Cardiopulmonary exercise testing in congenital heart disease: Towards serial testing as part of long-term follow-up
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pVO2 – peak oxygen consumption
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Main body
A paradox exists in the way we investigate our patients. Most tests assess physiology at rest, whereas many common symptoms occur with physical exertion, and physical activity is an integral part of healthy functioning and quality of life. Cardiopulmonary exercise testing (CPET) allows assessment of the patient’s capacity to respond to the haemodynamic demands of exercise, simultaneously studying the responses of the cellular, cardiovascular and ventilatory systems to a standardised protocol of exercise stress. As such, it allows us to objectively quantify exercise capacity and identify potential mechanisms of exercise limitation and heart failure. 
Exercise parameters, such as peak oxygen consumption (pVO2), are powerful predictors of morbidity and mortality in several cardiovascular conditions, including acquired heart failure, pulmonary hypertension and congenital heart disease (CHD).1,2 As a group, adults with CHD have a reduced pVO2, along with several other markers of exercise limitation measured at CPET, including impaired ventilatory efficiency (indicated by a raised ventilation to carbon dioxide output or VE/VCO2 slope), chronotropic incompetence and a blunted blood pressure response to exercise, etc..3,4 This is more marked in cyanotic patients, most of whom have a pVO2 <50% predicted for their age and sex, but exercise capacity is also impaired in a significant proportion of asymptomatic patients with CHD.4 Exercise testing may be especially crucial for patients with CHD who are generally less aware of exercise intolerance due to chronic adaptation to their limitations. As evidence has accumulated for a predictive role of CPET in CHD, the indications for this investigation have expanded to include the identification of disease progression (through serial assessment), the assessment of the impact of therapeutic interventions, transplant assessment and exercise prescription.5,6 CPET has, thus, gained prominence in international CHD guidelines, which recommend that serial exercise testing should be included in long-term follow-up protocol. 
Converting this guidance into reality and firmly establishing the role of CPET in routine CHD practice requires robust data on the prognostic associations between CPET markers and outcomes in all forms of CHD, and (b) a roadmap for the implementation of high-quality, standardised CPET in every CHD centre around the world. In this issue of the European Journal of Preventive Cardiology, Wadey et al. make a significant contribution to the first of these 2 goals, by presenting the first systematic review and meta-analysis on the prognostic associations between cardiorespiratory fitness and major adverse cardiovascular events in various types of CHD.7 Assessing data from 18,335 mainly adult (>99%) patients, they reported 20 CPET parameters, at maximal and submaximal exercise, that were associated with major adverse cardiovascular events (MACE) across 6 difference CHD types. Importantly, they also showed that CPET is safe in CHD; indeed, no study that systematically reported adverse events during exercise identified a serious adverse event or death. 
This study is not without limitations, starting with the choice of a composite endpoint of MACE, and the inherent heterogeneity of the CHD population. Certain important groups within CHD, including patients with unique physiological constraints such as those with a Fontan-type circulation or Eisenmenger syndrome, could not be examined in detail.  In Fontan patients, for example, pVO2 and VE/VCO2 slope are not related to prognosis, but heart rate reserve is. Additionally, in patients with CHD and right-left shunts (cyanotic CHD), including those with pulmonary vascular disease, the increased physiological dead space leads to a significantly raised VE/VCO2 slope that, however, lacks the prognostic power it exhibits in other CHD cohorts.8 It is, thus, important to be aware of the limitations of the available evidence and interpret pooled analyses with caution, taking into consideration studies on specific CHD subgroups whenever possible. 
Despite these limitations, it is without doubt that CPET has an important role to play in the assessment and follow-up of CHD patients. There are multiple barriers to the guideline-endorsed, broad implementation of CPET in CHD centres worldwide: Limited access to local high-quality CPET, a lack of standardisation of testing, including lack of tailored protocols for more limited patients, and insufficient numbers of trained clinicians/physiologists with clinical and academic interests in CPET and knowledge of CHD. To overcome these barriers, the following goals need to be prioritised:
· Quality control is essential for the successful running of a CPET laboratory capable of testing CHD patients. This includes frequent calibration and auditing of equipment and providing predicted pVO2 measurements corrected for age, sex, height, and weight. When providing predicted values, it may be more helpful to correct measurements for the type of CHD, using reference values derived from large CHD-CPET datasets, than to solely compare to normal values obtained in healthy volunteers.9
· The training and retention of clinicians/physiologists who are skilled in CPET in CHD is a core component of this process. It should be the responsibility of tertiary CHD centres to develop this essential workforce.
· Although CPET standards exist, accreditation of CPET technicians and laboratories does not follow the rigorous method of, for example, echocardiography accreditation. The international process of echocardiography accreditation should be used as a blueprint to achieve and maintain high standards of CPET practice across different centres and countries.
· Modified CPET protocols should be established, that account both for the underlying CHD and functional capacity of the patient. Bicycle ergometer provides more flexibility in this sense, even though the treadmill is likely to better reflect the types of exercise patients perform in daily life. It is still debated whether incremental testing is the right tool to use, as it does not reflect ordinary activities; yet, alternative (e.g. steady-state) protocols have not been widely adopted by physicians as they may be more difficult to implement and interpret, and most of the available evidence in CHD is on incremental testing.
· Education of CHD healthcare professionals in the indications of CPET, and the interpretation of the results, especially how these could affect management decisions. Integrating the CPET findings and CHD physiology with the results of other invasive and non-invasive investigations requires high levels of expertise, but can provide an accurate summary of the current physiological status of the patient and the targets for treatment (see Figure). 
There are few areas in CHD where a robust systematic review and meta-analysis, like the one presented by Wadey et al., can be performed. We should build on this robust evidence and ensure there is adequate investment in CPET to guarantee the structural and organisational resources for high-quality CPET for all CHD patients in as many centres as possible worldwide. At the same time, future research should target gaps in the evidence, including the predictive effects of serial testing, the effects of intervention on CPET markers and performance of CPET markers as surrogates of hard clinical endpoints. Unfortunately, CPET will remain unavailable to many low-resource countries, due to the substantial costs relating to equipment, consumables, and training. Costs may also limit its availability in the routine assessment of CHD patients in insurance-based healthcare systems. Objective assessment of exercise capacity is essential for the management of CHD, hence cheaper alternatives (e.g. shuttle walk testing) should be considered whenever CPET is not available, despite limited evidence for other forms of exercise testing in CHD.
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Figure legend
The role of cardiopulmonary exercise testing (CPET) as part of lifelong follow-up surveillance in patients with congenital heart disease (CHD).
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