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Abstract 

Impaired aerobic function is a potential mechanism of exercise intolerance in 

patients with combined cardiorespiratory disease. We investigated the 

pathophysiological and sensory consequences of a low  O2 uptake (  O2)/ work rate 

(WR) relationship during incremental exercise in patients with coexisting chronic 

obstructive pulmonary disease (COPD) and systolic heart failure (HF). 

 After clinical stabilization, 51 COPD-HF patients performed an incremental 

cardiopulmonary exercise test to symptom limitation. Cardiac output was non-

invasively measured (impedance cardiography) in a sub-set of patients (N= 18). 

 Twenty-seven patients presented with    O2/ WR below the lower limit of 

normal. Despite similar FEV1 and ejection fraction, the low    O2/ WR group showed 

higher end-diastolic volume, lower inspiratory capacity and lower transfer factor 

compared to their counterparts (p<0.05). Peak WR and peak   O2 were  15% and  30% 

lower in the former group: those findings were associated with greater symptom 

burden in daily life and at a given exercise intensity (leg discomfort and dyspnoea). The 

low    O2/ WR group presented with other evidences of impaired aerobic function 

(sluggish   O2 kinetics, earlier anaerobic threshold) and cardiocirculatory performance 

(lower O2 pulse, lower stroke volume and cardiac output) (p<0.05). Despite similar 

exertional hypoxemia, they showed worse ventilatory inefficiency and higher operating 

lung volumes which led to greater mechanical inspiratory constraints (p<0.05).  

 Impaired aerobic function due to negative cardiopulmonary-muscular 

interactions is an important determinant of exercise intolerance in patients with COPD-

HF. Treatment strategies able to improve O2 delivery to and/or utilization by the 

peripheral muscles might prove particularly beneficial to these patients.  

 

  



 

 

INTRODUCTION 

Heart failure with reduced left ventricular ejection fraction (HF) is a common and 

disabling co-morbidity of COPD.[1] [2]  There is growing recognition that, despite  

similar respiratory and cardiac impairment at rest, patients with coexisting COPD-HF 

have poorer exercise tolerance than their counterparts with COPD or HF.[3][4][5] 

Advancing the knowledge on the mechanisms leading to patient’s disability is crucial to 

lessen symptom burden and improve their ability to cope with the demands of daily 

life.[6] 

In this context, previous work from our group showed that impairments in leg 

muscle oxygenation and blood flow on exertion were closely related to a low cardiac 

output and a heightened sense of leg discomfort in a sub-set of patients with COPD-

HF.[3] We also found that an increased ventilatory response to exercise in COPD-HF 

(i.e., ventilatory inefficiency[5][7] and exertional oscillatory ventilation [8]) was 

instrumental to increase the operating lung volumes leading to earlier mechanical-

inspiratory constraints and worse dyspnoea at a given work rate (WR)[5][8]. It is 

noteworthy that ―breathing in excess‖ at higher lung volumes have important negative 

hemodynamic consequences (as reviewed in [6] and [9]), particularly in patients with 

already-compromised cardiac function [10]. Impaired oxygen (O2) delivery to and/or 

utilization by the working skeletal muscles (i.e., aerobic dysfunction) [11][12] constitutes 

the corollary of those deleterious interactions [13]. It is therefore conceivable that 

COPD-HF patients with worse hemodynamics at rest who ventilate excessively at 

higher operating lung volumes on exertion [14] are particularly prone to aerobic 



 

 

dysfunction and to report higher leg discomfort and dyspnoea than patients with 

preserved aerobic function. 

In the present study, we contrasted the sensory and cardio-pulmonary responses 

to exertion in COPD-HF patients presenting or not with impaired aerobic function as 

indicated by a low versus preserved  O2 uptake (  O2)/  WR [15] [16] relationship 

during incremental exercise, respectively. We hypothesized that, compared to those 

with preserved aerobic function, patients showing a low    O2/  WR would present 

with worse cardiac function at rest, greater exertional ventilation, higher operating lung 

volumes and, consequently, a higher burden of symptoms on exertion and on daily life. 

Confirmation of these hypotheses would shed new light on the key traits of COPD and 

HF which need to be therapeutically addressed to lessen the growing disability 

associated with this devastating coexistence.[6]   

 

MATERIALS AND METHODS  

Subjects 

We included incremental cardiopulmonary exercise testing data (CPET) from all 

patients (N= 51) who were prospectively enrolled in studies addressing the 

pathophysiology of coexisting COPD-HF from March 2015 to December 2018. The 

specific outcome of the present report (aerobic dysfunction during ramp-incremental 

CPET) has never been explored in our previous investigations who involved a fraction 

of these patients (i.e., those assessed up to September 2017); thus, there is no overlap 

between the current report and the data previously shown in a sub-set of these 



 

 

patients.[3][4][5] All patients had an established clinical and functional diagnosis of 

COPD (post-bronchodilator FEV1/forced vital capacity (FVC) ratio < lower limit of 

normal and GOLD spirometric stages 2-3)[17] and documented heart failure with 

reduced left ventricular ejection fraction (LVEF) ( 40% at the time of diagnosis). They 

underwent a variable period of clinical stabilization (ranging from 2 to 8 months) in 

which their treatment was carefully optimized by cardiologists and respirologists 

working in academic centers from Brazil and Canada. The original prospective studies 

which provided the data from the current reported had received ethical approval from 

the Federal University of Sao Paulo Hospital ’s Research Ethics Board (REB) (# 

1151/2015) and Queen’s University Affiliated Teaching Hospitals REB (DMED-1588-

13).  

 

Procedures 

Functional capacity and dyspnoea in daily life were assessed by the New York 

Association classification and the Medical Research Council scale, respectively. After 

transthoracic echocardiogram and pulmonary function tests (spirometry, static lung 

volumes, transfer factor, arterial blood gases) (1085 ELITE D, Medical Graphics Corp, 

St. Paul, MN in Brazil and Vmax229d; SensorMedics, Yorba Linda, CA in Canada), 

ramp-incremental CPET (SensorMedics Vmax229d system in both laboratories) was 

conducted on a different day. The rate of WR increase (Ergoline 800s; SensorMedics, 

Yorba Linda, CA) was individually selected (5-15 W/min) based on patient’s reported 

level of disability. Key measurements included: standard breath-by-breath 



 

 

cardiorespiratory and breathing pattern parameters [18], dynamic operating lung 

volumes calculated from inspiratory capacity (IC) maneuvers [14], assessment of 

dyspnoea and leg discomfort intensity (10-point category-ratio Borg scale) and, on a 

sub-set of patients, cardiac output by signal morphology impedance cardiography.[19] 

As detailed in the Online Supplement, parameters of aerobic function (  O2 kinetics 

delay at early exercise [15],    O2/  WR [15]  and peak   O2 (Figure 1) and   O2 at the 

estimated lactate threshold (LT) [20]), and ventilatory efficiency ( minute ventilation 

(  E)- carbon dioxide output (  CO2) slope and intercept by linear regression and 

  E   CO2 nadir) [21] were obtained following standard recommendations [22]. A low  

  O2/  WR was defined according to the gender-specific lower limits of normal.[23] 

 

Statistical Analysis 

The statistical software package used was IBM SPSS Statistics version 24. 

Unpaired t test (or Mann-Whitney test when appropriated) were used to compare 

between-subject differences. 2 test was used to compare frequencies. Association 

between selected continuous variables was investigated by Pearson’s product-moment 

correlation test. Two-way ANOVA with repeated measures were used to compare 

symptoms intensity and cardiorespiratory, metabolic, gas exchange, and operating lung 

volumes at rest and iso-WR. A P<0.05 level of significance was used for all analyses. 

  



 

 

RESULTS 

Clinical and resting characteristics 

As expected from the increased prevalence of coronary artery disease in COPD, [6] most 

patients were middle-aged or elderly males with HF secondary to ischemic heart 

disease (43/51, 84.3 %). Most frequent co-morbidities included non-insulin dependent 

diabetes mellitus and chronic kidney failure. Patients were under currently-

recommended therapy for COPD [17] and HF [24] (Table 1). From a functional 

perspective, patients typically presented with moderate to severe airflow limitation, gas 

trapping and a low transfer factor (Table 2).  

A low    O2/ WR relationship was found in 27/51 patients (52.9%) (see Figure 

1 for representative subjects and Figure 2A for mean data). No significant differences 

were found for most clinical and functional variables when the groups with preserved 

versus low    O2/ WR were contrasted (p>0.05). Of note, however, the latter group 

reported worse functional capacity and dyspnoea on daily life (Table 1); moreover, they 

had lower inspiratory capacity and transfer factor (Table 2). Amongst the 

echocardiographic variables, only a higher left ventricular end-diastolic diameter 

differed the low    O2/ WR group from their counterparts (Table 2) (p<0.05).  

 

Matabolic and cardiovascular responses to exertion 

Peak exercise capacity, either expressed as WR or   O2, was significantly reduced in the 

low    O2/ WR group (p<0.001). Owing to definition criterion, however, whereas the 

former was, on average, 15% (10 W) lower in this group the latter was  30% (0.35 



 

 

l./min) inferior compared to the preserved    O2/ WR group (Figure 2A, Table 3). A 

plateau on the   O2 response was found in 6 patients, all in the low    O2/ WR group. 

Thus, whereas no patient with preserved    O2/ WR had a severely-reduced peak 

  O2 (< 50% predicted), this finding was observed in 12/27 (44.4 %) patients in the low  

  O2/ WR group. Conversely, 12/26 (46.1%) and 3/27 (11.1 %) patients with preserved 

or low    O2/ WR had peak > 70% predicted, respectively (p<0.05). 

The low    O2/ WR group presented with other evidences of impaired aerobic 

function, i.e., slower   O2 kinetics and, in those with an identifiable LT (N= 27), a lower 

  O2 LT (Table 3); moreover, the respiratory exchange ratio was higher at a given WR 

(Figure 2 C) due to a lower   O2 but similar    O2 (Figure 2B) (p<0.05). Of note, lower O2 

pulse in this group (Figure 2E) was associated with higher submaximal heart rate 

(Figure 2D); moreover, stroke volume and cardiac output were reduced in this group 

compared to their counterparts with preserved   O2/WR (Figure 3). Those metabolic 

and cardiocirculatory abnormalities were associated with higher submaximal ratings of 

leg discomfort as exercise progressed (Figure 2F) (p<0.05). 

 

Pulmonary gas exchange and ventilatory responses to exertion 

The presence and severity of exertional hypoxemia did not differ between the groups 

(Table 3). The low    O2/ WR group showed consistently higher ventilation at a 

given WR and metabolic demand (   O2) (Figure 4A and 4B, respectively). The higher 

ventilatory response was associated with a lower tidal volume (Figure 4C) and a 

progressively-lower inspiratory capacity; in fact, only the low    O2/ WR group 



 

 

showed a significant decrease in inspiratory capacity from rest to exercise termination 

(Table 3 and Figure 4D) (p<0.05). Thus, they presented with higher operating lung 

volumes throughout exercise leading to earlier attainment of critical inspiratory 

constraints (Figure 4E). Those ventilatory and mechanical abnormalities were 

associated with higher submaximal ratings of dyspnoea as exercise progressed (Figure 

4F) (p<0.05). 

 

DISCUSSION 

The main original findings of the present study involving patients with coexisting 

COPD-HF indicate that impaired aerobic function during incremental CPET, as 

primarily indicated by a low    O2/ WR and confirmed by a cluster of other 

parameters, was associated with: 1) lower limits for tidal volume expansion (lower 

inspiratory capacity), impaired gas exchange efficiency (lower transfer factor) and a 

higher left ventricular end-diastolic diameter at rest; 2) excessive exertional ventilation 

relative to metabolic demand; 3) higher operating lung volumes leading to earlier 

attainment of critical inspiratory constraints and 4) a severely-impaired peak aerobic 

capacity. Of note, those patients provided higher ratings of leg discomfort and 

breathlessness at a given WR and reported lower functional capacity (NYHA class) and 

a greater burden of chronic dyspnea (MRC scale). Collectively, our results indicate that 

a low    O2/ WR on CPET signals to deleterious cardiopulmonary-peripheral 

muscular interactions which are germane to patients’ functional impairment in daily 

life. 



 

 

The ramp-incremental protocol for CPET has the clinical advantage of providing 

estimates of the key parameters of aerobic function (  O2 kinetics delay,    O2/ WR, 

estimated   O2 LT and peak   O2)[15] in a short time frame. This is particularly desirable 

for the assessment of disabled patients with cardiopulmonary diseases to whom longer 

or repeated constant WR tests are not feasible options. Using this testing format, we 

were able to identify, for the first time, a sub-group of COPD-HF patients in whom 

those parameters uniformly indicated poor aerobic function. Thus, after a sluggish start, 

  O2 increased less than expected for the change in power output (i.e., a shallower  

  O2/ WR) leading to a more marked impairment in peak   O2 than peak WR (Table 

3). Moreover, there was an earlier shift to a predominantly anaerobic metabolism in 

these patients compared to their counterparts. Those abnormalities were likely 

instrumental to explain why those patients provided higher ratings of leg discomfort at 

a given WR (Figure 2F).  

A key interpretative issue relates to the potential mechanism(s) underlying the 

defining feature of the group with impaired aerobic function: a low    O2/ WR. 

Whereas in healthy subjects   O2 parallels the increase in WR thereby allowing work 

efficiency to be estimated, [15] a pathological decrease in    O2/ WR implies in a 

lower   O2 cost to perform a given WR and/or a progressively slower   O2 kinetics as 

WR increases, i.e. a gradually longer time for muscle   O2 to be represented ―at the 

mouth‖.[12] [16] The first hypothesis is consistent with the notion of impaired muscle 

O2 utilization secondary to profound abnormalities in muscle oxidative metabolism.[25] 

Of note, those abnormalities have been described in patients with HF (reviewed in ref. 



 

 

[26])  or COPD [27][28][29]; thus, it is conceivable that severe peripheral muscular 

derangements impairing O2 extraction may have contributed to decrease    O2/ WR 

in selected patients [30]. 

A large body of evidence has also been accumulated in favor of a role of 

impaired muscle O2 delivery (i.e., lower cardiac output under preserved arterial O2 

saturation) to decrease    O2/ WR in patients with HF.[31][32][33] In fact, we found 

that the group with impaired aerobic function presented with similar SpO2 but lower O2 

pulse (Figure 2E) and stroke volume (Figure 3A) than their counterparts with preserved 

aerobic function. The higher resting left ventricular end diastolic diameter in the former 

group suggests more advanced HF [34] which may have contributed to the lower  

  O2/ WR. It is also conceivable that    O2/ WR has been negatively impacted by the 

deleterious central hemodynamic consequences of increased operating lung volumes 

(Figure 4E).[6]. The most noticeable findings in previous investigations carried out in 

hyperinflated COPD patients (without HF) point out for an increased right ventricular 

afterload and a relative underfilling of the left ventricle.[35][36] It is noteworthy that 

patients with more impaired pulmonary microvascular blood flow in the study by 

Hueper et al. [37] presented with a low transfer factor, one of the few resting functional 

findings which differed the patients with low versus preserved    O2/ WR (Table 2), 

The greater inspiratory constraints found in the former group (Figure 4E) signals to 

severe neuro-mechanical dissociation and higher swings in intra-thoracic pressure, the 

latter being an important mechanism of increasing left ventricular transmural 

pressure.[13][38] Indeed, we found a temporal association between O2 pulse (Figure 2E) 



 

 

and stroke volume (Figure 3A) plateauing as the inspiratory reserve volume became 

critically low (after 30 W) (Figure 4E). Those abnormalities were conceivably more 

relevant to those in need of a higher left ventricular filling volume, i.e., patients with 

aerobic dysfunction who presented with higher left ventricular end-diastolic diameter 

at rest (Table 1).  

Another noticeable finding which characterized the low    O2/ WR group was 

an increased ventilatory response to a given    O2 compared to the preserved    O2/ 

WR group.[5] Of note, patients’ higher   E was increased well before any indirect 

evidence of the LT (in fact, even at rest) (Figure 4A). In other words, increased   E in the 

low    O2/ WR group was not only a response to a greater lactic acidotic drive (Table 

3) but also influenced by higher dead space/tidal volume ratio and/or a lower PaCO2 

set point.[11] A higher dead space/tidal volume could be partially explained by a lower 

tidal volume (Figure 4C) due to greater inspiratory constraints (Figure 4E).[39] Other 

sources of afferent stimuli apart from those involved in the regulation of the 

physiological dead space may have also been involved, including heightened 

ergorreceptor [40] [41] and sympathetic activation [42] in the setting of poorer muscle 

oxygenation in patients with aerobic impairment. 

The patients in the low   O2/ WR group presented with higher operating lung 

volumes throughout exercise (Figure 4F). In addition to a trend to greater ―static‖ 

hyperinflation, it is noteworthy that they had worse dynamic hyperinflation than their 

counterparts (Figure 4D). The higher submaximal ventilation (Figure 4A) may have 

accelerated the rate of dynamic hyperinflation in these patients leading to earlier 



 

 

attainment of critical inspiratory constraints and a downward shift in tidal volume 

(Figure 4C).[39] Thus, patients in the low   O2/ WR group developed an unfortunate 

combination of abnormalities which are central to the genesis of dyspnoea in COPD[43]: 

a high respiratory neural drive ( higher   E) (Figure 4A) which is only partially 

rewarded by tidal expansion (greater inspiratory constraints) (Figures 4 C and 4E).[44]   

What are the practical implications of our results? Firstly, we provided novel 

evidence that measurements of a submaximal, effort independent parameter of aerobic 

function (  O2/ WR) during incremental CPET provide clinically-relevant 

information as pertaining to exertional symptoms and daily functioning in patients with 

COPD-HF.  Secondly, the negative hemodynamic consequences of higher operating 

lung volumes in patients with poorer cardiac function calls for the importance of 

maximizing the deflating effects of bronchodilator therapy in this sub-group of patients 

with COPD.[45] Thirdly, strategies geared towards an improvement in O2 delivery to 

and utilization by the skeletal muscles (e.g., sildenafil,[46] nitrate supplementation,[47] 

aerobic and muscle training [48]) are likely relevant to lessen patients’ breathlessness 

(by lowering the ventilation stimuli) and leg muscle discomfort. Finally, the 

combination of a higher left ventricular end-diastolic diameter in association with lower 

inspiratory capacity and transfer factor (in addition to a lower PaCO2 as per our 

previous findings)[5] should be valued to identify the most disabled patients with 

COPD-HF. 

We recognize some limitations of our study. Due to its non-invasive nature, our 

study is not particularly informative regarding to the specific effects of lung mechanical 



 

 

abnormalities on central hemodynamics. Despite the inherent limitation of impedance 

cardiography,[19] it is noteworthy that stroke volume and cardiac output trajectories 

and values were commensurate to those expected in patients with HF (Figure 3). To our 

knowledge, no study to date has prospectively exposed COPD-HF patients to invasive 

hemodynamics on exertion. In any circumstance, a study with those features would be 

a formidable challenge in such an unstable population. Our patients underwent a 

prolonged period of clinical stabilization before study entry; moreover, most presented 

with repeated COPD and/or HF exacerbations thereby postponing the CPET. It follows 

that our sample size, though small for epidemiological standards, reflects the real-life 

challenges in assessing on exertion an extremely frail population. 

In conclusion, impaired aerobic function, as primarily indicated by a low 

  O2/ WR during incremental CPET, discriminates a sub-group of patients with 

COPD-HF who are particularly symptomatic and disabled. Negative cardiopulmonary 

interactions conspire against a normal O2 delivery to and utilization by the skeletal 

muscles in these patients. The latter abnormalities increase the ventilatory response to 

exercise and, indirectly, the operating lung volumes; thus, they ultimately potentiate the 

central hemodynamic abnormalities. Effective strategies to fight the devastating 

consequences of COPD-HF should address the continuum of cardiocirculatory, 

pulmonary and muscular abnormalities that culminates in poor exercise tolerance and 

quality of life in this growing population. 
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Table 1. General characteristics of the whole sample of patients with coexistent 

COPD-HF and patients separated by the presence or not of aerobic dysfunction based 

on a low or preserved  O2 uptake (  O2)/  work rate (WR), respectively. 

 
Variables 

All 
(N = 51) 

Preserved 
ΔVO2/ΔWR 

(N=24) 

Low 
ΔVO2/ΔWR  

(N = 27) 
Demographic    

Age, years 67.1  6.0 66.7  6.2 67.3  5.8 
Height, cm 169  7 168  7 169  8 
Body mass, kg  72.6  12.1 73.9  13.8 71.4  10.9 
Body mass index, kg/m2 25.9  4.0 26.1  3.9 25.7  4.2 

Clinical    
Smoking (pack-years) 65  26 66  23 64  30 
NYHA class (I/II:III/IV) 26:25 15:9 11:16 * 
Ischemic Heart Failure 43 20 23 
mMRC dyspnea 3.0 (1-5) 2.0 (1-4) 3.5 (2-5) * 
Comorbidities    

Diabetes 22 10 12 
CKD (CrCl < 60 
ml/min) 

30 13 17 

Heart Failure Treatment    
Digoxin 7 3 4 
Furosemide 46 21 25 
ACE-I or ARBs 42 19 23 
Aldosteron Blockers 32 15 17 
Nitrates/Hydralazine 15 7 8 
β-Blockers 47 22 25 
Amiodarone 15 8 7 

COPD treatment    
LAMA 27 13 14 
LABA 48 22 26 
ICS (+LABA) 41 20 21 

 

* P<0.05. Values are mean ± SD, frequency (N) or median (range). Abbreviations: NYHA= New York Heart 

Association; mMRC=modified Medical Research Council scales; CKD= chronic kidney disease; CrCl= 

creatinine clearance; ACE-I= angiotensin-converting-enzyme inhibitor; ARB= angiotensin receptor 

blockers; LAMA= long-acting anti-muscarinic, LABA= long-acting 2 adrenoceptor agonist, ICS= inhaled 

corticosteroids.  

 

 

 

 



 

 

Table 2. Resting functional characteristics of COPD-HF patients separated by the 

presence or not of aerobic dysfunction based on a low or preserved  O2 uptake 

(  O2)/  work rate (WR), respectively. 

 
Variables 

Preserved 
ΔVO2/ΔWR 

(N=24) 

Low 
ΔVO2/ΔWR 

(N = 27) 

Lung Function   
FEV1, L 1.64  0.48 1.58  0.54 

% predicted 57  15 58  13 

FVC, L 3.05  0.59 2.96  0.68 

% predicted 80  12 76  13 

FEV1/FVC 0.52  0.12 0.54  0.14 

IC, % predicted 83  14 69  16 * 

TLC, % predicted 96  11 86  14 

  FRC, % predicted 139  19 151  17 

RV, % predicted 131  34 143  42 

IC/TLC 0.41  5 0.35  6 * 
RV/TLC 0.46  0.08 0.47  0.07 

TLCO, % predicted 56  17 40  14 * 

Arterial Blood Gases   

pH 7.42  0.04 7.40  0.04 

HCO3-, mmol/L 22.8  1.9 24.1  3.0 

PaCO2, mmHg 35.3  4.1 33.3  2.8 

PaO2, mmHg 73.9  9.5 78.7  9.2 
SaO2, % 93.2  2.1 95.8  1.9 

Echocardiogram 

LVEF, % 36  9 33  8 
Diast. Dysf. (0/I:II/III) 10:11 10:13 

LVEDD, mm 57  7  66  5 * 

LVMI, g/m2 130  54 132  41 

LA, mm 43  5 46  2 

RV, mm 25  7 28  6 

PASP, mmHg 42  14 44  11 
TAPSE, mm 16  4 17  3 

 
p<0.05. Values are mean ± SD. Abbreviations: FEV1 = forced expiratory volume in one second; FVC= forced 
vital capacity; MVV= maximal voluntary ventilation; IC= inspiratory capacity; TLC= total lung capacity; 
RV= residual volume; TLCO= lung transfer factor for carbon monoxide; VA= alveolar volume;  MIP= 
maximal inspiratory pressure; pH=hydrogen-ionic potential; HCO3

- = bicarbonate; Pa= arterial partial 
pressure; Sa= arterial saturation; LVEF= left ventricular ejection fraction; LVEDV= left ventricular end-
diastolic volume; LVMI= left ventricular mass index; LA= left atrium; RV= right ventricle; PASP= 
pulmonary artery systolic pressure; TAPSE= tricuspid annular plane systolic excursion. 

 



 

 

* p<0.05. †= N= 13 and 14, respectively. Values are mean ± SD, frequency (N) or median (interquartile). 

Abbreviations: WR= work rate; O2= oxygen uptake; RER= respiratory exchange ratio; HR= heart rate; 

E= ventilation;  MVV= maximal voluntary ventilation; VT= tidal volume; f= respiratory rate; CO2= 
carbon dioxide output; IC= inspiratory capacity; EILV= end-inspiratory lung volume; EELV= end-
expiratory lung volume; TLC= total lung capacity; SpO2=oxygen saturation by pulse oximetry. 

 
Table 3. Physiologic and sensory responses to incremental cardiopulmonary exercise 
testing in COPD-HF patients separated by the presence or not of aerobic dysfunction 

based on a low or preserved  O2 uptake (  O2)/  work rate (WR), respectively. 
 

 
Variables 

Preserved 
ΔVO2/ΔWR 

(N=24) 

Low 
ΔVO2/ΔWR 

(N = 27) 

 

Power and metabolic    

     Peak WR, W 68  13 58  12 *  

     Peak O2, L/min 1.20  0.20 0.84  0.15 *  

                  % predicted       69  11 54  12 *  

      O2/WR, mL/min/W 10.8  1.3 6.4  2.2 *  

     O2 ―lag phase‖ duration, s 72 (41) 124 (56) *  

     Peak RER 1.14  0.06 1.12  0.05  

     O2 LT, L/min † 0.87  0.13 0.69  0.11 *  

     Peak HR, bpm  110  15 109  13  

     HR Recovery1st min, bpm 14  9 8  6 *  

     Peak O2 pulse, ml/min/beat 11.2  2.6 7.2  2.4 *  

Ventilatory    

     Peak E, L/min 49.2  11.7 46.5  10.4  

     Peak VT, L 1.41  0.30 1.25  0.21 *  

     Peak f, rpm 35  7 33  6  

     E/ CO2  nadir 36  6 43  6 *  

     E- CO2  slope 33  7 38  6 *  

     E- CO2  intercept, L/min 2.5  3.1 3.0  2.9  

     Peak IC, L 2.24  0.27 1.76  0.29 *  

     Peak–rest IC, L  -0.20  0.24 -0.38  0.30 *  

     Peak EILV/TLC, % 0.87  0.04 0.90  0.03  

     Peak EELV/TLC, % 0.63  0.05 0.70  0.07 *  

     Peak IRV, L 0.69  0.26 0.49  0.24 *  

Gas exchange    
        Rest SpO2, % 94  3 95  3  

        Peak SpO2, % 91  5 93  4  

        Peak – rest SpO2, %  -4  3 -2  4  

Sensory    

        Peak dyspnea score 6.5 (1.5) 5.5 (2)  
        Peak leg effort score 6 (1.5)  6 (1.5)  



 

 

 

Figure Legends 
 

Figure 1. Oxygen uptake (  O2) profile (10-s mean) as a function of work rate (WR) in 
two representative patients with coexistent COPD-HF: patients “A” and “B” 
presenting with preserved and impaired aerobic function, respectively. Note that as a 

result of a slower initial “lag phase” (122 s vs. 66 s) and a shallow    O2/ WR 

relationship, peak   O2 is appreciably more impaired than peak WR in patient “B” 

than in compared to patient “A”. 
 
Figure 2. Metabolic (panels A, B and C), cardiovascular (panels D and E) and sensory 

(panel F) responses to incremental exercise in patients presenting or not with 

impaired aerobic function ( O2 uptake (  O2)/  work rate (WR) < lower limit of 
normal (closed and open symbols, respectively). 

* p< 0.05 (between-group differences at a given work rate). Definition of abbreviations: 

   O2: carbon dioxide output; RER: respiratory exchange ratio, HR: heart rate 
 
Figure 3. Central hemodynamic responses to incremental exercise in the subgroup of 

COPD-HF patients with cardiac impedance measurements. Patients are separated by 

the presence or not with impaired aerobic function ( O2 uptake (  O2)/  work rate 
(WR) < lower limit of normal (closed (N= 11) and open (N= 10) symbols, respectively). 

 
Figure 4. Ventilatory (panels A and B), breathing pattern (panel C), operating lung 

volumes (panel D and E) and sensory (panel F) responses to incremental exercise in 

patients presenting or not with impaired aerobic function ( O2 uptake (  O2)/  work 
rate (WR) < lower limit of normal (closed and open symbols, respectively). Shaded 

area in panel E indicates the dynamic lung volumes commonly associated with 
critical inspiratory constraints (as reviewed in ref. [14]). 
* p< 0.05 (between-group differences at a given work rate). Definition of abbreviations:   E: 
minute ventilation;    O2: carbon dioxide output; VT: tidal volume; IC: inspiratory 

capacity; EILV: end-inspiratory lung volume; EELV: end-expiratory lung volume; TLC: 
total lung capacity. 

 

 

 

 

 

  



 

 

 

  



 

 

 



 

 

 



 

 

 



 

 

ON-LINE SUPPLEMENT 

 

MATERIALS AND METHODS 

Subjects 

We included incremental cardiopulmonary exercise testing data (CPET) from all patients (N= 

51) who were prospectively enrolled in studies addressing the pathophysiology of coexisting 

COPD-HF from March 2015 to December 2018. The specific outcome of the present report 

(aerobic dysfunction during ramp-incremental CPET) has never been explored in our previous 

investigations who involved a fraction of these patients (i.e., those assessed up to September 

2017); thus, there is no overlap between the current report and the data previously shown in a 

sub-set of these patients. [3] [4] [5] [6] [7] Patients have an established clinical and functional 

diagnosis of COPD according to the Global Initiative for COPD (GOLD) guidelines (post-

bronchodilator FEV1/forced vital capacity (FVC) ratio < lower limit of normal and GOLD 

spirometric stages 2-3)[1] and documented heart failure with reduced left ventricular ejection 

fraction (LVEF) ( 40%) [2].They were recruited from the institutional respiratory and 

cardiology clinics (Sao Paulo Hospital and Kingston Health Science Center Affiliated Teaching 

Hospitals in Brazil and Canada, respectively) situated in academic centers (Federal University 

of Sao Paulo and Queen’s University, respectively). Key inclusion criteria were: age 50 years or 

older and a smoking history of at least 10 pack-years. Study’s respirologists (FFA, LEN, DOD, 

JAN) and cardiologists (AR, MCA) carefully optimized patient’s treatment before study. The 

patients performed the measurements described below only after an agreement had been 

reached between respirologists and cardiologists regarding diseases stability for at least 2 

months, i.e., they underwent a variable period of clinical stabilization (ranging from 2 to 8 

months) in which their treatment was carefully optimized. Main exclusion criteria: COPD 



 

 

and/or heart failure exacerbation in the preceding 2 months; presence of asthma or other 

respiratory condition that could contribute to dyspnea or exercise limitation; contraindications 

to exercise testing; use of daytime oxygen; and body mass index less than 18.5 kg/m2or greater 

than 35 kg/m2. The original prospective studies which provided the data from the current 

reported had received ethical approval from the Federal University of Sao Paulo Hospital ’s 

Research Ethics Board (REB) (# 1151/2015) and Queen’s University Affiliated Teaching 

Hospitals REB (DMED-1588-13).  

 

Procedures 

Transthoracic echocardiogram  

All individuals underwent a comprehensive two-dimensional (2D) echocardiography with a GE 

Vivid 7 (GE Healthcare, USA) echocardiography system with a 1.5 to 4.3 Mhz phase array 

transducer under continuous electrocardiographic monitoring. The quantification of the cardiac 

chambers was performed according to American Society of Echocardiography guidelines.[8] 

The LVEF was calculated according to a modified Simpson´s rule and the right ventricular 

systolic function was assessed by the tricuspid annular plane systolic excursion (TAPSE). [8] 

The pulmonary artery systolic pressure (PASP) was estimated by continuous wave Doppler 

assessment of maximal tricuspid velocity and the estimated right atrial pressure by inferior 

vena cava diameter and its respiratory changes.[9] 

 

Pulmonary function tests 

Spirometry, static lung volumes, lung diffusing capacity and maximal static respiratory 

pressures were performed using automated equipment (1085 ELITE D, Medical Graphics 



 

 

Corp, St. Paul, MN in Brazil and Vmax229d; SensorMedics, Yorba Linda, CA in Canada) 

according to current guidelines. Reported values were expressed in absolute and % predicted 

values.[10][11][12][13]  

 

Cardiopulmonary exercise tests (CPET) 

Exercise tests were conducted on an electronically-braked cycle ergometer (Ergoline 800s; 

SensorMedics, Yorba Linda, CA) using a SensorMedics Vmax229d system in both laboratories. 

Measurements included: standard breath-by-breath cardiorespiratory and breathing pattern 

parameters;[14] oxygen saturation by pulse oximetry (SpO2); heart rate (HR) by 12-lead ECG; 

arterial blood pressure by auscultation; dynamic operating lung volumes calculated from 

inspiratory capacity (IC) maneuvers [15] and dyspnea intensity assessed with the modified 10-

point Borg scale. 

The rate of work rate (WR) increment was individually selected according to reported 

exercise tolerance (typically 5–10 W). The data were calculated automatically and displayed in 

descriptive numerical (average of 15 s) and graphical (8 breath moving average) forms. The 

following data were obtained breath-by-breath: pulmonary oxygen uptake ( O2 ml/min); 

pulmonary carbon dioxide output ( CO2, ml/min); respiratory exchange ratio (RER); minute 

ventilation ( E, L/min); tidal volume (VT, ml); respiratory rate (f, breaths/min); ventilatory 

equivalents for O2 and CO2 ( E/ O2 and E/ CO2); and end-tidal partial pressures of CO2 

(PETCO2, mmHg). The following parameters of aerobic function were calculated: [16] [17] 

 Peak O2 (mL/min): the average O2 for the last 15 s of the ramp was considered representative 

of the subject’s peak O2. A plateau was established if O2 values did not vary by more than 50 

mL/min for at least 2 min despite progressive increase in WR.[18][19]  



 

 

 O2 ”lag phase” duration (s): the duration of the initial lag phase was estimated by the 

difference in time between the onset of the ramp and the intersection of two lines: a) a line 

through the linear phase of the O2 response and b) a line parallel to the time axis through the 

O2 response preceding the linear phase (see Figure 1 in the main text) (adapted from [16] and 

[17]);  

    O2/WR relationship (mL/min/W). The slope of the linear region of the    O2/WR 

relationship was calculated for each subject as an index of the overall gain of the   O2 response, 

i.e. normal values would indicate adequate metabolic cost for the production of a given power 

output.[16][20][21][22] For the accurate calculation, we discarded from the analysis the initial 

―lag phase‖ (as described above) or any eventual plateau. A value below the lower limit of 

normal for each gender (95% confidence interval around mean predicted value) defined an 

abnormal test result.[22] 

   O2 at the lactate threshold (LT) (mL/min). This parameter was estimated by the gas exchange 

method, inspecting visually the inflection point of    O2 with regard to   O2 (modified V-slope) 

[23] and by the ventilatory method when   E/  O2 and PETO2 increased while   E/   O2 and 

PETCO2 remained stable. For the accurate determination of the LT, two regions were discarded 

from the analysis: the initial 2 min—during which R decreases—to account for the effects of 

transient CO2 storage, and the points beyond the respiratory compensation point.[23] The 

reading was performed independently by two experienced observers without knowledge of 

other results or subject identities. 

  



 

 

Statistical Analysis 

The statistical software package used was IBM SPSS Statistics version 24. Unpaired t 

test (or Mann-Whitney test when appropriated) were used to compare between-subject 

differences. 2 test was used to compare frequencies. Association between selected continuous 

variables was investigated by Pearson’s product-moment correlation test. Two-way ANOVA 

with repeated measures were used to compare symptoms intensity and cardiorespiratory, 

metabolic, gas exchange, and operating lung volumes at rest and iso-WR. A P<0.05 level of 

significance was used for all analyses. 
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