependent on the heart rate at the end of the 6MWT. How-
ever, they measure different components of the autonomic response to
exercise; CI-6MWT reflects both parasympathetic withdrawal and sym-
pathetic activation with onset of exercise, while HRR at 1 min pre-
dominantly reflects the re-introduction of parasympathetic input to
heart rate control and is likely less affected by sympathetic inputs [31,
32].

We also analyzed the relationships between CI-6MWT, HRR, and
mortality. Higher CI-eMWT and HRR were both associated with
decreased risk of mortality in unadjusted analysis, but not after adjust-
ment for covariates. These findings are in contrast to previous analyses
of CI and HRR in people with and without COPD where lower CI and
HRR were associated with increased mortality [26,31-34]. These studies
included participants with worse lung function (in those limited to
COPD), used different exercise testing modalities, and used different
analytic methods (strong associations between CI, HRR, and mortality
were consistent across studies in unadjusted analyses). We are aware of
only one other study that analyzed the relationship between
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chronotropic response during 6MWT and mortality in chronic lung
disease or other disease states. Holland and colleagues analyzed 62
participants with interstitial lung disease who underwent 6MWT, 54 of
whom also underwent incremental exercise testing, and found that
impaired chronotropic response was independently associated with
mortality; findings were similar for 6MWT and incremental exercise
testing [35].

Our study has several limitations. We did not have a measure of work
rate to assess the appropriateness of the heart rate at the end of the
6MWT. Participants may have a low post 6MWT heart rate, and subse-
quently a low CI-6MWT and HRR, due to autonomic dysfunction, res-
piratory limitations to exercise, cardiovascular limitations to exercise,
changes in pace or pauses during testing, or other limitations to exercise
such as effort, pain, or peripheral muscle weakness. Without assessment
of the degree of the appropriateness of the heart rate, we cannot
determine the underlying mechanism of our findings. Additionally,
other measurements of cardiac autonomic function, such as heart rate
variability, which could provide additional context for our findings, are
not available in COPDGene. The lack of a clear mechanism and small
amount of increased risk for these heart rate measures limit the clinical
implications of our results. Detailed cardiopulmonary physiologic
testing in a cohort of exacerbation-prone COPD patients could help to
clarify these findings and identify therapeutic targets. Finally, HR data
during 6MWT was not collected at the baseline visit and this introduces
possible selection bias and survival bias to our cohort, in which we
necessarily began follow up at the year 5 visit.

Our study also has several strengths. COPDGene is a well charac-
terized, multi-center, longitudinal cohort that allowed us to analyze
more than 4,400 participants across spirometry subgroups. The use of
the LFU program data provided an opportunity to analyze over 5,000
AREs over more than 4 years of follow-up. Finally, though the 6MWT has
several limitations compared to more detailed physiologic testing, it is
inexpensive and fairly easily to assess in routine clinical practice.

In summary, our data provide further evidence that impaired HR
responses to exercise, possibly reflecting autonomic dysfunction, may be
novel risk factors for AECOPD. Future studies should validate these
findings using exercise testing with more comprehensive physiologic
measures, identify the etiology of low CI and HRR in COPD, and
determine if this is a potentially modifiable factor to reduce AECOPD
risk.
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