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Abstract: Cardiopulmonary exercise test (CPET) is a valuable diagnostic tool with a specific
application in heart failure (HF) thanks to the strong prognostic value of its parameters.
The most important value provided by CPET is the peak oxygen uptake (peak VO2),
the maximum rate of oxygen consumption attainable during physical exertion.
According to the Fick principle, VO2 equals cardiac output (Qc) times the arteriovenous
content difference [C(a–v)O2], where Ca is the arterial oxygen and Cv is the mixed
venous oxygen content, respectively; therefore, VO2 can be reduced both by impaired
O2 delivery (reduced Qc) or extraction (reduced arteriovenous O2 content).
However, standard CPET is not capable of discriminating between these different
impairments, leading to the need for “complex” CPET technologies. Among non-
invasive methods for Qc measurement during CPET, inert gas rebreathing and thoracic
impedance cardiography are the most used techniques, both validated in healthy
subjects and patients with HF, at rest and during exercise. On the other hand, the non-
invasive assessment of peripheral muscle perfusion is possible with the application of
near infra-red spectroscopy, capable of measuring tissue oxygenation.
Measuring Qc allows, by having hemoglobin values available, to discriminate how
much any VO2 deficit depends on muscle, anemia or heart.
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ABSTRACT 

 

Cardiopulmonary exercise test (CPET) is a valuable diagnostic tool with a specific application in heart failure 

(HF) thanks to the strong prognostic value of its parameters. The most important value provided by CPET is 

the peak oxygen uptake (peak VO2), the maximum rate of oxygen consumption attainable during physical 

exertion. According to the Fick principle, VO2 equals cardiac output (Qc) times the arteriovenous content 

difference [C(a–v)O2], where Ca is the arterial oxygen and Cv is the mixed venous oxygen content, 

respectively; therefore, VO2 can be reduced both by impaired O2 delivery (reduced Qc) or extraction 

(reduced arteriovenous O2 content). 

However, standard CPET is not capable of discriminating between these different impairments, leading to 

the need for “complex” CPET technologies. Among non-invasive methods for Qc measurement during CPET, 

inert gas rebreathing and thoracic impedance cardiography are the most used techniques, both validated in 

healthy subjects and patients with HF, at rest and during exercise. On the other hand, the non-invasive 

assessment of peripheral muscle perfusion is possible with the application of near infra-red spectroscopy, 

capable of measuring tissue oxygenation. Measuring Qc allows, by having hemoglobin values available, to 

discriminate how much any VO2 deficit depends on muscle, anemia or heart. 

 

Keywords: Heart failure; complex cardiopulmonary exercise test; cardiac output measurement 

 

 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Introduction 

Cardiopulmonary exercise test (CPET) is a valuable tool, capable of complete evaluation of physiological 

adaptation to exercise, examining metabolic, respiratory, cardiovascular, muscular, and cellular responses 

(1).  CPET is an extremely useful in cases of dyspnea or exercise intolerance of unknown origin, able to 

discriminate between cardiogenic and pulmonary source. However, thanks to the strong prognostic value 

of its parameters, it also represents a fundamental instrument in the prognostic stratification and follow-up 

of patients with heart failure (HF). According to the most recent HF guidelines (2): CPET is recommended as 

part of the evaluation for heart transplantation and/or mechanical circulatory support, to optimize 

prescription of exercise training and to identify the cause of unexplained dyspnea and/or exercise 

intolerance (2). Performing CPET is also useful in the following cases: evaluation of hypertensive patients 

(3), patients with chronotropic incompetence (4), patients with congenital heart disease (5), functional 

characterisation of healthy subjects (6). 

The most important value provided by CPET is the peak oxygen uptake (peak VO2), the maximum rate of 

oxygen consumption attainable during physical exertion. Peak VO2 continues to be considered the most 

useful parameter in assessing prognostic stratification among HF patients (7-11).  

The minute ventilation-carbon dioxide production relationship (VE/VCO2 slope) has recently demonstrated 

prognostic significance in patients with HF, and in some studies, it has outperformed peak VO2 (12, 13). 

Another critical value is the ventilatory anaerobic threshold (AT), which represent the peak VO2 value when 

metabolism switches from aerobic to anaerobic because oxygen supply cannot keep up with the increasing 

metabolic requirements of exercising muscles and lactic acid production significantly increases (14). Also, 

the oxygen pulse (O2 pulse) is the ratio of VO2 and heart rate (HR; mL/beat) provides an estimate of stroke 

volume and peripheral vascular perfusion/extraction response to exercise, according to the Fick principle 

(i.e. VO2 = QC x [CaO2 - CvO2] where QC = cardiac output [stroke volume x HR]; CaO2 = arterial oxygen 

content, CvO2 = venous oxygen content; (CaO2 - CvO2) = arteriovenous [a-v] difference in O2).  
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Frequently, cardiologists must face CPET results that are not completely decisive for the diagnosis, for 

example in the case of a patient who presents a reduction in functional capacity due to a reduced peak VO2 

without other significant abnormalities or symptoms of left ventricular dysfunction (10, 11). A reduction in 

physical capacity, which is frequently reported also in healthy, “couch potatoes” subjects, can occur for 

muscle deconditioning other than low QC or chronotropic/pressure incompetence. Indeed, according to the 

Fick principle (i.e. VO2 = QC x [CaO2 - CvO2]) VO2 can be reduced both by impaired O2 delivery (reduced QC) 

or extraction (reduced arteriovenous O2 content) (15). Table 1 shows the determinants of arteriovenous 

oxygen content difference. 

It must be clearly stated that standard CPET is not capable of discriminating with certainty between these 

different impairments. 

For more precise etiological determination of reduced peak VO2 (if QC or peripheral extraction reduction is 

involved), “complex” CPET technologies may be useful. Other contexts in which “complex” technologies 

could be helpful are when the estimated QC during exercise can be observed as a variable that continues 

over time, to highlight its changes during exercise: for example, patients with severe paucisymptomatic 

aortic stenosis, hypertrophic cardiomyopathy with and without intraventricular gradient at rest, or 

intramyocardial coronary artery bridge, to highlight the presence of exertional myocardial ischemia linked 

to a reduction in QC (useful for understanding at what HR this occurs if no changes are observed in the 

electrocardiogram).  

Nowadays, several software packages for non-invasive QC estimation are available: some of them use 

recent technologies as inert gas rebreathing (Innocor), morphology impedance cardiography (Physioflow), 

or light waves that penetrate superficial tissues to calculate the percentage of oxygenated blood (Near-

infrared spectroscopy, NIRS) and can be useful for the evaluation of healthy subjects and HF patients 

(including Left Ventricular Assist Device bearing patients) to stratify prognosis and to guide therapy  (16-

19). 
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Cardiac output measurement 

The direct Fick method is still considered as the gold standard technique in QC measurement, but 

thermodilution is the most used method for QC assessment because it is easier and faster. However, both 

thermodilution and the direct Fick method require right-sided cardiac catheterization, which is an invasive 

procedure characterized by rare - albeit possibly life-threatening - complications, significant discomfort and 

anxiety for patients, and high costs especially if performed during exercise (20). 

Moreover, the invasive QC measurements above mentioned are often performed while supine, which is not 

the natural patients’ position when performing physical exertion. In the supine position the venous return 

amount is different than in the sitting position, therefore QC and maybe QC partition in the lung may be 

different according to the patient’s posture during the assessment.   

Non-invasive QC measurement during CPET is a meaningful added value with a significant role both for 

prognosis and for exercise physiology understanding in patients with cardiopulmonary diseases. 

Inert gas rebreathing 

A non-invasive method for QC measurement by inert gas rebreathing (IGR) has been validated in healthy 

subjects and patients with HF, at rest and during exercise (21). IGR calculates QC as the sum of pulmonary 

blood flow and intrapulmonary shunt, that means the sum of QC perfusing well ventilated and not 

ventilated alveoli, respectively. IGR relies on proper alveolar gas mixing for pulmonary blood flow 

measurement and estimation of intrapulmonary shunt based on the assumption of a constant oxygen 

saturation (SO2) value in the pulmonary capillaries.  

Both measurements were initially considered to be challenging in patients with an abnormal ventilatory 

perfusion match and a significant intrapulmonary shunt conditioning a relevant blood oxygen saturation 

decrease during exercise, such as in patients affected by pulmonary arterial hypertension (PAH) or 

parenchymal lung disease which could also be responsible for an incomplete pulmonary gas mixing (22). 

Nevertheless, it was subsequently demonstrated that the accuracy of the IGR method is not influenced by 

either pulmonary obstructive or pulmonary restrictive disease, even when PAH is associated with a 
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parenchymal disease (23). Particularly it has been shown that IGR is a reliable and accurate method for QC 

assessment also in patients with PAH, except for those with low arterial SO2 (<90%), mainly due to a wrong 

shunt flow estimation (24). Moreover, this technique has also been used in advanced HF, left ventricular 

assist device bearing patients and in the evaluation following percutaneous mitral valvuloplasty or 

resynchronisation therapy (17, 18, 25-28).  

The possibility of measuring QC during exercise in PAH patients is relevant because the main goal of all the 

available treatment strategies for PAH is the reduction of pulmonary vascular resistances and the increase 

in QC (29).  

An inadequate increase of QC and hyperventilation are a well-known causes of exercise limitation in PAH 

patients. Indeed, during exercise, PAH patients show an excessive increase in ventilation (VE) compared to 

carbon dioxide output (VCO2), determining a high VE/VCO2 slope associated with a characteristic reduction 

in the end tidal CO2 partial pressure (PetCO2) (30-32). In a previous study we demonstrated that exercise 

hyperventilation and therefore a high VE/VCO2 slope in PAH patients is associated to high dead space 

ventilation (VEDS), around 30% of exercise VE, and an enhanced chemoreceptor response to hypoxia and 

hypercapnia (33).  

In this regard, QC at rest is a well-known prognostic tool and a marker of response to therapy in PAH 

patients but the role of the overall QC increase during exercise and of the intrapulmonary blood flow 

partitioning between ventilated and not ventilated lung zones is unknown. This is an important lack of 

knowledge, as it is not known which of these two components of pulmonary blood flow is mainly affected 

by treatment. In the past, similar treatment strategies aimed at reduction of pulmonary vascular resistance, 

applied to PAH in chronic obstructive pulmonary disease patients, showed a negative effect on medium 

term survival; indeed, an increase of hypoxia, likely resulting from an increase in pulmonary shunt, was 

observed against a reduction of pulmonary vascular resistance (34, 35).  

Thoracic impedance cardiography 
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Nowadays, total QC can be measured non-invasively during exercise by thoracic impedance cardiography, 

Physioflow, in healthy subjects and in patients with cardiopulmonary diseases (36, 37). 

Physioflow measures changes in transthoracic impedance, independent of baseline impedance while 

administering a high-frequency (75 kHz) and low-amperage (3.8 mA peak to peak) alternating electrical 

current. Pulsatile variation in impedance is mainly a function of variation in the volume and velocity of the 

thoracic aortic blood flow. Physioflow software establishes stroke volume index (SVi) and QC by the product 

of HR x SVi x body surface area (38, 39).  

A complex CPET with the simultaneous measurement of QC by IGR and Physioflow should allow to assess QC 

and QC partitioning in the lung during exercise: indeed, while pulmonary blood flow to ventilated lung 

zones can be measured by IGR, in the absence of intracardiac shunt, non-ventilated lung zones flow can be 

calculated as the differences between total QC and blood flow to ventilated lung zones.  

Therefore, we have recently undertaken a study to evaluate the QC behaviour during exercise and its 

partitioning between ventilated and not-ventilated lung areas in a series of PAH patients: our unpublished 

data showed that, when partitioning QC to ventilated and not-ventilated lung zones during exercise, the 

blood flow to the non-ventilated lung zone was approximately 20% of the total QC (a dedicated manuscript 

is at present under review).  We strongly believe that complex CPET could be a useful tool for assessing the 

response to pulmonary vasodilating drugs in patients with PAH.  

 

Peripheral tissue oxygenation: near infra-red spectroscopy  

NIRS is a non-invasive diagnostic technique capable of measuring real time tissue oxygenation using 

portable instruments. NIRS application in clinical medicine started after the observation that biological 

tissues are quite transparent to light in the near infrared spectrum (i.e. 700-1,300 nm) (40). The second 

critical element that enables the use of NIRS is the oxygenation-dependent light absorbing characteristics 

of haemoglobin. Hence, by applying different light impulse wavelengths, the relative changes in 

haemoglobin concentration (oxygenated and deoxygenated) can be monitored.  
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The first clinical applications of the NIRS technique were developed to assess oxygenation status of the two 

most oxygen-consuming human organs, the brain and skeletal muscle. In particular, NIRS is a well-

established method for the evaluation of cerebral oxygenation status in intensive care units and cardiac 

surgery.  In more recent clinical studies, NIRS is used to directly quantify the variation in muscle levels of 

oxygenated haemoglobin (O2Hb), deoxygenated haemoglobin (HHb), total haemoglobin (tHb) and, 

indirectly, venous oxygen saturation (SvO2%) to study the state of oxygenation and peripheral tissue 

perfusion. This technique can be applied to the muscle to assess oxygenation status and tissue perfusion, 

both at rest and during exercise (41-43). 

Exercise capacity, expressed as oxygen uptake, is determined by QC and peripheral oxygen extraction. The 

reduction in exercise capacity in patients with HF is partly due to muscle hypoperfusion, partly related to 

muscle ultrastructural changes and hyperactivation of muscle ergoreflexes:  the increase in peripheral 

oxygen extraction is one of the compensatory mechanisms that the body uses to counteract the reduction 

of QC due to cardiogenic deficit (44-47). 

Patients with HF are often limited by muscle fatigue due, at least in part, to peripheral muscle 

hypoperfusion. NIRS allows non-invasive and repeatable assessment of the severity of muscle perfusion 

impairment in these patients by showing changes in haemoglobin oxygenation related to changes in muscle 

perfusion associated with changes in the degree of haemoglobin deoxygenation during exercise. 

As regards HF, the NIRS technique has been used to assess muscle oxygenation status during constant 

workload physical activity (25, 48) with few relevant publications, as the application in this field is just in its 

early stages. Of note, reliable NIRS measurements of oxygenated and deoxygenated haemoglobin content 

in the skeletal muscle need steady state conditions, thus it can be applied at rest, during constant workload 

exercise, during a multi-minute step incremental protocol or a ramp protocol.   

In the context of complex CPET, the NIRS allows to study the oxygenation state of the muscle during 

exercise in healthy subjects and in patients suffering from HF and, in the future, it would be able to be 

applied to the study of limitation capacity in other pathologies. 
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Peak oxygen uptake versus cardiac output 

Muscle work during exercise requires a complex integration of cardiac, pulmonary, vascular and peripheral 

mechanisms. Effort limitation in HF is a multifactorial process involving alterations in central 

hemodynamics, peripheral vasodilatory capacity, intrinsic skeletal muscle alterations, pulmonary factors, 

iron deficiency, anemia and general conditioning state, all of which can compromise effective oxygen 

supply and utilization.  

As previously stated, according to the Fick's law, QC is directly proportional to oxygen consumption (VO2) 

and inversely proportional to arteriovenous oxygen difference (Δ(a-v)O2), which depends on several factors, 

including anemia, exercise-induced hemoconcentration, muscle metabolic efficiency, and peripheral blood 

flow distribution (Table 1). An increase in VO2 can be achieved by an improvement in QC, arteriovenous O2 

difference or both. A healthy, deconditioned subject with normal QC but reduced Δ(a-v)O2, an HF patient 

with a reduced QC and elevated Δ(a-v)O2, or a person with the coexistence of both reduced QC and 

deconditioning, may all have the same VO2 (Figure 1) (49). 

In a previous study it was shown that peak exercise VO2 is linearly related to peak exercise QC in HF 

patients. However, in the frailer population this correlation seems weaker (26). Notably, in patients with 

mild and moderate HF, exercise QC increase is reduced but Δ(a-v)O2 increase is, on the average, preserved. 

On the other hand, patients with the most compromised exercise performance (peak VO2 < 50% of 

predicted) show a lower QC and Δ(a-v)O2 increase, with both central and peripheral factors responsible for 

the low peak VO2 observed. A partial explanation may lie in the fact that these frailer patients are more 

anemic and have lower iron levels (50). Accordingly, it is essential to evaluate iron profile in more severe HF 

and perform a correction if the values fall below the recommended standards. Moreover, blood flow 

distribution to peripheral muscles, mitochondrial O2 uptake, and capillary density were reported to be more 

impaired in HF patients with more severe disease (51). A comprehensive assessment of the patient is 

important to evaluate the different comorbidities and correctly identify the origins of the functional 

limitation (52). 
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In advanced HF patients it might be difficult to achieve a maximal effort during CPET. Non-invasive 

haemodynamic assessment and standard CPET values showed that mid exercise parameters correlate with 

peak values and therefore with patient’s exercise capacity during real life activities (53). The evaluation of 

complex CPET at submaximal exercise in advanced HF patients is a promising tool to assess patients’ well-

being and possibly prognosis but more data are definitively needed on this topic.  

 

The assessment of exercise tolerance is also essential in HF with preserved function. The reduction in 

exercise capacity in these patients may have a multifactorial origin, given the comorbidities usually present 

in this group of subjects such as obesity, diabetes, anemia, lung disease (52). The identification of this 

limitation allows better treatment of these patients. 

The prognostic relevance of the traditional CPET parameters that are valid for HF with reduced ejection 

fraction, such as peak VO2 and the VE/VCO2 slope relationship, is also confirmed in this class of subjects 

(54), and the use of complex CPET allows a better phenotyping of these patient for an appropriate tailored 

therapy.  

The research on HF with preserved ejection fraction is still in its early stages and new studies are needed to 

complete the characterisation of this disease. 

 

Limitations 

The non-invasive measures are not able to discriminate an increase in wedge pressure, which can only be 

inferred from an elevated VE/VCO2 slope as a rise in pulmonary pressure due to augmented left side 

pressure (55, 56). 

 

Conclusion 

 

Complex CPET represents a new frontier in the assessment of patients with HF as exercise limitation is 

multifactorial and its causes can guide a widespread approach to the medical management of severe HF. In 

particular, non-invasive QC measurement techniques have several advantages over invasive QC assessment, 
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including patient comfort, safety, easy reproducibility and lower technical requirements. It is desirable that, 

in the future, these technologies could be integrated into a single software.  
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Table 1. Determinants of arteriovenous oxygen content difference 

Factors possibly affecting the C(a–v)O2   Effect on C(a–v)O2 

Haemoglobin  ↑ (Exercise-induced hemoconcentration) ↑ 

Muscle metabolic efficiency ↑ ↑ 

Peripheral blood distribution toward 
working muscles 

↑ ↑ 

PO2 ↓ ↓ 

pH ↓ (↑p50) ↑ 

Temperature ↑ (↑p50) ↑ 

 

Abbreviations: C(a–v)O2 = arteriovenous oxygen content difference; p50 = O2 pressure at which 
haemoglobin  is half saturated with O2. 

 

Reprinted with permission of the American Thoracic Society.   
Copyright © 2022 American Thoracic Society. All rights reserved.   
Vignati C, Cattadori G. Measuring Cardiac Output during Cardiopulmonary Exercise Testing. Ann Am Thorac 
Soc. 2017;14(Supplement_1):S48-S52. 
Annals of the American Thoracic Society Medicine is an official journal of the American Thoracic Society.  
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Figure legend 

 

Figure 1. Cardiac output, arteriovenous oxygen difference [C(a–v)O2; a = arterial oxygen; v = mixed venous 

oxygen content], and VO2 in a healthy deconditioned subject, mild deconditioned patient with heart failure 

(HF), and normally trained patient with severe HF at peak exercise. Cardiac output is plotted against C(a–

v)O2. The solid lines are lines with the same VO2. C(a–v)O2 can be estimated from measured VO2 and cardiac 

output.  

 

Reprinted with permission of the American Thoracic Society.   
Copyright © 2022 American Thoracic Society. All rights reserved.   
Vignati C, Cattadori G. Measuring Cardiac Output during Cardiopulmonary Exercise Testing. Ann Am Thorac 
Soc. 2017;14(Supplement_1):S48-S52. 
Annals of the American Thoracic Society Medicine is an official journal of the American Thoracic Society.  
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ABSTRACT 

 

Cardiopulmonary exercise test (CPET) is a valuable diagnostic tool with a specific application in heart failure 

(HF) thanks to the strong prognostic value of its parameters. The most important value provided by CPET is 

the peak oxygen uptake (peak VO2), the maximum rate of oxygen consumption attainable during physical 

exertion. According to the Fick principle, VO2 equals cardiac output (Qc) times the arteriovenous content 

difference [C(a–v)O2], where Ca is the arterial oxygen and Cv is the mixed venous oxygen content, 

respectively; therefore, VO2 can be reduced both by impaired O2 delivery (reduced Qc) or extraction 

(reduced arteriovenous O2 content). 

However, standard CPET is not capable of discriminating between these different impairments, leading to 

the need for “complex” CPET technologies. Among non-invasive methods for Qc measurement during CPET, 

inert gas rebreathing and thoracic impedance cardiography are the most used techniques, both validated in 

healthy subjects and patients with HF, at rest and during exercise. On the other hand, the non-invasive 

assessment of peripheral muscle perfusion is possible with the application of near infra-red spectroscopy, 

capable of measuring tissue oxygenation. Measuring Qc allows, by having hemoglobin values available, to 

discriminate how much any VO2 deficit depends on muscle, anemia or heart. 

 

Keywords: Heart failure; complex cardiopulmonary exercise test; cardiac output measurement 
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Introduction 

Cardiopulmonary exercise test (CPET) is a valuable tool, capable of complete evaluation of physiological 

adaptation to exercise, examining metabolic, respiratory, cardiovascular, muscular, and cellular responses 

(1).  CPET is an extremely useful in cases of dyspnea or exercise intolerance of unknown origin, able to 

discriminate between cardiogenic and pulmonary source. However, thanks to the strong prognostic value 

of its parameters, it also represents a fundamental instrument in the prognostic stratification and follow-up 

of patients with heart failure (HF). According to the most recent HF guidelines (2): CPET is recommended as 

part of the evaluation for heart transplantation and/or mechanical circulatory support, to optimize 

prescription of exercise training  and to identify the cause of unexplained dyspnea and/or exercise 

intolerance (2). Performing CPET is also useful in the following cases: evaluation of hypertensive patients 

(3), patients with chronotropic incompetence (4), patients with congenital heart disease (5), functional 

characterisation of healthy subjects (6). 

The most important value provided by CPET is the peak oxygen uptake (peak VO2), the maximum rate of 

oxygen consumption attainable during physical exertion. Peak VO2 continues to be considered the most 

useful parameter in assessing prognostic stratification among HF patients (7-11).  

The minute ventilation-carbon dioxide production relationship (VE/VCO2 slope) has recently demonstrated 

prognostic significance in patients with HF, and in some studies, it has outperformed peak VO2 (12, 13). 

Another critical value is the ventilatory anaerobic threshold (AT), which represent the peak VO2 value when 

metabolism switches from aerobic to anaerobic because oxygen supply cannot keep up with the increasing 

metabolic requirements of exercising muscles and lactic acid production significantly increases (14). Also, 

the oxygen pulse (O2 pulse) is the ratio of VO2 and heart rate (HR; mL/beat) provides an estimate of stroke 

volume and peripheral vascular perfusion/extraction response to exercise, according to the Fick principle 

(i.e. VO2 = QC x [CaO2 - CvO2] where QC = cardiac output [stroke volume x HR]; CaO2 = arterial oxygen 

content, CvO2 = venous oxygen content; (CaO2 - CvO2) = arteriovenous [a-v] difference in O2).  
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Frequently, cardiologists must face CPET results that are not completely decisive for the diagnosis, for 

example in the case of a patient who presents a reduction in functional capacity due to a reduced peak VO2 

without other significant abnormalities or symptoms of left ventricular dysfunction (10, 11). A reduction in 

physical capacity, which is frequently reported also in healthy, “couch potatoes” subjects, can occur for 

muscle deconditioning other than low QC or chronotropic/pressure incompetence. Indeed, according to the 

Fick principle (i.e. VO2 = QC x [CaO2 - CvO2]) VO2 can be reduced both by impaired O2 delivery (reduced QC) 

or extraction (reduced arteriovenous O2 content) (15). Table 1 shows the determinants of arteriovenous 

oxygen content difference. 

It must be clearly stated that standard CPET is not capable of discriminating with certainty between these 

different impairments. 

For more precise etiological determination of reduced peak VO2 (if QC or peripheral extraction reduction is 

involved), “complex” CPET technologies may be useful. Other contexts in which “complex” technologies 

could be helpful are when the estimated QC during exercise can be observed as a variable that continues 

over time, to highlight its changes during exercise: for example, patients with severe paucisymptomatic 

aortic stenosis, hypertrophic cardiomyopathy with and without intraventricular gradient at rest, or 

intramyocardial coronary artery bridge, to highlight the presence of exertional myocardial ischemia linked 

to a reduction in QC (useful for understanding at what HR this occurs if no changes are observed in the 

electrocardiogram).  

Nowadays, several software packages for non-invasive QC estimation are available: some of them use 

recent technologies as inert gas rebreathing (Innocor), morphology impedance cardiography (Physioflow), 

or light waves that penetrate superficial tissues to calculate the percentage of oxygenated blood (Near-

infrared spectroscopy, NIRS) and can be useful for the evaluation of healthy subjects and HF patients 

(including Left Ventricular Assist Device bearing patients) to stratify prognosis and to guide therapy  (16-

19). 
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Cardiac output measurement 

The direct Fick method is still considered as the gold standard technique in QC measurement, but 

thermodilution is the most used method for QC assessment because it is easier and faster. However, both 

thermodilution and the direct Fick method require right-sided cardiac catheterization, which is an invasive 

procedure characterized by rare - albeit possibly life-threatening - complications, significant discomfort and 

anxiety for patients, and high costs especially if performed during exercise (20). 

Moreover, the invasive QC measurements above mentioned are often performed while supine, which is not 

the natural patients’ position when performing physical exertion. In the supine position the venous return 

amount is different than in the sitting position, therefore QC and maybe QC partition in the lung may be 

different according to the patient’s posture during the assessment.   

Non-invasive QC measurement during CPET is a meaningful added value with a significant role both for 

prognosis and for exercise physiology understanding in patients with cardiopulmonary diseases. 

Inert gas rebreathing 

A non-invasive method for QC measurement by inert gas rebreathing (IGR) has been validated in healthy 

subjects and patients with HF, at rest and during exercise (21). IGR calculates QC as the sum of pulmonary 

blood flow and intrapulmonary shunt, that means the sum of QC perfusing well ventilated and not 

ventilated alveoli, respectively. IGR relies on proper alveolar gas mixing for pulmonary blood flow 

measurement and estimation of intrapulmonary shunt based on the assumption of a constant oxygen 

saturation (SO2) value in the pulmonary capillaries.  

Both measurements were initially considered to be challenging in patients with an abnormal ventilatory 

perfusion match and a significant intrapulmonary shunt conditioning a relevant blood oxygen saturation 

decrease during exercise, such as in patients affected by pulmonary arterial hypertension (PAH) or 

parenchymal lung disease which could also be responsible for an incomplete pulmonary gas mixing (22). 

Nevertheless, it was subsequently demonstrated that the accuracy of the IGR method is not influenced by 

either pulmonary obstructive or pulmonary restrictive disease, even when PAH is associated with a 
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parenchymal disease (23). Particularly it has been shown that IGR is a reliable and accurate method for QC 

assessment also in patients with PAH, except for those with low arterial SO2 (<90%), mainly due to a wrong 

shunt flow estimation (24). Moreover, this technique has also been used in advanced HF, left ventricular 

assist device bearing patients and in the evaluation following percutaneous mitral valvuloplasty or 

resynchronisation therapy (17, 18, 25-28).  

The possibility of measuring QC during exercise in PAH patients is relevant because the main goal of all the 

available treatment strategies for PAH is the reduction of pulmonary vascular resistances and the increase 

in QC (29).  

An inadequate increase of QC and hyperventilation are a well-known causes of exercise limitation in PAH 

patients. Indeed, during exercise, PAH patients show an excessive increase in ventilation (VE) compared to 

carbon dioxide output (VCO2), determining a high VE/VCO2 slope associated with a characteristic reduction 

in the end tidal CO2 partial pressure (PetCO2) (30-32). In a previous study we demonstrated that exercise 

hyperventilation and therefore a high VE/VCO2 slope in PAH patients is associated to high dead space 

ventilation (VEDS), around 30% of exercise VE, and an enhanced chemoreceptor response to hypoxia and 

hypercapnia (33).  

In this regard, QC at rest is a well-known prognostic tool and a marker of response to therapy in PAH 

patients but the role of the overall QC increase during exercise and of the intrapulmonary blood flow 

partitioning between ventilated and not ventilated lung zones is unknown. This is an important lack of 

knowledge, as it is not known which of these two components of pulmonary blood flow is mainly affected 

by treatment. In the past, similar treatment strategies aimed at reduction of pulmonary vascular resistance, 

applied to PAH in chronic obstructive pulmonary disease patients, showed a negative effect on medium 

term survival; indeed, an increase of hypoxia, likely resulting from an increase in pulmonary shunt, was 

observed against a reduction of pulmonary vascular resistance (34, 35).  

Thoracic impedance cardiography 
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Nowadays, total QC can be measured non-invasively during exercise by thoracic impedance cardiography, 

Physioflow, in healthy subjects and in patients with cardiopulmonary diseases (36, 37). 

Physioflow measures changes in transthoracic impedance, independent of baseline impedance while 

administering a high-frequency (75 kHz) and low-amperage (3.8 mA peak to peak) alternating electrical 

current. Pulsatile variation in impedance is mainly a function of variation in the volume and velocity of the 

thoracic aortic blood flow. Physioflow software establishes stroke volume index (SVi) and QC by the product 

of HR x SVi x body surface area (38, 39).  

A complex CPET with the simultaneous measurement of QC by IGR and Physioflow should allow to assess QC 

and QC partitioning in the lung during exercise: indeed, while pulmonary blood flow to ventilated lung 

zones can be measured by IGR, in the absence of intracardiac shunt, non-ventilated lung zones flow can be 

calculated as the differences between total QC and blood flow to ventilated lung zones.  

Therefore, we have recently undertaken a study to evaluate the QC behaviour during exercise and its 

partitioning between ventilated and not-ventilated lung areas in a series of PAH patients: our unpublished 

data showed that, when partitioning QC to ventilated and not-ventilated lung zones during exercise, the 

blood flow to the non-ventilated lung zone was approximately 20% of the total QC (a dedicated manuscript 

is at present under review).  We strongly believe that complex CPET could be a useful tool for assessing the 

response to pulmonary vasodilating drugs in patients with PAH.  

 

Peripheral tissue oxygenation: near infra-red spectroscopy  

NIRS is a non-invasive diagnostic technique capable of measuring real time tissue oxygenation using 

portable instruments. NIRS application in clinical medicine started after the observation that biological 

tissues are quite transparent to light in the near infrared spectrum (i.e. 700-1,300 nm) (40). The second 

critical element that enables the use of NIRS is the oxygenation-dependent light absorbing characteristics 

of haemoglobin. Hence, by applying different light impulse wavelengths, the relative changes in 

haemoglobin concentration (oxygenated and deoxygenated) can be monitored.  
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The first clinical applications of the NIRS technique were developed to assess oxygenation status of the two 

most oxygen-consuming human organs, the brain and skeletal muscle. In particular, NIRS is a well-

established method for the evaluation of cerebral oxygenation status in intensive care units and cardiac 

surgery.  In more recent clinical studies, NIRS is used to directly quantify the variation in muscle levels of 

oxygenated haemoglobin (O2Hb), deoxygenated haemoglobin (HHb), total haemoglobin (tHb) and, 

indirectly, venous oxygen saturation (SvO2%) to study the state of oxygenation and peripheral tissue 

perfusion. This technique can be applied to the muscle to assess oxygenation status and tissue perfusion, 

both at rest and during exercise (41-43). 

Exercise capacity, expressed as oxygen uptake, is determined by QC and peripheral oxygen extraction. The 

reduction in exercise capacity in patients with HF is partly due to muscle hypoperfusion, partly related to 

muscle ultrastructural changes and hyperactivation of muscle ergoreflexes:  the increase in peripheral 

oxygen extraction is one of the compensatory mechanisms that the body uses to counteract the reduction 

of QC due to cardiogenic deficit (44-47). 

Patients with HF are often limited by muscle fatigue due, at least in part, to peripheral muscle 

hypoperfusion. NIRS allows non-invasive and repeatable assessment of the severity of muscle perfusion 

impairment in these patients by showing changes in haemoglobin oxygenation related to changes in muscle 

perfusion associated with changes in the degree of haemoglobin deoxygenation during exercise. 

As regards HF, the NIRS technique has been used to assess muscle oxygenation status during constant 

workload physical activity (25, 48) with few relevant publications, as the application in this field is just in its 

early stages. Of note, reliable NIRS measurements of oxygenated and deoxygenated haemoglobin content 

in the skeletal muscle need steady state conditions, thus it can be applied at rest, during constant workload 

exercise, during a multi-minute step incremental protocol or a ramp protocol.   

In the context of complex CPET, the NIRS allows to study the oxygenation state of the muscle during 

exercise in healthy subjects and in patients suffering from HF and, in the future, it would be able to be 

applied to the study of limitation capacity in other pathologies. 
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Peak oxygen uptake versus cardiac output 

Muscle work during exercise requires a complex integration of cardiac, pulmonary, vascular and peripheral 

mechanisms. Effort limitation in HF is a multifactorial process involving alterations in central 

hemodynamics, peripheral vasodilatory capacity, intrinsic skeletal muscle alterations, pulmonary factors, 

iron deficiency, anemia and general conditioning state, all of which can compromise effective oxygen 

supply and utilization.  

As previously stated, according to the Fick's law, QC is directly proportional to oxygen consumption (VO2) 

and inversely proportional to arteriovenous oxygen difference (Δ(a-v)O2), which depends on several factors, 

including anemia, exercise-induced hemoconcentration, muscle metabolic efficiency, and peripheral blood 

flow distribution (Table 1). An increase in VO2 can be achieved by an improvement in QC, arteriovenous O2 

difference or both. A healthy, deconditioned subject with normal QC but reduced Δ(a-v)O2, an HF patient 

with a reduced QC and elevated Δ(a-v)O2, or a person with the coexistence of both reduced QC and 

deconditioning, may all have the same VO2 (Figure 1) (49). 

In a previous study it was shown that peak exercise VO2 is linearly related to peak exercise QC in HF 

patients. However, in the frailer population this correlation seems weaker (26). Notably, in patients with 

mild and moderate HF, exercise QC increase is reduced but Δ(a-v)O2 increase is, on the average, preserved. 

On the other hand, patients with the most compromised exercise performance (peak VO2 < 50% of 

predicted) show a lower QC and Δ(a-v)O2 increase, with both central and peripheral factors responsible for 

the low peak VO2 observed. A partial explanation may lie in the fact that these frailer patients are more 

anemic and have lower iron levels (50). Accordingly, it is essential to evaluate iron profile in more severe HF 

and perform a correction if the values fall below the recommended standards. Moreover, blood flow 

distribution to peripheral muscles, mitochondrial O2 uptake, and capillary density were reported to be more 

impaired in HF patients with more severe disease (51). A comprehensive assessment of the patient is 
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important to evaluate the different comorbidities and correctly identify the origins of the functional 

limitation (52). 

In advanced HF patients it might be difficult to achieve a maximal effort during CPET. Non-invasive 

haemodynamic assessment and standard CPET values showed that mid exercise parameters correlate with 

peak values and therefore with patient’s exercise capacity during real life activities (53). The evaluation of 

complex CPET at submaximal exercise in advanced HF patients is a promising tool to assess patients’ well-

being and possibly prognosis but more data are definitively needed on this topic.  

 

The assessment of exercise tolerance is also essential in HF with preserved function. The reduction in 

exercise capacity in these patients may have a multifactorial origin, given the comorbidities usually present 

in this group of subjects such as obesity, diabetes, anemia, lung disease (52). The identification of this 

limitation allows better treatment of these patients. 

The prognostic relevance of the traditional CPET parameters that are valid for HF with reduced ejection 

fraction, such as peak VO2 and the VE/VCO2 slope relationship, is also confirmed in this class of subjects 

(54), and the use of complex CPET allows a better phenotyping of these patient for an appropriate tailored 

therapy.  

The research on HF with preserved ejection fraction is still in its early stages and new studies are needed to 

complete the characterisation of this disease. 

 

 

Limitations 

The non-invasive measures are not able to discriminate an increase in wedge pressure, which can only be 

inferred from an elevated VE/VCO2 slope as a rise in pulmonary pressure due to augmented left side 

pressure (55, 56). 

 

 

Conclusion 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Complex CPET represents a new frontier in the assessment of patients with HF as exercise limitation is 

multifactorial and its causes can guide a widespread approach to the medical management of severe HF. In 

particular, non-invasive QC measurement techniques have several advantages over invasive QC assessment, 

including patient comfort, safety, easy reproducibility and lower technical requirements. It is desirable that, 

in the future, these technologies could be integrated into a single software.  
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Table 1. Determinants of arteriovenous oxygen content difference 

Factors possibly affecting the C(a–v)O2   Effect on C(a–v)O2 

Haemoglobin  ↑ (Exercise-induced hemoconcentration) ↑ 

Muscle metabolic efficiency ↑ ↑ 

Peripheral blood distribution toward 
working muscles 

↑ ↑ 

PO2 ↓ ↓ 

pH ↓ (↑p50) ↑ 

Temperature ↑ (↑p50) ↑ 

 

Abbreviations: C(a–v)O2 = arteriovenous oxygen content difference; p50 = O2 pressure at which 
haemoglobin  is half saturated with O2. 

 

Reprinted with permission of the American Thoracic Society.   
Copyright © 2022 American Thoracic Society. All rights reserved.   
Vignati C, Cattadori G. Measuring Cardiac Output during Cardiopulmonary Exercise Testing. Ann Am Thorac 
Soc. 2017;14(Supplement_1):S48-S52. 
Annals of the American Thoracic Society Medicine is an official journal of the American Thoracic Society.  
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Figure legend 

 

Figure 1. Cardiac output, arteriovenous oxygen difference [C(a–v)O2; a = arterial oxygen; v = mixed venous 

oxygen content], and VO2 in a healthy deconditioned subject, mild deconditioned patient with heart failure 

(HF), and normally trained patient with severe HF at peak exercise. Cardiac output is plotted against C(a–

v)O2. The solid lines are lines with the same VO2. C(a–v)O2 can be estimated from measured VO2 and cardiac 

output.  

 

Reprinted with permission of the American Thoracic Society.   
Copyright © 2022 American Thoracic Society. All rights reserved.   
Vignati C, Cattadori G. Measuring Cardiac Output during Cardiopulmonary Exercise Testing. Ann Am Thorac 
Soc. 2017;14(Supplement_1):S48-S52. 
Annals of the American Thoracic Society Medicine is an official journal of the American Thoracic Society.  
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