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Background: Automatic dysfunction is present in patients with Chronic Obstructive Pulmonary Disease (COPD). Heart rate recovery
at 1 min (HRR1) after Cardiopulmonary Exercise Testing (CPET) serves an indicator of automatic function. Despite its potential
significance, this primary method is still not well understood or widely utilized in predicting the progression of COPD. This study
aimed to determine whether this indicator predicts acute exacerbations of COPD (AECOPD).

Methods: In this prospective cohort study, 62 patients with COPD were recruited from 2013 to 2017. All participants underwent
CPET test and followed up for 5 years thereafter. Univariate and multivariate linear regression, as well as Cox regression, were utilized
to identify the abnormal HRR1 and the variables influencing AECOPD.

Results: HRR1 after CPET was a significant correlation of COPD progression. According to the Receiver Operating Characteristic
curve, 14 beats/min for HRR1 was optimally used to measure the characteristics of COPD patients. HRR1<14 beats/min significantly
predicted the time to the first AECOPD (p=0.00032, Log rank test). In the Cox proportional hazard models, HRR1<14 beats/min was
also consistently correlated with AECOPD occurrence (Hazards ratio=8.30, p=0.001).

Conclusion: HRR1 after CPET was an independent predictor of AECOPD. Thus, this index can be applied to observe the conditions
and treatment results of COPD patients.
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Introduction
Chronic Obstructive Pulmonary Disease (COPD) is the third leading cause of death worldwide, which is
a heterogeneous, multifaceted disease with intrinsic or exogenous disease determinants.! Currently, no pharmacotherapy
has effectively mitigated the rapid decline in forced expiratory volume in 1 second (FEV1). Smoking cessation has only
been shown to have the most impactful intervention in changing the natural course of COPD.? Frequent exacerbations of
COPD adversely impact health outcomes, including hospitalizations, readmissions, and disease progression. These
exacerbations are the primary drivers of COPD-related morbidity, mortality, and healthcare costs. Consequently, reducing
the incidence of acute exacerbations (AE) of COPD (AECOPD) is a crucial aspect of effective disease management.
Autonomic dysfunction is associated with the early stages of COPD.? Studies in various populations indicate that
abnormal heart rate recovery (HRR) following exercise testing is a critical indicator of vagal reactivation.* ® That is an
indicator of determining cardiac autonomic function.” In respiratory clinical settings, the 6-Minute Walk Test and
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Cardiopulmonary Exercise Testing are commonly used to assess cardiopulmonary function and exercise capacity. 6WMT
is widely used due to its simplicity and well-tolerated ability to provide information on exercise capacity.” Nevertheless,
the 6MWT has limitations as the results can be influenced by the individual’s motivation and subjectivity. Additionally, it
provides limited insight for physicians to evaluate the underlying reasons and processes for a patient’s dyspnea or
hypoxia. Additionally, 6 MWT lacks the capability to capture detailed physiological parameters throughout the exercise
interval, such as oxygen uptake (VO2), carbon dioxide production (VCO2), and oxygen pulse. Cardiopulmonary exercise
testing (CPET) is a thorough and objective evaluation of an individual’s respiratory, cardiovascular, muscular, and
metabolic reactions to physical stress, which adeptly compensates for these limitations. Therefore, we hypothesized that
HRR after CPET might predict the prognosis of COPD.

Materials and Method

This is a prospective study that enrolled COPD patients recruited from the outpatient clinic of the Beijing Friendship Hospital
between 2013 and 2017. All participants before the training, all participants were provided with written and oral information
about this program, and signed an informed consent form. Our study complies with the Declaration of Helsinki. The Ethics
Committee of Beijing Friendship Hospital approved the study protocol (No: 2018-P2-048-01, Date: 2018-03-29).

The main inclusion criteria of the participants were (1) previous diagnosis of COPD according to the GOLD
guidelines (FEV1 to forced vital capacity <0.7 and 30-80% of predicted FEV1 after 400-pg albuterol inhalation) and
(2) stable clinical stage (at least 6 weeks without infection or AEs). The exclusion criteria were (1) a previous diagnosis
of cardiac disease, such as coronary artery disease, valvular disease, arrhythmia, or heart failure and (2) use of
pacemakers, implantable defibrillators, or medications that affect HR (such as beta-blockers and non-dihydropyridine
calcium ion-channel blockers) (3) people on supplemental oxygen at rest or during exertion.

The sample size for confidence intervals for a single proportion was calculated using PASS 11.0 (NCSS, Kaysville,
UT). Patients were followed up for 5 years after the CPET—all patients were contacted by telephone every 3 months.
Investigators recorded the patients’ clinical characteristics and frequency of AECOPD (with or without hospital
admission). According to the GOLD guidelines, AECOPD was defined as an acute deterioration of respiratory symptoms
that results in additional therapy or leads to a change in medication.” All CPETs were conducted on a bicycle ergometer
with a ramp-protocol cycle test (Via Sprint; CareFusion, Hoechberg, Germany). As described in our previous study®,
after a 3-min rest, patients engaged in unloaded pedaling for 3-min intervals with an increasing exercise intensity at a rate
of 520 W/min (according to the predict peak work). Participants were allowed to set their pedaling pace, provided it
remained above 60 rpm. All participants were encouraged to cycle until they reached their maximum physical activity
with subjective exhaustion such as leg fatigue, intolerable breathlessness, and myocardial ischemia (usually presenting as
chest pain, heart block, loss of balance, dizziness, and even faintness), which prevented further movement. The
termination criteria also included the following:® (1) oxygen saturation via pulse oximetry (SpO2) <88%, (2) ventricular
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tachycardia, (3) 22 mm of horizontal or down-sloping ST-segment depression, (4) blood pressure (BP) >240/130 mmHg,
and (5) a drop in systolic blood pressure >20 mmHg from the highest value during exercise. Prior to conducting the
CPET, all participants underwent a pulmonary function test using the Master Screen system (Master Screen Body,
CareFusion). The test was conducted by a trained exercise technician under physician supervision. Gas exchange and
ventilatory response were measured continuously using a breath-by-breath automated computer system. The highest 30-s
average value of oxygen uptake (VO2), carbon dioxide production (VCO2), ventilation (VE), and SpO2 were defined as
their peak values during the test. HR was measured using an electrocardiogram. BP was measured at two-minute
intervals, using a sphygmomanometer. The anaerobic threshold (AT) was determined using the V-slope method. The
cardiac function and exercise capability during exercise were estimated by the slopes of HR/VO2, VO2/watts, and VE/
VCO02."” The VE/VCO2 slope (VE plotted versus VCO, slope) was calculated by linear regression from rest to AT
during exercise. HRR1 was calculated as follows:

HRR1 = HR at peak exercise (HR peak) — HR at 1 min of recovery

Avoiding the influence of HRR caused by postural changes,'' the participants remained seated on the cycle for 3 min
throughout the recovery phase.

Statistical Analyses

The statistical studies were performed using the R computer language (version 4.2.2). The independent sample -test and
Pearson’s chi-square test were used to analyze the initial characteristics of HRR1 in COPD patients. Mean and standard deviation
represent continuous variables, whereas median and interquartile range are used to present categorical data. Univariate and
multivariate linear regression models were utilized to identify the abnormal HRR and the variables influencing AECOPD. The
receiver operating characteristic (ROC) curve analysis and optimal critical value of HRR1 for AECOPD prediction were
performed. Subsequently, examine the relationships between HRR1 and acute exacerbation rate of COPD using a Cox regression
model with a stepwise selection from variables. P values in all statistical tests were considered significant at p<0.05.

Results

Two patients were lost during the follow-up period due to lost connection; 60 patients were evaluated in this study, and 21 of
them had AECOPD. The demographic and baseline characteristics, pulmonary functions, and CPET characteristics of the
patients in COPD with different HRR1 are summarized in Table 1. The characteristics of patients were analyzed by HRR1
stage (HRR1>14 beats/min and HRR1<14 beats/min). No significant difference was observed between the groups regarding
the GOLD stage and Pulmonary Function Test. Otherwise, VO,/HR may potentially influence COPD evaluation in CPET.

To identify the variables associated with HRR1 after the CPET, univariate and multivariate linear regression were used to
analyze in Table 2. HRR1 aft er the CPET test was significantly negatively correlated with AE frequency (p<0.0001), and
HRR1 was correlated with FEV1 (p<0.025). In Table 3, both univariate and multivariate regression analyses showed that
HRRI1 was the only independent predictor of the first exacerbation of COPD at the 5-year follow-up (p<0.0001).

ROC curves determined that HRR1 was a predictor of AE of COPD (Figure 1), and the cutoff point was 14 beats/min
(95% CI, 0.740-0.932). HRR1<14 beats/min showed a significant possibility of obtaining the first AE time (p=0.00032);
the result could be observed significantly in 20 months (Figure 1).

In fully adjusted models, the hazard ratio for the occurrence of re-AECOPD in patients with HRR1<14 beats/min was
8.35 (95% CI, 2.30-30.04, p=0.001); thus, such patients easily experienced AE compared with HRR1 >14beats/min. Age
(hazards ratio=0.91; 95% CI, 0.84-1.00, p=0.041) and FEVI1/FVC (hazards ratio=0.887; 95% CI, 0.8026-0.9797,
p=0.018) also influenced with the occurrence time (Figure 2).

Discussion

Our study demonstrated that HRR1<14 beats/min was significantly associated with the exacerbations in COPD patients
who underwent CPET. These strong associations between HRR and prognosis persisted even after controlling for other
confounding variables. To the best of our knowledge, this is the first study with a 5-year follow-up observation of HRR
following CPET to predict primary outcomes in COPD patients.
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Table | Demographic and Baseline Characteristics, Pulmonary Functions, and CPET Characteristics of Patients with COPD

Variables HRRI>14 beats/min HRRI<14 beats/min Total p-val
General Characteristics
Total Patients, n (%) 41 (68.33) 19 (31.67) 60 (100.0)
Acute exacerbation (%) 14.63 78.95 35 0.0001*
Gender, M/F (n) 35/5 1971 54/6 0.405
Age (years) 62.78 (7.92) 69.11 (7.96) 64.78 (8.40) 0.006*
Smoking (pack-years) 25.96 (19.68) 38.79 (36.40) 30.00 (10.00-45.00) 0.163
BMI (kg/m?) 25.02 (3.72) 24.84 (3.47) 2497 (3.61) 0.858
Presence of comorbidities (n) 19 14 33 0.048*
Diabetes, n (%) 2 (10.5) 3214 5(83) 0.357
CHD, n (%) 3(15.8) 4 (28.6) 7(117) 0.267
Hypertension, n (%) 17 (89.5) 12 (85.7) 29 (48.3) 0.118
GOLD (l/1i/1my 1123/17 1/8/10 2/31/27 0.592
Pulmonary function
VC (L) 2.91 (0.66) 2.70 (0.60) 2.85 (0.65) 0.282
FvC 2.87 (0.66) 2.76 (0.54) 2.83 (0.62) 0.542
FEVI (% pred) 56.60 (14.10) 54.69 (15.80) 56 (14.55) 0.641
FEVI/FVC (%) 59.25 (51.40-63.85) 58.47 (48.26-61.80) 59.11 (50.13-63.05) 0.178
Cardiopulmonary exercise test (CPET)
Basal heart rate (beats/min) 86.88 (12.93) 90.32 (9.29) 87.97 (1.54) 0.303
Peak heart rate (beats/min) 137.37 (18.58) 122.79 (18.37) 132.75 (2.53) 0.006*
Peak heart rate (% pred) 87.95 (12.14) 81.53 (10.26) 85.92 (11.88) 0.05*
HRRI (BPM) 22.00 (17.50-29.50) 12.00 (9-13) 18 (13-24) 0.0001*
Peak VO, (mL/min) 1907.00 (166.50-2048.00) 1734.00 (1554.00-1885.00) | 1817.00 (1637.75-2001.00) | 0.094*
Peak VO, (% pred) 77.00 (62.00-91.00) 71.00 (66.00-78.00) 73.00 (64.00-82.75) 0.023*
PWORK (watt) 90.00 (80.0-128.0) 80.00 (70.0-95.0) 90 (75.5-119.5) 0.029%*
PWORK (% pred) 85.00 (64.00-111.00) 79.00 (72.50-92.50) 81.00 (69.00-105.5) 0.229
VO,/W slope 8.90 (7.96-10.13) 8.20 (7.33-8.97) 8.83 (7.62-9.65) 0.294
VO,/W slope<9mL/min/Watt | 22 (53.66%) 15 (78.95%) 37 (61.67%) 0.061%
VO,/HR (mL/beats) 10.28 (2.08) 9.52 (1.03) 10.04 (1.84) 0.064*
VO,/HR (%pred) 86.22 (13.72) 86.32 (18.25) 86.25 (15.14) 0.982
AT (mL/min) 977.24 (277.46) 832.58 (234.80) 931.43 (271.32) 0.054%
AT (%) 52.73 (13.97) 46.32 (16.98) 50.70 (14.53) 0.112
Peak VCO, (mL/min) 1437.00 (1238.00-1963.50) | 1216.00 (1098.00—1550.00) | 1432.00 (1159.75-1950.75) | 0.044*
Ve/VCO, slope 28.15 (24.65-30.74) 28.90 (26.67-31.40) 28.47 (25.82-31.14) 0.455
EQVCO, 31.50 (29.10-34.40) 33.10 (31.00-38.40) 31.85 (29.35-34.85) 0.074*
(Continued)
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Table | (Continued).

Variables HRRI1>14 beats/min HRRI<I4 beats/min Total p-val
SpO2 decline>4% (n) 7 7 14 0.175
PVE (L/min) 46.00 (39.50-60.00) 44.00 (38.00-50.00) 45.50 (39.00-59.75) 0.357
Symptoms
Dyspnea, n (%) 17 (28.3) 10 (16.7) 27 (45.0)
Leg fatigue, n (%) 22 (36.7) 7(11.7) 29 (48.3)
Chest discomfort, n (%) 2 (3.3) 2 (3.3) 4 (6.7)

Note: Results are expressed as the mean (standard deviation) or median and percentiles 25-75 (P25-75). “p-value<0.1, *p-value<0.05.

Abbreviations: BMI, body mass index; VC, vital capacity; FVC, forced vital capacity; FEVI, forced expiratory volume in | s; HRRI, heart rate recovery in | min; Peak heart
rate%, peak heart rate /maximum predicted heart rate; PWORK, peak work; VO2/W slope, VO2 work rate slope; AT, Anaerobic threshold; AT%, oxygen uptake of
Anaerobic threshold/Maximum predicted oxygen uptake; VE/VCO?2 slope, slope of VE/VCO2 (from rest to AT); EQVCO2, carbon dioxide equivalence at the lactate
threshold; PVE, peak ventilation.

Table 2 Univariate and Multivariate Linear Regression Analyses Used to Identify the Variables Associated with the
HRRI After the CPET

Variable Univariate Analysis | Multivariate Analysis | Univariate Analysis Multivariate Analysis
r p r p

Age -2.168 0.034*

Sex 0.502 0.617

BMI -0.819 0.416

Smoking —2.056 0.044%

Hypertension —-1.629 —-0.109

AE frequency -5.304 0.0001% —0.534 (—4.677 to —1.882) | <0.0001*

vC 1.932 0.059

FvC 1.476 0.145

FEVI 2.759 0.008" 0.263 (0.539 to 8.282) 0.025%

FEVI predicted | 2.022 0.048%

FEVI/FVC 3.164 0.002%

Note: #p-value in Univariate analysis < 0.05.%p in Multivariate analysis < 0.05.
Abbreviations: HRRI, heart rate recovery at | min; CPET, cardiopulmonary exercise test; BMI, body mass index; AE, acute exacerbations of
COPD; VC, vital capacity; FVC, forced vital capacity; FEVI, forced expiratory volume in | s.

In clinical settings, most patients experience breathlessness and AE due to multiple underlying causes. CPET can
potentially help detect co-existing diseases in the early stage.” The dynamic interplay between the sympathetic and
parasympathetic regulation controls the HR response. Parasympathetic effects remain active during high-intensity exercise
and become particularly pronounced in the initial stages of recovery,'* especially HRR1. This physiological response
correlates with plasma norepinephrine concentrations reaching maximal levels approximately 1-minute post-exercise.'?

FEV1 is commonly used in pulmonary function testing to evaluate the degree of expiratory flow limitation in COPD
patients. Our findings revealed a positive association between FEV1 and HRRI1, suggesting that the chronic airflow
limitation may contribute to autonomic dysfunction, which is inconsistent with a previous study."* Hypoxemia and
hypercapnia resulting from restricted airflow may induce increased cardiac vagal activity and reduced sympathetic
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Table 3 Univariate and Multivariate Binary Logistic Regression Analyses
Evaluating the Effect of HRRI and Significant Confounders on COPD During
5-year Follow-up

Variables Univariate Analysis Multivariate Analysis
OR 95% CI p-value | OR (95% CI) p-value
HRRI 0.765 | 0.685-0.899 | 0.0001 0.785 (0.685-0.899) | <0.0001

HRm/HRb 0.957 | 0.924-0.997 | 0.014

HR/HRRm 0.009 | 0.000-0.808 | 0.040

FEVI/FVC 0.946 | 0.885-1.010 | 0.096
PVO, 0.998 | 0.996-1.000 | 0.028
PWORK 0.979 | 0.958-0.999 | 0.040

VO,/W slope | 0.639 | 0.402-1.017 | 0.059

AT 0.998 | 0.996-1.000 | 0.054

Abbreviations: HRRI, heart rate recovery at | min; COPD, chronic obstructive pulmonary
disease; OR, odds ratio; 95% Cl, 95% confidence interval; HR, heart rate; FEVI, forced expiratory
volume in | s; FVC, forced vital capacity; PVO,, peak Oxygen uptake; PWORK, peak work rate; VO,
/W slope, VO2 work rate slope; AT, anaerobic threshold; HRm/HRb, maximal heart rate/baseline
heart rate; HRR/HRm, Heart rate recovery/ maximal heart rate—baseline heart rate.

activity in COPD patients.'” Sustained autonomic tension leads to muscle tightness and airway constriction,'® which in
turn influence the frequency of AECOPD'”'® and mortality.'** As two essential values in the diagnosis and mortality of
COPD, AE frequency and FEV1 are independently associated with HRR1 after CPET, suggesting that the value and
significance of HRR1 should be considered for COPD diagnosis and prognosis.

HRRI is a well-established indirect indicator of cardiac autonomic function®' and an essential predictor of overall
mortality in some populations.”> ** Several studies have utilized HRR1 to assess heart failure, acute myocardial

25-27

infarction, and multiple lung diseases, such as lung cancer survivors;*® COPD?’ and Asthma.>**' The HRR1 can

be easily obtained in the recovery periods of CPET. Zhangyi et al** proposed an HRR1 cutoff value of 19 bpm following
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Figure | HRRI for AECOPD prediction. (A) ROC curves of HRR1 in predict COPD, with AUC=0.855 (p<0.01). (B) Kaplan—Meier curve of the first AE time according to
HRRI values. Median AE time is 38 month (p=0.00032, Log rank test).
Abbreviations: HRRI, heart rate recovery in | min; AE, acute exacerbations of COPD.
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Forest Plot of Cox Regression Model
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Figure 2 Forest plot of COX regression in AECOPD with HRRI<14 beats/min. SPO2 decrease level: Based on the baseline, <4%=1, >4%=2; HRRI<14 beats/min (HR=8.3,
95% ClI=2.30, 30.04, p=0.001); FEVI/FVC (HR=0.887, 95% CI=0.8026, 0.9797, p=0.018), AGE (HR=0.91, 95% CI=0.84-1.00, p=0.041) (*p<0.05, **p<0.01).
Abbreviations: FVC, forced vital capacity; FEV|, forced expiratory volume in | s; HRRI, heart rate recovery in | min; PVO2, peak oxygen uptake; PWORK, peak work; AT,
Anaerobic threshold; VE, ventilation; VCO?2, carbon dioxide production; VE/VCO?2 slope, slope of VE/VCO?2 (from rest to AT).

CPET as a significant predictor for the prognosis of chronic pulmonary hypertension.*” Prior research has also found
a predictive effect of HRR1 on COPD prognosis. For instance, Lacasse et al revealed that COPD patients had a lower
HRR1 than healthy individuals, and a lower HRR1 (HRR1<14 bpm after CPET) was associated with an increased
mortality rate. According to the GOLD2025 guideline, COPD management aims to reduce symptoms, lower exacerbation
risk, and improve survival outcomes. Therefore, during the therapy of COPD, for physicians, focus has gradually shifted
to the manifestations of disease progression. Our five-year follow-up study corroborates the findings by Diego et al,
which identified HRR1 (HRR < 14 bpm) was an independent predictor of AECOPD in 2017.>* Nevertheless, the optimal
prognostic threshold for HRR1 varied across studies. Cole et al® identified that an HRR1<12bpm following CPET
(treadmill protocol) independently predicted all-cause mortality in COPD. Conversely, Minai et al** identified a lower
threshold (HRR1<10 bpm post-6MWT) that significantly correlated with incident AECOPD. The discrepancies may be
attributed to the difference in sample size, exercising testing modalities, baseline of COPD, or study endpoints.

Moreover, our study is based on the heart rate recovery following CPET, which is more applicable in assessing
cardiac, pulmonary, and overall motivational functions and perceptions of dyspnea during exercise.” Therefore, HRR1
after CPET may provide a more comprehensive and objective assessment of the disease.

Additionally, we analyzed the differences in clinical features among patients with different degrees of HRR1. Patients
in the reduced HRR1 group exhibited significantly lower Pwork and PVCO, (p<0.05). Furthermore, the peak HR during
CPET and its percentage relative to the predicted maximum HR showed statistically significant differences between two
groups (p<0.05). Considering the clinical work and these effects, we conclude that Peak HR is affected by multiple
factors, therefore when a patient cannot reach a level of expected peak value in CPET, the decline in HRR1 might not be
representative. But the specific evaluation level remains to be studied. Therefore, we recommend considering the
percentage of predicted Peak HR (Peak HR% predicted) before using HRR1 as the predictor of AECOPD. In addition,
our study confirmed previous conclusion® that FEV1/FVC can identify individuals at risk of clinically significant COPD.
The rapid reduction in HR after cessation of exercise might be related to enhanced cardiac vagal nerve activation.>® Some
experts have observed the effect of Beta-Blockers on the prevention of Acute Exacerbations of COPD.?” However, the
relationship between increased vagus nerve activation and risk of chronic obstructive pulmonary disease is still unclear.
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Further investigation is needed to fully unravel the mechanism behind it. Our study has some limitations. Mainly, only
patients with COPD stages II-III were selected, and due to safety concerns, patients with mild and severe COPD were
not assessed in follow-up; thus, the sample size in this study was limited, and future studies should investigate this
association in a larger cohort of patients.

Conclusions

Our study identifies delayed heart rate recovery at 1-minute post-CPET (HRR1 <14 bpm) as an independent predictor of
AECOPD (adjusted HR 8.35,95% CI 2.30-30.04, p=0.001). These findings support the integration of HRR1 into existing
risk stratification tools to identify high-risk COPD patients warranting intensified monitoring. Furthermore, targeting
HRR improvement pulmonary rehabilitation programs or pharmacotherapy may help mitigate exacerbation susceptibility.

Abbreviations

6MWT, 6-min walk test; AE, Acute exacerbation; AECOPD, Acute exacerbations of Chronic Obstructive Pulmonary
Disease; AT, Anaerobic threshold; VCO2, Carbon dioxide production; CPET, Cardiopulmonary Exercise Test; COPD,
Chronic Obstructive Pulmonary Disease; CI, Confidence interval; FEV1, Forced expiratory volume in 1 s; HR, Heart
rate; HRR, Heart rate recovery; SpO2, Oxygen saturation via pulse oximetry; VO2, Oxygen uptake; ROC, Receiver
operating characteristic; VE, Ventilation.
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