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Abstract: Chronic obstructive pulmonary disease (COPD) is a disease defined by airflow obstruction with a high morbidity and 
mortality and significant economic burden. Although pulmonary function testing is the cornerstone in diagnosis of COPD, it cannot 
fully characterize disease severity or cause of dyspnea because of disease heterogeneity and variable related and comorbid conditions 
affecting cardiac, vascular, and musculoskeletal systems. Cardiopulmonary exercise testing (CPET) is a valuable tool for assessing 
physical function in a wide range of clinical conditions, including COPD. Familiarity with measurements made during CPET and its 
potential to aid in clinical decision-making related to COPD can thus be useful to clinicians caring for this population. This review 
highlights pulmonary and extrapulmonary impairments that can contribute to exercise limitation in COPD. Key elements of CPET are 
identified with an emphasis on measurements most relevant to COPD. Finally, clinical applications of CPET demonstrated to be of 
value in the COPD setting are identified. These include quantifying functional capacity, differentiating among potential causes of 
symptoms and limitation, prognostication and risk assessment for operative procedures, and guiding exercise prescription 
Keywords: dyspnea, obstructive lung disease, exercise intolerance, exercise limitation

Introduction and Overview
COPD is a disease of airflow limitation which causes shortness of breath and functional limitation.1,2 Pulmonary function 
testing (PFT), in particular, spirometry, is the cornerstone in diagnosis and follow-up of COPD. However, PFT has limitations. 
A patient with mild COPD based on spirometry can have dyspnea out of proportion to the test results. This often reflects the 
systemic nature of COPD,3 which can affect not only respiratory, but also cardiovascular and musculoskeletal systems, 
compounding symptoms and functional impairment. CPET can provide insight into mechanisms of dyspnea in COPD and 
may identify secondary or coexistent nonrespiratory processes such as heart failure, myopathy, or deconditioning which 
contribute to impairment. The test can also guide clinicians in different treatment options in COPD including prescribing 
exercise regimens to improve functional limitations and in assessment of treatment efficacy.

In this short review, we will briefly discuss pathophysiology of functional impairment in COPD with a focus on 
respiratory and cardiac limitations in the disease. We will then describe CPET and its uses in selected contexts for clinical 
decision-making.

Causes of Impairment in COPD
Pulmonary
COPD is commonly defined by identification of a postbronchodilator FEV1/FVC ratio less than 0.7, and disease severity 
classified from mild to very severe based on FEV1% of predicted.1 Additional variables including diffusion capacity for 
carbon monoxide (DLCO),3,4 total lung capacity (TLC), inspiratory capacity (IC), end expiratory lung volume (EELV), 
along with imaging studies, further distinguish broadly between subtypes of obstructive bronchitis versus parenchymal 
destruction (emphysema).
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Airflow obstruction in COPD is regionally heterogenous, and this contributes to regional heterogeneity of ventilation 
to perfusion (V/Q) mismatching, which determines the efficiency of pulmonary gas exchange.5 Presence of low V/Q 
regions can compromise arterial oxygenation, whereas high V/Q regions result in elevation of total ventilation ( _VE) 
required to clear carbon dioxide for maintenance of a stable arterial CO2 pressure (PaCO2). COPD presents dual burdens 
of reduced breathing capacity due to impairment in lung mechanics, and elevated breathing requirements due to 
impairment of gas exchange efficiency.

Hyperinflation and Operational Lung Volumes
As shown in Figure 1, tidal volumes (VT) at rest normally represent a small proportion of total lung capacity (TLC) with 
ample potential for increasing end inspiratory lung volume (EILV) and decreasing end expiratory lung volume (EELV) as 
needed.6 At rest, EELV is functional residual capacity (FRC), determined by passive equilibration of intra-alveolar and 
atmospheric pressures in the absence of respiratory effort. COPD, particularly emphysema, may be associated with 
hyperinflation, that is, elevated TLC and FRC due to high lung compliance. Regardless of whether or not there is resting 
hyperinflation, dynamic hyperinflation (DH) may occur when respiratory rate increases, such as during exercise, due to 
incomplete exhalation.6,7 As shown in Figure 1, this is marked by a transient rise in EELV above FRC and a shift of tidal 
breaths to higher absolute lung volumes.8 Hyperinflation has a number of important effects on breathing mechanics. It 
lengthens respiratory muscles, flattening diaphragm dome, thereby putting the muscles at a mechanical disadvantage. As 
the range of absolute lung volumes over which the tidal volume cycles moves to higher levels, tidal breathes approach 
the flatter, upper portion of the respiratory system compliance curve where higher pressures are needed to effect a given 
change in volume (Figure 1). With DH there is also an increase in effective intrathoracic pressure at the end of the 
incomplete exhalation (intrinsic positive end expiratory pressure or PEEP), which must be overcome by respiratory 
muscles at start of next inhalation.9 These effects are illustrated in the Campbell diagrams shown in Figure 2, and result 
in increased work of breathing for any given minute of ventilation ( _VE).10 Because of V/Q mismatch, _VE may also be 

Figure 1 Rest and exercise spirograms, and placement of rest and exercise tidal breaths on the respiratory system compliance (Pressure – Volume) curve for a healthy 
individual (a and c) and an individual with chronic obstructive pulmonary disease (COPD) (b and d). End expiratory lung volume (EELV) decreases in the healthy individual 
during exercise, but increases in COPD, as reflected in increase, and decrease of inspiratory capacity (IC), respectively. The position of VT increases closer to total lung 
capacity (TLC) for the patient with COPD on the pressure volume curve (c, d) resulting in both a greater reduction in inspiratory reserve volume (IRV) and a larger 
ventilatory pressure (ΔP) requirement for a given change in volume (ΔV). RV, residual volume. Reprinted with permission of the American Thoracic Society. Copyright © 
2023 American Thoracic Society. All rights reserved. O’Donnell DE. Hyperinflation, dyspnea, and exercise intolerance in chronic obstructive pulmonary disease. Proc Am 
Thorac Soc. 2006;3(2):180–184. The American Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society.7
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increased for any given metabolic rate, further amplifying the work of breathing for a given activity in COPD relative to 
normal. These effects are consistent with observations that progressively greater dyspnea and work of breathing in COPD 
are generally associated with the degree of impairment in DLCO,11 although prediction of exercise impairment from 
resting measures remains imperfect. Importantly, DH can occur even in the absence of resting hyperinflation when _VE 

and breathing frequency increase, and can occur even in individuals with relatively mild grades of COPD.12

The pulmonary impairments in COPD thus include the primary disorder of impaired expiratory airflow, and the 
effects of this on reduced efficiency of pulmonary gas exchange, increased _VE requirements, reduced _VE capacity and 
increased work of breathing, together leading to dyspnea occurring at abnormally low levels of activity.

Extrapulmonary Limitations in COPD
Cardiovascular Limitation
Pulmonary vascular disease: It is known that exercise cardiac output is reduced in many individuals with COPD.13,14 

Although the mechanisms involved are likely complex and heterogenous, the effects of lung disease on the pulmonary 
circulation clearly contribute to altered hemodynamics. Pulmonary capillary volume may be reduced, particularly in 
emphysema, due to loss of lung parenchyma, and vascular remodeling can be identified in pulmonary vessels across the 
spectrum of COPD.15 The latter is postulated to arise from alveolar hypoxia, exogenous exposures, and/or 
inflammation.16 In the majority of individuals with COPD, elevations in resting pulmonary artery pressure are correlated 
with other markers of disease severity, are mild to moderate in degree, and do not lead to overt right heart dysfunction.17 

Exercise elevations in pulmonary pressures may nevertheless be excessive relative to healthy individuals.14 In a subset of 
patients, pulmonary hypertension is severe at rest and can lead to right heart dysfunction and failure. This group has more 

Figure 2 The Campbell diagram10 illustrating pleural pressure (Ppl), lung volume (VL), and work of breathing for a healthy individual (A) compared to one with expiratory 
airflow obstruction and dynamic hyperinflation (B). In both diagrams, volumes are on the vertical and pressure the horizontal axes. Dashed lines representing normal lung 
elastic recoil and dotted lines relaxed thoracic recoil; the intersection of these lines is relaxed volume (Vrel). The solid loops and counterclockwise arrows illustrate changes 
in pressure and volume of a tidal breath. The pressure required of inspiratory muscles throughout the breath (Pmus) is the distance between the dotted line and the 
inspiratory arm of the loop, illustrated by horizontal arrows. In (A), the tidal loop begins at functional residual capacity (FRC) which is Vrel. Shaded areas represent work of 
breathing, with blue the work against elastance of the lung and chest wall and yellow work against resistance to airflow. In (B), volumes are shifted upwards and end 
expiratory lung volume is higher than Vrel due to intrinsic positive end expiratory pressure (PEEPi). The tidal loop spans a greater distance on the pleural pressure axis; 
leftward excursion to greater negative Ppl results from higher airflow resistance and the corresponding increase in yellow area depicts an associated larger work of 
breathing. The rightward expansion of the loop results from PEEPi which obligates a greater Pmus at the initiation of breath (arrow) and adds work of breathing represented 
by the green shaded area. Reprinted from Loring SH, Garcia-Jacques M, Malhotra A. Pulmonary characteristics in COPD and mechanisms of increased work of breathing. J 
Appl Physiol. 1985;107(1):309–314, Copyright © 2009 the American Physiological Society. Permission conveyed through Copyright Clearance Center, Inc.9
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severe dyspnea and exercise limitation17 and greater risk of both COPD exacerbation and death,18 supporting the 
identification of it as a discrete pulmonary vascular phenotype.19

Work of breathing effects on systemic blood flow distribution: The work of breathing during exercise obligates 
increased blood flow from the systemic circulation to the muscles of respiration. At peak exercise in athletic young 
persons, reducing respiratory muscle work has been demonstrated to effectively augment blood flow to the exercising 
extremities.20 Such competition between respiratory muscles and exercising extremities for a finite cardiac output has 
been postulated as a cause of limitation in COPD due to the greatly exaggerated work of breathing.21 Changes in the 
distribution of systemic blood flow during exercise appear to differ in COPD compared to health,22,23 and the role of this 
in exercise limitation of patients remains incompletely defined.

Pressure volume interactions: Heart and lungs also interact through pressure-volume relationships in their shared location 
in the thorax.24 Consistent with this, a recent study25 demonstrated that during exercise at matched metabolic rates, COPD 
patients had greater systemic vascular resistance (SVR), lower stroke volume (SV), and lower cardiac output (CO) compared 
to controls, despite similar values at rest. These hemodynamic abnormalities correlated with severity of hyperinflation (lower 
IC/TLC) and with work of breathing (degree of negative intrathoracic pressure generated during inhalation) and exercise SV 
was positively correlated with %FEV1.25 While negative intrathoracic pressure swings during inhalation are thought to assist 
venous return to the heart in healthy persons, more negative pressures have been associated with lower stroke volume in 
COPD perhaps due to covariant factors.25 These findings support the concept that hyperinflation and intrathoracic pressures 
can negatively impact hemodynamic responses to exercise in COPD.25–28

Ventricular interdependence: Changes in right ventricular preload in the setting of COPD may affect left ventricular 
filling dynamics due to ventricular interdependence.29 Consistent with this, left ventricular diastolic dysfunction is 
demonstrated in patients with COPD, even with normal pulmonary artery pressures.30 It is also recognized that patients 
with heart failure, either with preserved31 or reduced32 ejection fraction who have comorbid COPD have worse 
functional class than those without lung disease.33 Hyperinflation has again been implicated in this as it has been 
associated with more left ventricular diastolic impairment and reduced performance on the six-minute walk test (6MWT). 
Reduction of hyperinflation with rigorous bronchodilator therapy is also reported to increase end diastolic volumes.34 

Thus, cardiovascular function can be impaired in COPD due to a range of cardiopulmonary interactions, and in some 
cases also due to comorbid cardiovascular disease.

Skeletal muscle limitations: Both quantity and quality of skeletal muscle are altered in COPD.35 Some patients 
complain of limb fatigue as their primary limitation to exercise.36 The skeletal muscle dysfunction in COPD in many 
individuals may be partially attributed to deconditioning37 from avoidance of activity. However effects of systemic 
steroid therapy, systemic inflammation, or other features of chronic disease are also implicated.38 Among changes noted 
in skeletal muscles of COPD patients are a reduction in muscle mass and reduction in the proportion of type I, highly 
oxidative, fibers within muscle35 compared to age matched healthy individuals. The rate of increase of pulmonary oxygen 
uptake following the onset of exercise has also been demonstrated to be slower in COPD compared to normal, implying 
limitation either in central circulatory response to exercise or in skeletal muscle oxidative function. The latter is 
supported by experiments examining exercise by small muscle volumes, so not limited by central cardiovascular 
capacity, which have also demonstrated reductions in diffusive and convective oxygen delivery.39 Muscle health is 
a modifiable target for intervention in COPD, and exercise training arguably has more significant effect on function than 
other interventions.40,41

Summary of Impairments Affecting Exercise in COPD
Individuals with COPD have impaired lung function leading to reduced breathing capacity, increased breathing require
ments due to V/Q mismatch, and exaggerated work of breathing and dyspnea for a given task. They may also have 
constraints on cardiovascular function related to the pulmonary circulation and/or cardiopulmonary interactions. 
Coexisting cardiovascular diseases are also commonly present due to shared risk factors. Skeletal muscle mass and 
function are frequently impaired and can be the site of exercise symptoms and limitation. Thus, not only is the basis of 
exercise limitation complicated in COPD, but also there is great potential for differences among individuals with respect 
to the factors of greatest importance. Functional testing which quantifies impairment and identifies factors most important 
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to an individual’s limitations can add to the assessment of disease severity and enhance potential for personalizing 
clinical care.

Cardiopulmonary Exercise Testing (CPET)
Overview
Cardiopulmonary exercise testing combines measures of _VE, pulmonary gas exchange (oxygen uptake, _VO2 and 
carbon dioxide output, _VCO2), and related variables, with measures of heart rate (HR) and blood pressure (BP) 
during a graded exercise stress. Commercial instruments are widely available which make measurements on 
a breath-by-breath basis and include software for data storage and analysis. Testing usually is done with 
a treadmill or cycle ergometer with gradual increase in exercise work rate until symptom-limitation. Findings 
are summarized in a set of variables that can be compared with reference values from healthy populations.42 

Graphical displays of data such as those popularized by Wasserman et al and shown in Figures 3 and 4 are 
commonly used to facilitate analysis of ranges and interrelationships of these variables.43 Commonly measured 
variables derived from CPET are discussed below with an emphasis on their significance in COPD and summar
ized in Table 1.

Peak _VO2

The highest _VO2 measured at peak exercise (Figures 3A and 4A) is an estimate of maximal _VO2, which is the standard 
measure of exercise capacity. In most healthy young persons, maximal exercise is limited by oxygen delivery by the 
cardiovascular system,39 and not by the pulmonary system. Peak _VO2 therefore is a measure of cardiovascular fitness and 
capacity for increasing cardiac output (Q) in health, as implied in the Fick relationship:

Where c(a-v)O2 is the arterial-venous oxygen content difference. From this it is apparent that maximal _VO2 can be 
reduced by reduction of maximal Q, and also by factors limiting maximal c(a-v)O2 such as anemia, hypoxemia, or 
impaired oxygen utilization in the periphery. Clearly, however, peak _VO2 can also be low if other limits are reached prior 
to attaining maximal Q. In COPD, peak _VO2 is typically reduced, and often because of constraint due to ventilatory 
factors prior to attaining a maximal cardiovascular stress.

Anaerobic Threshold (AT)
The anaerobic threshold, or AT (variously called gas exchange threshold, ventilatory threshold, or other terms) is 
a noninvasive estimate of the lactate threshold (LT), which is the _VO2 above which there is a metabolic acidosis and 
lactate accumulates in blood.44 Buffering of the acidosis by bicarbonate results in generation of CO2, which can be 
detected during CPET as an acceleration in _VCO2 relative to _VO2 (Figures 3C and 4C), without the need to measure 
lactate. The AT is an important aspect of exercise function because it is related to tolerance for sustained exercise. Below 
AT exercise is tolerated for long periods of time without fatigue, whereas much above AT exercise is fatiguing within 
a short duration of time.44 Because there is typically a respiratory compensation in response to metabolic acidosis, _VE 

requirements are amplified during exercise above AT, so that the lower the AT, the more quickly ventilatory limitation 
will occur in individuals with low breathing capacity due to COPD. Both peak _VO2 and AT are affected by cardiovascular 
fitness. In COPD, because ventilatory factors may present an absolute limit to peak _VO2, it may be disproportionately 
reduced, and less amenable to exercise training, than the AT.

Oxygen Uptake Efficiency Slope (OUES)
An additional variable related to exercise _VO2 is the slope of _VE relative to _VO2, linearized by expressing _VE in log10, and 
termed the oxygen uptake efficiency slope (OUES). The OUES has been found to correlate with peak _VO2, but, 
importantly, is not dependent on the test being continued to maximal effort. It has been studied primarily in cardiovas
cular disease populations45 and less is reported regarding its use in COPD. One study reports that OUES is more likely to 
be reduced in heart failure than in COPD,46 suggesting that a low OUES in an individual with COPD may indicate 
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presence of additional cardiovascular impairment. This is of interest because pulmonary and cardiac limitations often 
coexist, with COPD demonstrated in an estimated 40% of patients with heart failure,47 and heart failure in an estimated 
20% of individuals with COPD.48

A B C

D E F

G H I

Figure 3 Wasserman nine panel graphical display of CPET data from an incremental cycle ergometer cardiopulmonary exercise tests performed by a healthy 55-year-old 
man. In the first two columns CPET variables are plotted as functions of time, and the dashed vertical lines demarcate periods of an initial three minutes of rest, three 
minutes of unresisted cycling, incremental increase in work rate at a rate of 20 W/min, and two minutes of recovery. Dashed horizontal line in (A) indicates the predicted 
peak _VO2 for this individual. In the third column, (C), the vertical dashed line indicates predicted peak _VO2 and horizontal dashed line the predicted peak heart rate. The 
diagonal dashed line shows a slope of _VCO2 to _VO2 of 1.0, and the vertical arrow marks the inflection point in _VCO2 typical of the anaerobic threshold (AT). In (F) the 
horizontal dashed line is fit to the slope of _VE against _VCO2. In (I), horizontal dashed lines indicate vital capacity (VC) and inspiratory capacity (IC) for this individual 
measured prior to exercise, and vertical dashed line indicates maximal voluntary ventilation (MVV). Other panels are as follows. (B) shows peak heart rate (HR) and peak O2 

pulse (_VO2/HR) over time. (D) is ventilatory equivalent for _VO2 (_VE /_VO2) and _VCO2 (_VE /_VCO2) over time. (E) shows respiratory exchange ratio (RER or R) over time. (G) 
includes partial pressures of arterial CO2 (PaCO2) and O2 (PaO2) and end tidal CO2 (PETCO2) and O2 (PETO2) over time. (H) is minute ventilation (_VE) as a function of time. 
Other abbreviations are as used in the text. Image courtesy with permission from Dr Kathy E Sietsema.
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Heart Rate and O2 Pulse
Heart rate (HR) normally increases linearly relative to _VO2 and reaches a peak value that is dependent on age. Peak HR is 
usually low in COPD due to encountering ventilatory mechanical constraints prior to reaching central cardiovascular 

A B C

D E F

G H I

Figure 4 Wasserman nine panel graphical display of CPET data from a test performed by a 50-year-old man with COPD, whose predicted peak exercise values are similar to 
those of the healthy subject shown in Figure 3. In this case, the work rate (WR) was increased by 15 W/min during the incremental phase. Data are displayed with same 
conventions described for Figure 3. Note findings that contrast with the healthy response including (A) and (C), peak values of both _VO2 and heart rate (HR) are 
considerably less than predicted. (I), _VE reaches the individual’s maximal voluntary ventilation (MVV) indicating that exercise was terminated due to mechanical limits of 
breathing. (D) and (F) show that _VE was higher relative to _VO2 and _VCO2 than for the healthy individual; in fact, the slope of _VE relative to _VCO2was double that for the 
healthy individual. Other panels are as follows. (B) shows peak heart rate (HR) and peak O2 pulse (_VO2/HR) over time. (D) is ventilatory equivalent for _VO2 (_VE /_VO2) and 
_VCO2 (_VE /_VCO2) over time. (E) shows respiratory exchange ratio (RER or R) over time. (G) includes partial pressures of arterial CO2 (PaCO2) and O2 (PaO2) and end tidal 
CO2 (PETCO2) and O2 (PETO2) over time. (H) is minute ventilation ( _VE) as a function of time. Image courtesy with permission from Dr Kathy E Sietsema.
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limits. Therefore, HR reserve or HRR (maximum predicted HR – peak exercise HR) is elevated (Figures 3B and 4B). 
The relationship between _VO2 and HR can be characterized as the ratio _VO2/HR, termed O2 pulse. From rearrangement of 
the Fick relationship, it is clear that this value is numerically the product of stroke volume (SV) and the C(a-v)O2:

Much of the increase in SV during exercise occurs early in an incremental test, whereas C(a-v)O2 increases progressively 
up to peak effort. As a result, _VO2/HR normally increases nonlinearly and may asymptote towards the end of the test 
(Figures 3B and 4B). A low peak O2 pulse could therefore result in COPD from exercise ending due to ventilatory factors 
prior to attaining a maximal c(a-v)O2, and/or from impairment of stroke volume or c(a-v)O2 by the various mechanisms 
identified previously.49 Hypoxemia can reduce O2 pulse response by reduction of arterial O2 content, limiting potential 
for peripheral extraction. If peak exercise is improved with medical treatment and exercise training, peak HR and O2 

pulse can also increase.

Table 1 Selected Variables Measured During CPET and Their Significance in Patients with COPD

Physiologic Factors 
Influencing Values

Findings in Healthy Persons Common Findings and Significance 
in COPD

Peak _VO2 Age, sex, size, [Hb] 

cardiovascular fitness

>~83% of healthy reference values Low 

Defines range of attainable exercise 

Predictive of risk for surgical lung 
resection

Anaerobic 
Threshold (AT)

Same as peak _VO2 40–55% of predicted peak _VO2 Normal or low depending on activity and 
coexisting cardiovascular disease or 

anemia 

Defines upper limit of comfortably 
sustainable activities 

Helps identify work rate for exercise 

training

Peak Heart rate 
(HR)

Age 220 age (±10) Low due to premature ventilatory limits

Peak _VO2 /HR 
(O2 Pulse)

Peak Stroke volume and 
peak c(a-v)O2

Similar to predicted or high if HR is constrained Low due to limitation of exercise without 
reaching maximal cardiovascular stress

_VE/ _VCO2, nadir 

value or slope

VD/VT and PaCO2 Less than ~30–32 High due to elevated effective VD/VT; 

however, may be normal or low in the 

presence of hypercapnia 

A marker of disease severity and 
predictor of prognosis except in cases of 

hypercapnia

Exercise 

Inspiratory 

capacity (IC)

EELV and maneuver 

performance

Same or higher than resting IC Reduced relative to rest when dynamic 

hyperinflation occurs

Exercise SpO2 Pulmonary V/Q matching Within 3% of resting value May decrease, especially with treadmill 

exercise

Exercise PaCO2 Chemosensitivity 

Ventilatory capacity

Remains at resting level until shortly after AT 

when it is reduced due to respiratory 
compensation for metabolic acidosis

May be normal but may increase if 

ventilatory constraints are severe, or 
chemosensitivity is impaired

Abbreviations: _VO2, oxygen consumption; c(a-v)O2, arteriovenous oxygen content difference; _VE/ _VCO2, ventilatory equivalent for CO2; VD/VT, dead space to tidal volume 
ratio; PaCO2, arterial CO2 pressure; EELV, end expiratory lung volume; SpO2, oxygen saturation; PaCO2, arterial carbon dioxide pressure.
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Adverse cardiopulmonary interactions, comorbid cardiovascular diseases, or skeletal muscle dysfunction associated 
with COPD can affect oxygen delivery and utilization even in submaximal range, resulting in abnormal _VO2 responses 
during CPET. For example, these could include early plateau of O2 pulse and/or low AT due to limited stroke volume or 
impairment in oxygen delivery to muscle. A low AT is particularly important to recognize, as it contributes to ventilatory 
limitation by obligating a steeper _VE increase, and it may be increased by exercise training, making it a practical target 
for intervention.

Ventilation and Breathing Reserve
Because most healthy people are limited by cardiovascular function prior to reaching limits of ventilation, there is 
typically a “breathing reserve” at the end of a CPET, calculated as the difference between peak _VE and maximal 
voluntary ventilation (MVV) (Panel 9 of Figures 3 and 4).

BR = MVV-Peak _VE or, expressed as a percent, BR = (MVV – peak _VE)/ MVV
In healthy individuals BR is commonly 15–40% of MVV. Individuals with COPD typically have low BR due to a low 

MVV together with exaggerated _VE requirements. In contrast, high BR is often present in cardiovascular disease due to 
limitation of exercise at a low level.50 In one analysis, the breathing reserve index ( _VE/MVV) at AT discriminated 
between pulmonary mechanical limitation from cardiovascular limitation as cause of shortness of breath.51 It should be 
acknowledged that an MVV maneuver does not mimic the hyperpnea of exercise,52 and peak _VE may vary depending on 
the test protocol. Thus, BR may be best viewed as an approximation of ventilatory limitation.

Exercise Breathing Mechanics
Ventilatory constraints of COPD during exercise in COPD can be characterized in more detail by analysis of expiratory 
flow limitation and changes in operational lung volumes. Respiratory flow rates are recorded continuously during CPET, 
so it is possible to record flow-volume loops of spontaneous breaths and compare them with a maximal flow volume loop 
measured before or after exercise (Figure 5). This has been used to identify the extent to which expiratory flow rates are 
at maximal limits during tidal breaths.53 To position measured flow rates correctly relative to lung volume, the IC is 
measured periodically during exercise, and, assuming the IC is performed maximally, a change in IC can be taken as 
a sign of a reciprocal change in EELV (end expiratory lung volume) (Figures 1 and 5). An increase in EELV thus 
indicates DH.

As has been identified, DH is an important factor in exercise intolerance in COPD. The increase in EELV brings tidal 
inhalations close to TLC. Although the VT and _VE at which this occurs varies with severity of disease, critically high 

Figure 5 Flow volume loops at rest and exercise. Tidal flow volume loops relative to maximal at rest (solid lines) and exercise (dashed lines) for a healthy individual (Normal, A) and 
an individual with obstructive lung disease (COPD, B). For Normal, tidal volume expands during exercise by both increase in end inspiratory volume and decrease in end expiratory 
volume. In COPD, the flow volume tracing of spontaneous breaths moves to the left as end expiratory volume increases due to dynamic hyperinflation. FRC, functional residual 
capacity. Reprinted with permission from Al Talag A, Wilcox P. Clinical physiology of chronic obstructive pulmonary disease. BCMJ. 2008;50(2):97–102.8
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values of VT/IC or low values of IRV have been identified at which subjective breathlessness increases dramatically. The 
significance of hyperinflation is demonstrated by studies in which exercise performance improves with reduction of 
hyperinflation, eg, with the use of bronchodilators.54,55 Dyspnea has been related to the work of breathing, which may 
also lead to respiratory muscle fatigue56 and, in some cases, exercise hypercapnia.13 The work of breathing and 
respiratory muscle fatigue are important to exercise impairment in COPD, but difficult to measure; it is not routinely 
available in clinical contexts. However, DH, which is often a critical precedent to their occurrence, can be detected 
during CPET by periodic measurement of IC, and dyspnea can be assessed by use of Borg scale or another instrument.57

VD/VT and Related Variables
Throughout exercise, _VE is closely related to _VCO2 such that arterial CO2 (PaCO2) is normally maintained very close to 
resting levels, at least below the AT. The determinants of _VE are represented in the formula:

From this it is apparent that _VE is directly related to _VCO2, and inversely to the set point for PaCO2. In addition, _VE is 
amplified by the degree of effective VD/VT, or dead space to tidal volume ratio.
The VD/VT reflects the degree to which breath is distributed to unperfused or poorly perfused regions of the lung. It is 
calculated using the modified Bohr equation which compares concentrations of CO2 between arterial blood and expired 
breath: 

VD/VT = (PaCO2 – PECO2) PECO2/ PaCO2, where PECO2 is mixed expired PCO2. 

Even patients with relatively mild COPD may demonstrate an elevated VD/VT.58 The effect of this on breathing is to 
increase _VE requirements both at rest and during exercise. 

_VE= _VCO2
Quantifying PaCO2 and VD/VT requires analysis of arterial blood gases. However, barring significant deviations of PaCO2 

from normal, relationship of _VE to _VCO2 reflects the magnitude of the VD/VT, so _VE/ _VCO2 ratio or slope is often taken as 
a measure of efficiency of _VE for elimination of CO2. The relationship of _VE to _VCO2 is commonly expressed either as 
the slope of Δ _VE/Δ _VCO2, or as the nadir value of the _VE/ _VCO2 ratio (called the ventilatory equivalent for CO2), which 
occurs at or shortly after the AT. Normally, _VE is linearly related to _VCO2 with a slope ranging between ~23 and 30 
(Figures 3D and 4D). In addition to high VD/VT, the slope is also increased when there is reduced PaCO2 from 
hyperventilation. The Δ _VE/Δ _VCO2 slope has become an important variable in CPET as it is a powerful prognostic 
marker in a number of cardiovascular conditions including chronic heart failure and pulmonary arterial hypertension.59,60 

Patients with COPD who have pulmonary hypertension have a higher _VE/ _VCO2 at nadir, and a higher _VE/ _VCO2 slope, and 
may also have lower oxygen saturation at rest and exercise than those without.61

Paradoxically, in COPD the _VE/ _VCO2 slope may actually become lower with greater disease severity due to 
ventilatory constraints leading to hypercapnia (Figure 6). As a result, the more useful variable for reflecting VD/VT in 
COPD may be the y-axis intercept of the _VE to _VCO2 relationship (Figures 3F and 4F). The intercept is not constrained by 
dynamic mechanics (as the slope is) or by duration of the test (as the nadir is) and it also correlates better with exercise 
tolerance and dyspnea than slope and nadir across all stages of COPD.62

Increased arterial to end tidal, or arterial to mixed expired PCO2 difference (P(a-ET) CO2), PECO2/PETCO2 ratio
At rest, PETCO2 is typically lower than PaCO2. This reflects dilution of the mean alveolar CO2 in exhalate by contributions 
from areas of relatively high V/Q. PETCO2 normally rises during exercise; however, due to elevation of venous PCO2 and 
steepening of alveolar phase of expired CO2 profile, such that it normally exceeds arterial value in mid-range of a CPET 
(Figure 3G). In COPD, P(a-ET) CO2 may instead remain relatively constant or may become more elevated50 due to effects 
of elevated dead space ventilation.
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The PETCO2 may also be compared to the mixed expired CO2 (PECO2) as the PECO2/PETCO2 ratio. PETCO2 is determined 
predominantly by the most slowly emptying, low V/Q, units of lung, whereas in contrast, PECO2 is more influenced by 
better ventilated, fast time constant units. Because of increased heterogeneity of airway emptying in COPD, the PECO2 

/PETCO2 is lower than in other conditions associated with low PETCO2 including chronic heart failure and pulmonary 
vascular disease, indicating differences in pathophysiologic basis for V/Q mismatches in these conditions.63 Because the 
PECO2 can be derived from the ratio of _VCO2 to _VE, determination of PECO2/PETCO2 does not require blood gas analysis.

High P(A-A)O2 and Hypoxemia During Exercise
Hypoxemia may occur in COPD primarily due to V/Q mismatch or limitation of ventilatory response.64 With exercise, V/Q 
mismatch may improve in mild disease because of more even distribution of ventilation. However, in severe COPD, V/Q 
mismatch is typically worsened, and mechanical constraint may result in alveolar hypoventilation.50

In healthy subjects, PaO2 typically increases during exercise (except in some highly trained athletes) and although 
P(A-A) O2 increases, it generally remains under ~30 mmHg. In COPD, P(A-A) O2 may increase further and there may be 
significant hypoxemia. This is attributed primarily to V/Q mismatch, but diffusion limitation due to reduced transit time 
through pulmonary circulation may also play a role. Less commonly, shunting through a patent foramen ovale may occur 
with exercise due to elevated right sided pressures. Arterial oxygen desaturation may be detected noninvasively by pulse 
oximeter, although more subtle changes in PaO2 and P(A-A) O2 could require arterial blood gas measurement.50

Figure 6 Ventilatory efficiency (_VE /_VCO2), slope, intercept, and nadir based on severity of COPD (GOLD criteria). The _VE/_VCO2 slope may paradoxically become lower in more 
severe disease (graph B). This is because of ventilatory constraints which can result in hypercapnia. Therefore, the more useful variables in COPD are the nadir value of the _VE 

/_VCO2 ratio (graph D), and the y-axis intercept of the _VE to _VCO2 relationship (graph A). The intercept is helpful mainly because it is not constrained by dynamic mechanics (as the 
slope is) or by duration of the test (as the nadir is). The intercept also correlates better than slope and nadir with exercise tolerance and dyspnea across all stages of COPD. There 
were important correlations between nadir versus intercept and slope only in controls and GOLD stage 1 patients (r=0.61 and 0.59, respectively, p<0.05). Graph (C) shows that 
compared to controls, nadirs were increased to a similar extent in all patient groups. Reproduced with permission of the © ERS 2023: Eur Respir J, 45(2): 377-387; Neder JA, Arbex 
FF, Alencar MCN, et al. Exercise ventilatory inefficiency in mild to end-stage COPD. DOI: 10.1183/09031936.00135514 Published 31 January 2015.62
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Application of CPET in COPD
Functional Assessment
Exercise testing measures overall functional capacity, which is not precisely predicted by static pulmonary function testing. In 
addition to dynamic changes in breathing mechanics, exertional hypoxemia, and cardiopulmonary interactions,42,53 other 
coexisting conditions such as obesity, cardiovascular disease, or anemia may modify overall exercise function. Simple 
exercise performance tests such as the 6 minute walk test (6MWT) can reflect the sum effect of these factors but cannot 
provide as much insight as CPET on their nature and relative roles.65 Objective measures of functional capacity are of use to 
clinician and patient with respect to assessments of disability,66 expectations regarding work or living environments, or for 
prescription of exercise67 among other uses.

Prognosis and Risk Stratification
Exercise capacity is a predictor of survival in a wide range of clinical populations.68 Consistent with this, the 6MWT has been 
shown to be valuable in assessment of mortality in COPD.69,70 Combining 6MWT with FEV1, body mass index (BMI), and 
severity of dyspnea in the BODE index, provide even better prediction of overall mortality and mortality from respiratory 
causes in COPD.71 BODE index includes BMI, obstruction by FEV1%, dyspnea (by Modified Medical Research Council) 
scale, and exercise capacity by 6MWT. Peak _VO2 is also a significant predictor of mortality in COPD72–74 and a number of 
studies suggest that it predicts mortality better than other diagnostic methods.48,65 In chronic heart failure, the prognostic 
significance of peak _VO2 is used in selection of advanced interventions such as heart transplant.75 Less has been reported 
regarding use of CPET in lung transplant assessments, although a low peak exercise work rate was among criteria identifying 
patients who would benefit from lung volume reduction surgery in the National Emphysema Treatment Trial.76

An important application of CPET for risk assessment is in consideration of major elective surgery. In COPD patients who 
are surgical candidates, CPET can screen for silent myocardial ischemia, and quantify cardiovascular reserve in terms of peak 
_VO2. Among candidates for lung resection surgery, a peak _VO2 of <10 mL/kg/min has been reported to carry a 4-fold increase 
in cardiac and pulmonary complications compared with candidates with a peak _VO2 of >20 mL/kg/min.77 CPET is thus part of 
guidelines for preoperative assessment prior to lung resection by both European Respiratory Society78 and American College 
of Chest Physicians.77 Although not specific to COPD, preoperative CPET is also recommended by some prior to major 
elective abdominal surgery in high risk individuals79 based on observations that AT is predictive of perioperative morbidity 
and mortality.77

Identifying the Cause of Dyspnea in Individuals with COPD
Mechanisms of exercise limitation or symptoms are variable in COPD, and CPET can be helpful in identifying proximal 
cause of impairment and so target therapy.41,80 As an example, a low AT without evidence of ventilatory limitation 
predicts a high potential for improvement with conventional exercise training. In contrast, dynamic hyperinflation and 
ventilatory limitation indicate a need for rigorous treatment with bronchodilators or even support use of invasive 
interventions.41 Hyperinflation or arterial hypoxemia during exercise might alternatively guide choice of exercise training 
approach, such as use of interval training, discussed in the next section. Coexisting cardiovascular conditions such as 
exercise induced myocardial ischemia or claudication can also be identified for specific therapy.

Exercise Prescription in COPD
Pulmonary rehabilitation is an effective nonpharmacological tool in treatment of patients with COPD and exercise 
training is a critical component of rehabilitation.41 Exercise prescriptions may be generated empirically or aided by low 
complexity exercise tests like the 6MWT, but measurement of gas exchange and ECG monitoring provide more 
comprehensive information. An initial prerehabilitation CPET can screen for adverse reactions to exercise, such as 
ischemic ECG changes or hypertensive response, that should be addressed prior to unmonitored training. It also 
facilitates titration of oxygen prescription for use during training and daily activities. Exercise desaturation has been 
found to be more pronounced during treadmill walking than during cycling exercise in individuals with COPD, so the 
former is preferable for this purpose.81,82
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CPET is also helpful for selecting a training work rate. Typical exercise prescriptions call for exercise at the training 
work rate for a targeted duration of 30–60 min, three or more days per week.83 Ideally this exercise should be 
intermediate between AT and peak _VO2. This is important because training at a work rate below AT is likely to have 
minimal benefit, and one too high may be unrealistic for the targeted exercise durations. The AT is not readily predictable 
in COPD; it may be low in patients who are deconditioned or have reduced muscle mass or may be an unusually high 
percentage of peak exercise capacity in patients who are active; so, it is best determined from CPET. Simple measures 
like heart rate or perceived exertion can then be used as guides to titrate work rate upward as tolerance improves.

A growing trend in both pulmonary and cardiac rehabilitation programs is use of interval training which consists of short 
bursts of near maximal exercise, but for limited periods of time (eg, 1–3 min), alternating with low level exercise or rest.84 This 
may be uniquely useful for COPD as it allows more intensive training of muscles while avoiding limitation due to breathing 
mechanics or symptoms, due to lag in increase of _VE and other responses within the short duration of the activity.85

Effects of training include a delay in onset of lactic acidosis which reduces _VE requirement over a range of work rates 
around AT.86 Breathing pattern might also be modified with decrease in breathing frequency which may sometimes 
mitigate DH. Training induced increases in peak _VO2 may be modest in COPD due to persistent ventilatory limits.50 

Importantly, however, functional benefit of even small increments in peak _VO2 and AT can be substantial. This can be 
demonstrated by comparison of endurance time for a very high intensity constant work rate performed before and after 
training. For this, exercise is performed at high a percent (eg, 70%) of the individual’s peak work rate where endurance 
time is limited to 4–10 min.87 Because there is a hyperbolic relationship between endurance time and work rate in this 
range of exercise,88 even small changes in aerobic parameters of exercise can result in substantial increases in endurance 
time over the asymptotic range of the relationship. Endurance testing has been a valuable tool in clinical trials for this 
reason89 although is not generally used in clinical settings.

Conclusion
COPD is a heterogenous condition in which physical function may be impaired through multiple mechanisms. CPET can 
be uniquely valuable in evaluation and management of individuals with COPD. It provides an objective measure of 
exercise capacity, which has direct applications in risk stratification. It can be useful in assessing the cause of symptoms 
which are not always attributable to respiratory factors alone, so can guide recommendations regarding therapeutic 
interventions, including planning and prescription of exercise training. A robust body of literature demonstrating utility 
of CPET in patient care supports its use in a broader range of patients and clinical practice settings.
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