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ABSTRACT

BACKGROUND Optimal timing of pulmonary valve replacement (PVR) after surgical repair of te-
tralogy of Fallot remains uncertain. Cardiopulmonary exercise testing (CPET) has been proposed as a
tool in determining timing, but clear guidelines are lacking.

METHODS The Society of Thoracic Surgeons (STS) Workforce on Evidence-Based Surgery, in
collaboration with the World Society for Pediatric and Congenital Heart Surgery and European
Congenital Heart Surgeons Association, convened a writing committee to review available literature
and compile expert opinions on the role of CPET in the timing of PVR.

RESULTS After the committee reviewed and extracted data from 17 articles, expert opinions were
agreed upon, including the following: (1) CPET is a useful tool in assessing patients’ cardiorespiratory
system in a dynamic state but requires knowledge and experience to perform and interpret the
results; (2) CPET provides prognostic information for patients with tetralogy of Fallot, but optimal
use in the timing of PVR remains unclear and varies based on specific patient scenarios; and (3)
further research is needed to define optimal CPET variables and thresholds for action.

The Supplemental Tables can be viewed in the online version of
this article [https://doi.org/10.1016/j.athoracsur.2026.05.010] on
https://wwuw.annalsthoracicsurgery.org.
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CONCLUSIONS CPET is an important adjunct in evaluating patients after surgical repair of tetralogy
of Fallot, but optimal use requires further research.

(Ann Thorac Surg 2026;m:m-m)
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Ithough there have been advances in the

management of tetralogy of Fallot (ToF),

residual lesions after ToF repair have
been of significant longitudinal concern, the
most common of which is pulmonary regurgita-
tion. Severe pulmonary regurgitation can be
well tolerated for many years, but over time leads
to right ventricular (RV) dilation, RV systolic
dysfunction, progressive tricuspid valve disease,
and atrial and ventricular arrhythmias. Because
pulmonary regurgitation is well tolerated, pulmo-
nary valve replacement (PVR) done too early in-
creases the lifetime number of procedures that a
patient undergoes and increases risk for potential
complications associated with those procedures.

With the advent of percutaneous PVR, there is
renewed interest in earlier PVR because second-
ary downstream procedures may be associated
with lower risk, although this remains contro-
versial because downstream surgical procedures
may also be associated with higher risk. Optimal
timing of PVR in ToF remains elusive.

Because symptoms and exercise capacity can
be important to the timing of PVR, but details
regarding cardiopulmonary exercise testing
(CPET) are limited in the current guidelines, we
first formulated key clinical questions using a
Population, Intervention, Comparison, Outcomes
(PICO) framework and completed a comprehen-
sive review of the literature regarding these
questions. Owing to limitations in available
research, we then broadened the scope of the
project to provide an expert opinion guidance
document. Our goal output was 4-fold:

1. Define the appropriate objective CPET variables.

2. Elaborate on the use of exercise testing in both
symptomatic and asymptomatic patients.

3. Evaluate the utility of exercise testing in
specific populations, such as pediatric pa-
tients, elderly patients, and patients with
obesity and sedentary lifestyles, highly
trained athletes, and patients with very
limited exercise capacity.

4. Highlight potential directions for future
research to optimize the utility of exercise

and data mining, Al training, and similar technologies.

testing in the management of pulmonary
regurgitation and timing of PVR.

METHODS

In 2022, the Society of Thoracic Surgeons (STS)
Workforce on Evidence-Based Surgery, in collab-
oration with representatives from the World So-
ciety for Pediatric and Congenital Heart Surgery,
convened a writing committee to develop expert
guidance on exercise in patients undergoing PVR
after repaired ToF. The committee included
experienced clinicians and researchers from
leading global institutions, each bringing signifi-
cant expertise in pediatric and congenital heart
surgery. All members provided detailed disclo-
sures of any potential conflicts of interest.

The writing committee initially conducted a
comprehensive review of the available literature,
focusing on the timing and indications for PVR in
repaired ToF, with specific emphasis on exercise
and PVR as part of a broader clinical practice
guideline. Owing to the limited body of evidence,
the scope was narrowed, leading to the develop-
ment of this expert opinion document. In addi-
tion, the committee formulated key clinical
question(s) using the PICO framework, with a
focus on:

1. Which exercise variables are associated with
adverse outcomes in patients undergoing
PVR for repaired ToF?

a. Is there rationale for using peak oxygen
consumption (Vo,), predicted peak Vo,,
and/or expired volume per minute
(Ve)/volume of carbon dioxide produc-
tion (Vco,)?

2. Can preoperative exercise metrics predict
improved postoperative exercise metrics?

In collaboration with the writing committee, a
medical librarian developed a comprehensive
search strategy for PubMed and Embase databases.
Details of the search strategy are provided in
Supplemental Table 1. The search was restricted to
studies involving human participants, published
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Abbreviations and Acronyms

BMI = body mass index

CHD = congenital heart disease

CO, = carbon dioxide

CPET = cardiopulmonary exercise testing

HR = heart rate

0O, = oxygen

0, pulse = oxygen pulse (Volume of oxygen delivered per
heartbeat)

PICO = Population, Intervention, Comparison, Outcomes
PVR = pulmonary valve replacement

RV = right ventricle, right ventricular

STS = Society of Thoracic Surgeons

ToF = tetralogy of Fallot

Vo, = oxygen consumption

Vo, max = maximal oxygen consumption

Ve = expired volume per minute

Ve/Vco, = ventilatory efficiency ratio (expired volume per minute/
carbon dioxide production)

in English, with no limits on the publication date
(from inception through October 2023) or study
design but excluded gray literature. Hand
searches of other databases and bibliographies of
selected articles were also performed to
supplement the initial results.

The primary search yielded 113 potentially
relevant articles after duplicates were removed.
The writing committee used a 2-stage screening
process using Covidence, a collaborative online
platform. The first stage involved screening titles
and abstracts, followed by a full-text review for
inclusion in the second stage. Disagreements
were harmonized through comprehensive dis-
cussion. A total of 17 articles were identified as
potentially relevant. Data were extracted for all
the included studies using a customized Micro-
soft Excel Data Extraction Form, which was
piloted, revised, and standardized before data
extraction by the  writing committee
(Supplemental Table 2).

The manuscript was developed through review
of these 17 studies, and supported by additional
relevant literature and the clinical expertise of the
writing committee.

Because the available evidence was insufficient
to support development of a formal clinical
practice guideline, this manuscript was devel-
oped as an expert opinion document in accor-
dance with the methodology described by
Milojevic and colleagues.’ All included studies
were observational (retrospective or prospective)
and varied in patient populations and reported
outcomes. Given the limited and heterogeneous
nature of the evidence, formal quality appraisal
or risk-of-bias assessment was not performed,
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consistent with the methodologic approach for
expert opinion documents.'

The final draft of the manuscript was reviewed
and approved by the STS Workforce on Evidence-
Based Surgery, the Council on Quality, Research
& Patient Safety, and the STS Executive Com-
mittee. It was also subjected to a 2-week public
comment period and endorsed by the European
Congenital Heart Surgeons Association and World
Society for Pediatric and Congenital Heart Sur-
gery, with members from these societies actively
participating in developing of this manuscript as
coauthors.

RESULTS

Systematic review of literature yielded 17 relevant
studies published from 2003 to 2021 from multi-
ple regions around the world. Among these
studies, 16 were retrospective®'® and 1 was pro-
spective.”” Two of the studies were limited to
pediatric patients,>® 3 were limited to adults,>*°
and the remaining 12 were mixed.>>”'°"” The
sample size of patients undergoing PVR ranged from
24 to 221. Most of the studies (11) were specific for
ToF,>*791% but 6 included other diagnoses.>>%%7
Most of the studies (10) were specific for surgical
PVR,>*891L1316  with 6 limited to percuta-
neous®>>*>7 and 1 was mixed surgical and
percutaneous.’

Only 1 study addressed the first PICO question
regarding which exercise vaciables are associated
with adverse outcomes in patients undergoing PVR
for ToF. A peak Vo, of <20 mL/min/kg was associ-
ated with a higher surgical risk after PVR, including
early mortality.* The second PICO question
pertained to preoperative exercise metrics
predicting postoperative exercise metrics. Exercise
indicators before and after PVR were reported to
evaluate potential changes in cardiopulmonary
function after the procedure. Overall results across
the studies suggest that Vo, and peak Vo,
remained stable or slightly improved after PVR.
Additionally, Ve, measured by Ve/Vco, either
remained unchanged or showed a slight decrease;
however, Vo, at the anaerobic threshold remained
stable. These findings suggest that PVR does not
seem to negatively impact exercise tolerance and
may provide modest benefits in certain patients.
Detailed results are summarized in Supplemental
Table 2.

No preoperative metric predicted a post-
operative metric. CPET may not significantly
improve after PVR, despite favorable remodeling
on imaging, and therefore, CPET should not be
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used as the sole measure of procedural "success"
or the only trigger for timing decisions.

COMMENT AND RECOMMENDATIONS

BACKGROUND ON CPET. CPET is a comprehensive
assessment of the cardiorespiratory system in a
dynamic state, providing a global view of the
mechanisms involved in the transport and use of
oxygen during physical exercise and an in-
dividual’s overall functional status.'® In addition
to the standard exercise variables of heart rate
(HR), blood pressure, pulse oximetry, and
electrocardiogram changes, breath-by-breath gas
exchange analysis, including oxygen uptake
(Vo,) and carbon dioxide production (Vco,), is
also obtained. Variables from a CPET can be
used to understand an individual’s cardiac,
respiratory, and metabolic response to maximal
and submaximal exercise.'?>*°

Absolute and relative contraindications to
CPET exist and vary slightly depending on spe-
cific guidelines and institutional practices.
Criteria have also shifted over the last 2 decades,
now with many higher-risk patients routinely
undergoing CPET. Absolute contraindications
include uncontrolled/unstable cardiovascular or
respiratory conditions such as unstable angina,
uncontrolled arrhythmias, and severe untreated
arterial or pulmonary hypertension. Other rela-
tive contraindications include conditions such as
moderate to severe aortic stenosis, thyrotoxi-
cosis, acute bleeding, electrolyte abnormalities,
and advanced or complicated pregnancy.>°

VARIATIONS/TESTING ~ PROTOCOLS. Although CPET
provides valuable data, multiple factors can in-
fluence various CPET variables (age, sex, body
size, physical activity level, patient cooperation,
clinical diagnosis/es, patient familiarity), and
thus, results should be interpreted carefully by
individuals who understand these nuances.

The 2 primary methods for CPET are stationary
cycle ergometer and treadmill, both of which have
advantages and disadvantages.'® Cycle ergometer
allows more convenient intratest monitoring of
electrocardiogram, pulse oximetry, and blood
pressure. Treadmill induces more stimulation of
the heart and lungs and activates more muscle
groups, producing a higher HR, blood pressure,
and peak Vo,. Patient preference and center
experience also factor into choice of exercise
method.
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For both cycle ergometry and treadmill, there
are specific exercise protocols and variations. On
a cycle ergometer, there is typically a resting
phase, an unloaded phase, an incremental exer-
cise phase, and a recovery phase. During the in-
cremental exercise phase, the workload is
increased every minute. The amount of work in-
creases from 5 to 30 W/min based on age and
baseline level of fitness. For the treadmill, the
standard Bruce protocol, with increases in both
speed and incline every 3 minutes, is often used.
A ramp Bruce or modified Bruce can be used for
patients with lower levels of fitness. With both
cycle ergometry and treadmill, the goal is for the
individual to reach maximal exercise within 10 to
12 minutes. Reports of exercise test results should
include protocol details and effort indices to
allow future comparison.

ABNORMAL THRESHOLDS. Maximal peak Vo, is often
used to determine aerobic capacity in clinical
practice and research studies. It normally de-
clines with age but can be improved with
training. However, consensus is lacking on the
most appropriate indicators and/or cutoffs to use
in clinical studies or in patient care. The mini-
mum report set for CPET should include peak
Vo,, predicted peak Vo, percentage, workload/
workload percentage, Vo, at anaerobic threshold,
Ve/Vco,, O, pulse, and respiratory exchange
ratio. Consistent reporting across centers will
support comparability and future meta-analyses.
Table 1 lists the most used indicators and their
commonly used abnormal values.

PROGNOSTIC VALUE OF CPET. CPET is an important
tool to assess clinical deterioration, provide
prognostic information, and help risk-stratify
patients with repaired ToF for intervention. A
recent multicenter study in 300 patients, ages 6
to 63 years, showed reduced peak Vo, in all
ages.” Different measures of exercise capacity
and ventilatory efficiency have been associated
in both children and adults to outcomes such as
death, event-free survival, and cardiac-related
hospitalization (refer to Table 2).%2?>* Peak Vo,
and peak Vo, predicted were the most common
variables studied.

ROLE OF SERIAL TESTING. Serial testing is beneficial to
monitor for change. The 2020 European Society of
Cardiology Guidelines for the Management of Adult
Congenital Heart Disease and the 2025 American
College of Cardiology guidelines both recommend
PVR when a decrease occurs in objective exercise
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TABLE 1 Exercise Variables and Commonly Used Abnormal Values

Variable

Variable Description

Abnormal Value

Peak Vo, Aerobic capacity
Predicted peak Vo,

percentage
normative data.

Workload percentage

An individual's peak Vo, is compared to a
predicted or calculated peak Vo, using

Varies based on age, sex, weight, fitness
level, and disease.

<80% (mild), <60% (moderate),
<40% (severe)

Maximal watts achieved represent peak

workload on cycle ergometer. It can be
reported as watts, compared with a
predicted watts, expressed as a
percentage, or divided by weight and

expressed as watts/kg.
Vo, at AT

Level of oxygen uptake when
metabolism changes from aerobic to
anaerobic. Generally, it occurs at 50%-

<40% (mild), <30% (moderate),
<25% (severe)
Rarely falls to <40% in absence of disease

65% peak Vo, (55%-65% in children).

Ve/Vco, slope

Reflects ventilatory efficiency. Minute

>30; >28 in pediatrics

ventilation (Ve) rises linearly in
proportion to Vco, in progressive
exercise until above AT. It is an index of
gas exchange during exercise—
equivalent to liters of air exhaled to
eliminate 1 liter of CO,. Measured at AT
given terminal hyperventilation with

exercise.
O,-pulse

Volume of oxygen delivered per

<80% predicted during peak exercise

heartbeat. It represents stroke volume,
assuming no anemia, hypoxia, and

normal tissue extraction.

Respiratory exchange
ratio

Ratio of CO, produced to O, consumed.

< 1.05 (pediatrics) or 1.1 (adults) suggests
insufficient patient effort

AT, anaerobic threshold; CO,, carbon dioxide; CV, cardiovascular; O,, oxygen; Ve, expired volume per minute; Vco,, carbon dioxide production; VOZ, oxygen

consumption.

capacity.”?*® There are no evidence-based

recommendations on testing intervals or what
constitutes a clinically meaningful decline. For
patients with low baseline activity level and/or RV
dilation/dysfunction that are on the cusp of
needing PVR, annual testing is indicated. For
patients with excellent functional status and
minimal RV dilation, testing every 3 years may be
more appropriate.

CPET variables have an overall low coefficient
of variation, suggesting a meaningful change is at
least 10% to 20%, taking into consideration
patient-specific variables such as changes in
weight, fitness level, and overall health.?’:?® A
recent study showed the Ve/Vco, slope at
anaerobic threshold is the only CPET variable
that was similar between testing methods
(treadmill vs cycle ergometer), reinforcing the
importance of using the same testing method on
serial studies to guide clinical care.”

SPECIFIC SCENARIOS

SYMPTOMATIC PATIENT WITH AN ABNORMAL STRESS TEST
RESULT. Current guidelines have a Class I indica-
tion for PVR in the setting of dyspnea, chest pain,

and/or exercise intolerance, if the symptoms are
attributable to pulmonary regurgitation.>® An
exercise test can provide a more objective
measure than symptoms and better define
whether cardiac physiology is contributing to
symptoms.'® Findings on an exercise test that
may suggest cardiac etiology include elevated
Ve/Vcoz slope, flat O, pulse, electrocardiogram
changes, and inadequate blood pressure
response. The Figure presents a recommended
strategy for integrating CPET into clinical
decision-making.

A common clinical scenario is when a patient
with repaired ToF presents with new symptoms,
but there are extenuating circumstances, such as
weight gain or a change in baseline exercise
routine. It can be difficult to know whether the
valve disease is indeed causing the symptoms
and may in fact be the underlying etiology for the
change in exercise/weight gain, or whether the
cardiac function is stable and the symptoms are
unrelated. A CPET is helpful in this situation,
particularly if there are no other compelling in-
dications for PVR.

CPET is also helpful in symptomatic patients
when there is significant heart failure and/or
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TABLE 2 Measures of Exercise Capacity and Ventilatory Efficiency and Associated Outcomes

Study No. Study Design Age (y) Outcome Comments
Peak Vo,
Babu-Narayan,” 220 Retrospective Median 32 Death after PVR Lowest quartile <16.9 mL/kg/min had
2014 (range 16-64) worst mortality; Peak Vo, was
strongest predictor on multivariable
analysis
Peak Vo, predicted
Miiller,”? 2015 875 Multicenter 25.5 (11.7) Death or sustained VT; Peak Vo, <62.6% had 82% sensitivity for
retrospective event-free survival death/VT; <62.6% had 73% sensitivity
for event-free survival
Giardini,”> 2007 18 Retrospective 24 (8) Death or hospitalization Peak Vo, <36% at greater risk for
cardiac-related death
Tsai,?* 2016 40 Retrospective 9.0 (1.8) Cardiac hospitalization Peak Vo, <74% had HR 20.074 on
multivariate analysis
Ve/Vco, slope
Miiller,”? 2015 875 Multicenter 25.5 (11.7) Event-free survival Ve/Vco, slope >31.0 had 64%
retrospective sensitivity, 67% specificity
Giardini,”> 2007 18 Retrospective 24 (8) Death or hospitalization Ve/Vco, >39 at greater risk for cardiac-

related death

Age reported as mean (SD) unless otherwise indicated. Peak Vo, expressed as mL/kg/min or percentage predicted, as reported. HR, hazard ratio; PVR, pulmonary valve replacement; Ve/ Vco,,
expired volume per minute/carbon dioxide production; Vo, oxygen consumption; VT, ventricular tachycardia.

volume overload. It is often clear that pulmonary
regurgitation has a causal link to the symptoms,
but an exercise test can still offer prognostic in-
formation. As noted previously, patients with an

extremely low peak Vo, are at increased operative
risk and may benefit from a transplant evaluation
or other optimization.* In symptomatic repaired
ToF patients with extremely low Vo,, without

Severe/heart

Severe Pulmonary
Valve Regurgitation

Asymptomatic

Mild / moderate

failure / atypical
symptoms
A 4 N
CPET for CPET suggests CPET suggests CPET suggests Reassuring
prognostic cardiac etiology non-cardiac cardiac CPET tost
purposes etiology dysfunction
4 N
Transplant Pulmonary valve Exercise Further testing,

evaluation

replacement

consideration
of PVR

prescription,
further testing,
close follow-up

Continue
monitoring

FIGURE Recommended strategy for integrating cardiopulmonary exercise testing (CPET) into clinical decision-making in this population. (PVR,

pulmonary valve replacement.)
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surreptitious assessments and irreversible causes,
where the etiology is attributed to unrecoverable
myocardium, a right-sided durable ventricular
assist device or orthotopic heart transplant eval-
uation should become considerations.

SYMPTOMATIC PATIENT WITH A STRESS TEST RESULT
WITHIN NORMAL LIMITS. When patients present
with symptoms but their exercise test shows
normal indicators, further evaluation may be
necessary. Although clinicians may declare the
symptoms are noncardiac, it is possible the pa-
tient has had a decline in exercise variables but
still falls within the normal range. Reviewing any
prior stress test results can help identify a
downward trend. In the absence of prior stress
tests, a history of athleticism could also support a
history of an above-average exercise test result.
Further testing may include imaging,
biomarkers, such as brain natriuretic peptide,
and rhythm monitoring, any of which may
suggest cardiac stress and a potential indication
for intervention.

It is also important to evaluate for potential
modifiable noncardiac etiologies of symptoms,
such as a change in baseline exercise activity,
recent change in weight, change in lifestyle or
stress levels, recent illnesses (anemia, thyroid,
liver/kidney disease), or change in mental health
such as depression, anxiety, or health anxiety.
Some features, such as low peak HR and normal
Ve/Vco, on an exercise test may suggest decon-
ditioning as an underlying etiology that may
improve with physical conditioning. Even when a
noncardiac etiology is discovered, it does not rule
out a true cardiac factor. It is suggested these
noncardiac factors be addressed and followed up
with repeat evaluation.

In the absence of other compelling indications,
management of symptomatic patients with a
stress test result within normal limits requires
shared decision-making and multidisciplinary
counselling to guide optimal management. Con-
siderations favoring PVR include possibly
improving quality of life and potentially pre-
venting myocardial damage.®’ With exercise
indicators within normal limits, however,
continued monitoring remains an acceptable
treatment option.

ASYMPTOMATIC PATIENT WITH AN ABNORMAL STRESS
TEST RESULT. Although not explicitly stated, the
rationale for recommending PVR in symptomatic
patients is likely 2-fold. It is partly to improve
symptoms but also to acknowledge that
symptoms imply a degree of myocardial
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dysfunction. It is not uncommon for a patient to
deny cardiac symptoms but have an abnormal
CPET result. As in other scenarios, looking
beyond just the peak Vo, is important,'®-3%33 If
there are factors in the patient’s history and the
CPET that suggest deconditioning, pursuing
increased physical activity and repeat evaluation
to see whether the Vo, improves is reasonable.
Comparing the current result against prior
results can also suggest cardiac involvement. A
decline in peak Vo,, percentage peak Vo,, and
an increase in the Ve/Vco, are all concerning
findings. In the absence of other causes, cardiac
etiology becomes more likely and may prompt a
discussion about PVR surgery.

Some features of a CPET are more concerning
for serious cardiac etiology, including severe ab-
normalities in Vo, and Ve/Vco,, arrhythmias, and
a decline in blood pressure.’®3*3* Even when
patients deny symptoms in these situations,
consideration for further evaluation, closer
follow-up, or even pulmonary valve interven-
tion may be warranted to prevent progressive or
irreversible myocardial dysfunction.'®-3*33

SPECIFIC POPULATIONS

CHILDREN AND ADOLESCENTS. There is no absolute
lower age limit for CPET testing.>* Having
appropriately sized equipment, including pediatric-
sized cycle ergometry and facemasks is essential.
Treadmill protocols have been designed for
pediatric populations, with normative data for
patients as young as 4 years old.>>*° Specially
trained personnel are also crucial. Patients must
understand the purpose of the testing and be
provided encouragement throughout the process.
Interpretation of the results also requires expertise
in understanding the nuanced differences in
pediatric patients.

Limited data exist on PVR in pediatric patients
having previously undergone ToF repair, and
fewer data are available on CPET and outcomes.
The study by Warner and colleagues'® of 36 ToF
patients who underwent PVR at a mean age of
15 years included CPET data, with 6 patients
having CPET testing data before and after. This
study demonstrated both  symptomatic
improvement and objective improvement in
exercise capacity.

Similarly, Gauthier and colleagues® studied 86
pediatric  patients undergoing PVR with
preoperative exercise testing and found that
those with a peak Vo, of at least 70% had a
shorter hospital stay than those at <70%.% Borik
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and colleagues® examined a cohort of 51 ToF
patients undergoing transcatheter PVR who
were a mean age of 20 (SD, 10) years. They
found that younger age at implantation had
improved max Vo,, improved biventricular
ejection fraction, and decreased RV end-diastolic
dimension.

Clearly, with such limited data, further work is
required to understand the utility of CPET in the
pediatric population. Although some data exist
that suggest improved functional outcomes at a
younger age, this does not take into consideration
the repeated interventions and risk that earlier
interventions would incur on a young patient
over the course of their lifetime. As is well
documented, the younger the patient, the less
durable the valve.

ELDERLY POPULATIONS. There are scant data on
exercising older adults with ToF, but many of the
same principles apply. Elderly patients often
benefit from a modified Bruce and/or ramp pro-
tocol on the treadmill. They may need more
coaching and practice on the cycle ergometer
compared with their younger counterparts. It is
important to note that many older patients with
ToF have risk factors for atherosclerotic cardio-
vascular disease.>” Although assessing the ST
segments is not typically useful in the timing of
PVR, it is useful in evaluating for cardiac
ischemia, which may be an alternative etiology
for symptoms. ST depressions, especially flat or
down sloping in the inferior and lateral leads,
may warrant further evaluation for coronary
artery disease.

OBESE, SEDENTARY, AND/OR DECONDITIONED PATIENTS.
Although CPET provides objective measurements
that can be helpful to monitor cardiac impairment
to exercise capacity over time, obesity can have an
impact on these measurements. For example, peak
Vo, is commonly measured in mL/min and can be
higher in obese patients. The peak Vo,, however, is
commonly indexed to body mass (mL/kg/min), and
in obesity, the patient’s current weight measured in
kg may be significantly higher than their lean body
mass. These indexed measurements can therefore
overestimate the cardiac limitation related to
exercise.

Additionally, deconditioning related to obesity
frequently is a contributing factor, and teasing
out how much of the limited exercise capacity is
cardiac related can be challenging. Currently, no
adjustment is made for obesity within CPET
measurements. In terms of relevance of obesity to
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prognosis and outcomes, in adults with heart
failure not related to congenital heart disease
(CHD) an “obesity paradox” has been docu-
mented in which those with higher body mass
index (BMI) have better outcomes than patients
with heart failure with normal or low BMI.3®
However, at some point when BMI >35 or 40
kg/m?, better outcomes are no longer seen. Such
data have not been documented in detail in the
congenital population, but peak Vo, was
inversely related to BMI in a broad study of
adult CHD patients.>® There are additional data
demonstrating that when evaluating RV
dimensions in ToF patients having undergone
repair, using ideal body surface area is more
accurate.*

As noted previously, a reduced exercise capacity
is associated with an increased risk of cardiovascular
events in patients with repaired ToF as well as
increased surgical risk at the time of PVR.?>?#-39-41:42
However, peak Vo, can be decreased due to many
factors, including physical deconditioning or lack of
cardiorespiratory fitness, anthropometric measures,
chronologic age, as well a true cardiovascular
limitation to exercise, and differentiating between
these states can be difficult.'® In patients with CHD,
this becomes even more challenging given the
heterogeneity of factors contributing to CPET
interpretation, including lesion-specific consider-
ations and physiologic status of the patient, making
careful evaluation of CPET variables critical for test
interpretation and guiding management decisions.

In individuals with low (<80% predicted) peak
Vo, despite normal cardiovascular, pulmonary, or
metabolic variables, deconditioning should be
considered as a possible etiology of reduced ex-
ercise capacity.*® Additional features that may
help differentiate deconditioning from circulatory
impairment include an exaggerated HR response
to exercise, low HR recovery, reduced HR
reserve, low ventilatory anaerobic threshold (as the
percentage of peak Vo,), and a steep HR increase
relative to Vo, with a shallow rise in O, pulse, all
of which can be seen in deconditioning,'®*>**
although no specific cutoff values are available. In
another study, abnormal Ve/Vco, slope to peak
Vo, ratio of >2.7 was found to be the best gas
exchange indicator to discriminate between
circulatory impairment and deconditioning, along
with a AVo,/Awork rate < 8.6.%°

PREGNANCY. Pregnancy in women with repaired ToF
is generally well tolerated; however, there is an
increased risk of maternal cardiovascular events
during pregnancy, predominately arrhythmia
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development and heart failure.*®“® Data using CPET
in pregnancy are limited, and pregnancy-specific
testing guidelines are lacking. CPET can be safely
performed during pregnancy, although changes in
physiologic responses to exercise are seen even in
early pregnancy, with a slower HR recovery and
increased ventilatory response to exercise,
including increased ventilation-perfusion mismatch
and increased dead space ventilation.*® Although
no significant difference in peak Vo, between
pregnant and nonpregnant women during
maximal exercise was seen,”® a deconditioning
effect of pregnancy has been shown, with slightly
lower peak Vo, values in the early postpartum
setting compared with pregnancy.>'

A study examining CPET indicators in pregnant
women with repaired ToF found no significant
effect of pregnancy on most exercise variables,
including peak Vo,.> However, a blunted HR
response to exercise and a low peak Vo, of <25
mL/kg/min on a prepregnancy CPET in women
with congenital heart disease are known to be
associated with adverse maternal cardiac and
neonatal events.>>>* Unfortunately, there are no
definitive data suggesting that a prepregnancy
PVR could prevent cardiovascular events in
women with repaired ToF. Based on the
available evidence, prepregnancy PVR should
occur in patients who meet established adult
CHD guidelines for replacement.

ATHLETES. Although CPET use in athletes is well
described, elite athletes with congenital heart
disease are uncommon, and those with repaired
ToF are even fewer. As such, CPET data among
repaired ToF athletes and how these data inform
PVR timing are unknown. Most of these patients
are likely asymptomatic, with exercise testing
results within normal limits, and therefore, serial
CPET assessments to evaluate trends and
examine changes relative to baseline over time
are likely to be more informative. When evalu-
ating CPET results in athletes with ToF, it is
important to know the common differences in
overall CPET results in athletes compared with
nonathletes, such as higher cardiac output, faster
HR recovery, higher peak Vo,, higher prevalence
of exercise-induced arterial hypoxemia, and
lower breathing reserve.>

PREHABILITATION AND REHABILITATION. CPET testing is
also a useful component of prehabilitation and
rehabilitation. Prehabilitation is a structured,
individualized, multimodal program designed to
improve the physical fitness of patients and
reduce the risk of ©planned cardiac
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interventions.”® Rehabilitation is similar, but
occurs after the procedure with a goal of
recovery and return to prior levels of function
and promote secondary prevention.”’”*® CPET
indices can be wused to write exercise
prescriptions.

Because many patients with CHD are unable to
achieve a predicted HR, it is more appropriate to
use the patient’s peak HR on a symptom-limited
exercise test for HR targets.’® HR reserve, which
uses both peak and resting HR, is likely an even
better approach. More work is needed to fully
evaluate prehabilitation and rehabilitation in
adults with CHD and the role CPET plays in
optimizing therapies.

LIMITATIONS, FUTURE RESEARCH, AND CONCLUSION

These recommendations have many limitations.
Without available high-quality prospective data,
many of the recommendations are based on
expert opinion and consensus. As more data are
available in the future, these recommendations
will inevitably shift and evolve. Recommenda-
tions on CPET are also limited by a lack of stan-
dardization in protocols. The Bruce protocol for
treadmill testing is well known but is not suitable
for all populations. Adjusting the choice of pro-
tocol, and sometimes even altering available
protocols, based on individual patient character-
istics, remains common clinical practice.
Similarly, recommending an optimal interval
between serial tests is challenging. In some pa-
tients, such as stable patients with a good func-
tional ability, establishing a baseline functional
level and not retest for several years may be
appropriate. In other patients, more frequent
testing may be needed to assess for subtle
changes that would change decision-making.
Patient selection and optimal timing of PVR
after repair of ToF remains unclear. Current rec-
ommendations are based on RV volumetric
indices and RV-related symptoms. Several studies
have assessed the preprocedural and post-
procedural impact of CPET on clinical outcome. A
cascade of complementary tests has evolved, but
they are not deployed strategically. Thus, reliance
solely on imaging, functional, and volumetric
indicators for decision-making may neglect
important CPET determinants of outcome. Care-
ful analysis of the cardiopulmonary response to
intense exercise during CPET may help to identify
patients with impaired cardiac reserve unable to
adequately increase their cardiac output during
exercise. Hence, methodologically proper CPET
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(integrating CPET slopes and variable kinetics)
may likely be helpful to improve risk stratification
and allow for differentiation of patients with
abnormal response to exercise from those
without.

Future research is warranted to evaluate the
critical effects of age and RV functional capacity
and their correlation with peak Vo,, novel volu-
metric indices, along with the association of RV-
pulmonary artery coupling and uncoupling on
adverse outcomes in repaired ToF patients for the
proper timing of PVR. In some with poor cardiac
reserve, chronotropic insufficiency (HR response)
may further contribute to a suboptimal cardiac
output during exercise. Thus, this combination of
chronotropic insufficiency and abnormal CPET
may be used as predictive factor of lower
myocardial reserve. As options for surgical and
transcatheter interventions continue to evolve,
preoperative evaluation, including CPET, nutri-
tional optimization, and cardiopulmonary pre-
conditioning/rehabilitation,  merits rigorous
prospective evaluation.

Considering the current inconsistency of
obtaining preoperative CPET in children, study-
ing systematically performed CPET will enhance
our ability to inform reliable decision-making.
Adjusting CPET results for body size, age, and
sex is critical and can mitigate biases introduced
by simple body weight indexation--this will need
standardization. Normalized definitions to facili-
tate accuracy in interpreting data of future meta-
analyses or multisite studies are required.

Further research is necessary to (1) assess,
whether CPET may be useful to improve risk
stratification by identifying those patients or
subset incapable of sufficiently augmenting their
cardiac output during exercise; (2) explore,
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whether adequate preconditioning or rehabilita-
tion might be required to achieve improved CPET
performance and, hence, suitability for PVR; and
(3) determine, whether machine-learning appli-
cations can alter the current criteria used for the
timing and appropriateness pursuing PVR.>° The
use of customized machine-learning algorithms
could unmask combinations of clinical, CPET,
and cardiac magnetic resonance-based data pre-
dictive of early RV dysfunction in repaired ToF
patients and support a vigilant process to identify
patients at elevated risk of major adverse cardiac
events and improve patient selection for timely
PVR.

In conclusion, CPET is an important tool in the
management of patients with repaired ToF. It is
helpful in both symptomatic and asymptomatic
patients. CPET can help distinguish cardiac from
noncardiac limitations and identify high risk pa-
tients. There are limitations to the optimal use of
CPET, making further research crucial to opti-
mizing the care of this complex and varied pa-
tient population.

The authors thank medical librarian Olivia DiLeonardo for her expertise
and invaluable assistance in developing the literature search strategy
for this review. They also acknowledge the STS Evidence-Based Surgery
team and staff members—Jane Han, Louie Neri, and Bansari Upadhya—
for their dedicated support during the preparation of this manuscript.
They are grateful to the members of the STS Workforce on Evidence-
Based Surgery for their critical review and feedback, which helped
shape the manuscript, and to the public reviewers for their thorough
evaluation and constructive comments, which the authors carefully
noted and incorporated.

FUNDING SOURCES
The authors have no funding sources to disclose.

DISCLOSURES

Jeffrey P. Jacobs reports a relationship with SpecialtyCare and the
American Academy of Dermatology that includes: consulting or advi-
sory. The other authors have no conflicts of interest to disclose.

REFERENCES

1. Milojevic M, Freemantle N, Hayanga JA, et al. Harmonizing guidelines
and other clinical practice documents: a joint comprehensive method-
ology manual by the American Association for Thoracic Surgery (AATS),
European Association for Cardio-Thoracic Surgery (EACTS), European
Society of Thoracic Surgeons (ESTS), and Society of Thoracic Surgeons
(STS). ] Thorac Cardiovasc Surg. 2025;169(17):185.

2. Ait AL, Marrone C, Salvadori S, et al. Impact of right atrium dimension
on adverse outcome after pulmonary valve replacement in repaired
tetralogy of Fallot patients. Int / Cardiovasc Imaging. 2020;36:1973-1982.
https://doi.org/10.1007/s10554-020-01891-9

3. Armstrong AK, Berger F, Jones TK, et al. Association between
patient age at implant and outcomes after transcatheter pulmonary
valve replacement in the multicenter Melody valve trials. Catheter
Cardiovasc Interv. 2019;94:607-617. https://doi.org/10.1002/ccd.
28454

4. Babu-Narayan SV, Diller GP, Gheta RR, et al. Clinical outcomes of
surgical pulmonary valve replacement after repair of tetralogy of Fallot
and potential prognostic value of preoperative cardiopulmonary exer-
cise testing. Circulation. 2014;129:18-27. https://doi.org/10.1161/circu-
lationaha.113.001485

5. Biernacka EK, Piotrowicz E, Fronczak A, et al. Influence of percuta-
neous pulmonary valve implantation on exercise capacity: which group
of patients benefits most from the intervention? Cardiol J. 2015;22:343-
350. https://doi.org/10.5603/C).a2015.0013

6. Borik S, Crean A, Horlick E, et al. Percutaneous pulmonary valve im-
plantation: 5 years of follow-up: does age influence outcomes? Circ
Cardiovasc Interv. 2015;8:e001745.

7. Dobson R), Ramparsad N, Walker NL, McConnachie A, Danton MHD.
Outcomes of adults with repaired tetralogy of Fallot from the national


http://refhub.elsevier.com/S0003-4975(26)00463-7/sref1
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref1
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref1
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref1
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref1
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref1
https://doi.org/10.1007/s10554%2D020%2D01891%2D9
https://doi.org/10.1002/ccd.28454
https://doi.org/10.1002/ccd.28454
https://doi.org/10.1161/circulationaha.113.001485
https://doi.org/10.1161/circulationaha.113.001485
https://doi.org/10.5603/CJ.a2015.0013
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref6
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref6
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref6

Ann Thorac Surg
2026;m:m-1

Scottish Cohort. Cardiol Young. 2021;31:1306-1314. https://doi.org/10.1017/
$1047951121000238

8. Gauthier N, Muter A, Rhodes ), Gauvreau K, Nathan M. Better pre-
operative exercise function is associated with shorter hospital stay after
paediatric pulmonary valve replacement or conduit revision. Cardiol
Young. 2021;31:1636-1643.

9. Gengsakul A, Harris L, Bradley T}, et al. The impact of pulmonary valve
replacement after tetralogy of Fallot repair: a matched comparison. Eur /
Cardiothorac Surg. 2007;32:462-468. https://doi.org/10.1016/j.ejcts.2007.
06.009

10. Gnanappa GK, Celermajer DS, Zhu D, Puranik R, Ayer ). Severe right
ventricular dilatation after repair of Tetralogy of Fallot is associated
with increased left ventricular preload and stroke volume. Eur Heart |
Cardiovasc Imaging. 2019;20:1020-1026. https://doi.org/10.1093/ehijci/
jez035

1. Hwang TW, Kim SO, Kim MS, et al. Short-Term Change of Exercise
Capacity in Patients with Pulmonary Valve Replacement after Tetralogy
of Fallot Repair. Korean Circ J. 2017;47:254-262. https://doi.org/10.4070/
kcj.2016.0226

12. Khambadkone S, Coats L, Taylor A, et al. Percutaneous pulmonary
valve implantation in humans: results in 59 consecutive patients. Cir-
culation. 2005;112:1189-1197. https://doi.org/10.1161/CIRCULATIONAHA.
104.523266

13. Kim W, Kwak )G, Kwon HW, et al. Pulmonary valve replacement may
not restore ventricular volume and functional status in patients with
pulmonary regurgitation after late tetralogy of Fallot repair. Eur / Car-
diothorac Surg. 2021;61:64-72. https://doi.org/10.1093/ejcts/ezab277

14. Legendre A, Richard R, Pontnau F, et al. Usefulness of maximal ox-
ygen pulse in timing of pulmonary valve replacement in patients with
isolated pulmonary regurgitation. Cardiol Young. 2016;26:1310-1318.
https://doi.org/10.1017/S1047951115002504

15. Li ), Luo S, Liu F, An Q. Systolic function of right ventricular outflow
tract is a better predictor to exercise performance after pulmonary
valve replacement in tetralogy of Fallot. Pediatr Cardiol. 2017;38:1556-
1561. https://doi.org/10.1007/s00246-017-1695-5

16. Warner KG, O'Brien PKH, Rhodes ), Kaur A, Robinson DA, Payne DD.
Expanding the indications for pulmonary valve replacement after repair
of tetralogy of Fallot. Ann Thorac Surg. 2003;76:1066-1071. https://doi.
0org/10.1016/50003-4975(03)00748-3

17. Batra AS, McElhinney DB, Wang W, et al. Cardiopulmonary exercise
function among patients undergoing transcatheter pulmonary valve
implantation in the US Melody valve investigational trial. Am Heart J.
2012;163:280-287. https://doi.org/10.1016/j.ahj.2011.10.017

18. Leonardi B, Cifra B. The role of cardiopulmonary testing to risk
stratify tetralogy of Fallot patients. C/C Pediatr Congenit Heart Dis.
2023;2:314-321. https://doi.org/10.1016/j.cjcpc.2023.10.007

19. Glaab T, Taube C. Practical guide to cardiopulmonary exercise testing
in adults. Respir Res. 2022;23:9. https://doi.org/10.1186/512931-021-
01895-6

20. Leclerc K. Cardiopulmonary exercise testing: a contemporary and
versatile clinical tool. Cleve Clin | Med. 2017;84:161-168.

21. Eshuis G, Hock ), Marchie du Sarvaas G, et al. Exercise capacity in
patients with repaired Tetralogy of Fallot aged 6 to 63 years. Heart.
2022;108:186-193. https://doi.org/10.1136/heartjnl-2020-318928

22, Miiller ), Hager A, Diller GP, et al. Peak oxygen uptake, ventilatory
efficiency and QRS-duration predict event free survival in patients late
after surgical repair of tetralogy of Fallot. Int / Cardiol. 2015;196:158-164.
https://doi.org/10.1016/j.ijcard.2015.05.174

23. Giardini A, Specchia S, Tacy TA, et al. Usefulness of cardiopulmonary
exercise to predict long-term prognosis in adults with repaired tetral-
ogy of Fallot. Am J Cardiol. 2007;99(10):1462-1467. https://doi.org/10.
1016/j.amjcard.2006.12.076

24. Tsai Y), Li MH, Tsai W), Tuan SH, Liao TY, Lin KL. Oxygen uptake ef-
ficiency slope and peak oxygen consumption predict prognosis in

KHANNA ET AL
ROLE OF CPET IN PVR AFTER TOF REPAIR

children with tetralogy of Fallot. Eur / Prev Cardiol. 2016;23:1045-1050.
https://doi.org/10.1177/2047487315623405

25. Baumgartner H, De Backer ), Babu-Narayan SV, et al. 2020 ESC
Guidelines for the management of adult congenital heart disease. Eur
Heart J. 2021;42:563-645. https://doi.org/10.1093/eurheartj/ehaa554

26. Writing Committee Members, Gurvitz M, Krieger EV, et al. 2025 ACC/
AHA/HRS/ISACHD/SCAI Guideline for the management of adults with
congenital heart disease: a report of the American College of Cardiol-
ogy/American Heart Association Joint Committee on Clinical Practice
Guidelines. Circulation. 2026;153:e115-e251. https://doi.org/10.1161/CIR.
0000000000001402

27. Decato TW, Bradley SM, Wilson EL, Hegewald M). Repeatability and
meaningful change of CPET parameters in healthy subjects. Med Sci
Sports Exerc. 2018;50:589-595. https://doi.org/10.1249/mss.
0000000000001474

28. Barron A, Dhutia N, Mayet ), Hughes AD, Francis DP, Wensel R. Test-
retest repeatability of cardiopulmonary exercise test variables in pa-
tients with cardiac or respiratory disease. Eur / Prev Cardiol. 2014;21:445-
453, https://doi.org/10.1177/20474873135184 74

29. Leonardi B, Sollazzo F, Gentili F, et al. Cardiopulmonary exercise
testing after surgical repair of tetralogy of Fallot-does modality matter?
J Clin Med. 2024;13:1192. https://doi.org/10.3390/jcm13051192

30. Stout KK, Daniels CJ, Aboulhosn JA, et al. 2018 AHA/ACC Guideline for
the Management of Adults With Congenital Heart Disease: a report of
the American College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines. Circulation. 2019;139:e698-e800.
https://doi.org/10.1161/cir.0000000000000603

31. Ganni E, Ho SY, Reddy S, et al. Tetralogy of Fallot across the lifespan:
a focus on the right ventricle. CJC Pediatr Congenit Heart Dis. 2023;2:
283-300.

32. Chambers D, Wisely N. Cardiopulmonary exercise testing—a begin-
ner's guide to the nine-panel plot. BJA Educ. 2019;19:158-164.

33. Milani RV, Lavie CJ, Mehra MR, Ventura HO. Understanding the basics
of cardiopulmonary exercise testing. Mayo Clin Proc. 2006;81:1603-1611.

34. Takken T, Hulzebos EH. Practical aspects of cardiopulmonary ex-
ercise testing in children. Int / Sports Med. 2024;45:403-410. https://doi.
org/10.1055/a-2191-0518

35. van der Cammen-van Zijp MH, IJsselstijn H, Takken T, et al. Exercise
testing of pre-school children using the Bruce treadmill protocol: new
reference values. Eur | Appl Physiol. 2010;108:393-399.

36. Kotte EM, de Groot JF, Bongers BC, Winkler AM, Takken T. Fitkids
treadmill test: age-and sex-related normative values in Dutch children
and adolescents. Phys Ther. 2016;96:1764-1772.

37. Egbe AC, Ananthaneni S, Jadav R, et al. Coronary artery disease in
adults with tetralogy of Fallot. Congenit Heart Dis. 2019;14:491-497.

38. Carbone S, Canada )M, Billingsley HE, Siddiqui MS, Elagizi A, Lavie C).
Obesity paradox in cardiovascular disease: where do we stand? Vasc
Health Risk Manag. 2019;15:89-100. https://doi.org/10.2147/vhrm.
5168946

39. Diller GP, Dimopoulos K, Okonko D, et al. Exercise intolerance in
adult congenital heart disease: comparative severity, correlates, and
prognostic implication. Circulation. 2005;112:828-835. https://doi.org/10.
1161/circulationaha.104.529800

40. Egbe AC, Miranda WR, Karnakoti S, et al. Indexing right ventricular
volumes in obese patients with tetralogy of Fallot. Int / Cardiol Congenit
Heart Dis. 2024;17:100528. https://doi.org/10.1016/j.ijcchd.2024.100528

&41. von Sanden F, Ptushkina S, Hock J, et al. Peak oxygen uptake on
cardiopulmonary exercise test is a predictor for severe arrhythmic
events during three-year follow-up in patients with complex congenital
heart disease. / Cardiovasc Dev Dis. 2022;9:215. https://doi.org/10.3390/
jcdd9070215

42. Shafer KM, Opotowsky AR, Rhodes ). Exercise testing and spirom-
etry as predictors of mortality in congenital heart disease: contrasting
Fontan physiology with repaired tetralogy of Fallot. Congenit Heart Dis.
2018;13:903-910. https://doi.org/10.1111/chd.12661

n


https://doi.org/10.1017/S1047951121000238
https://doi.org/10.1017/S1047951121000238
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref8
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref8
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref8
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref8
https://doi.org/10.1016/j.ejcts.2007.06.009
https://doi.org/10.1016/j.ejcts.2007.06.009
https://doi.org/10.1093/ehjci/jez035
https://doi.org/10.1093/ehjci/jez035
https://doi.org/10.4070/kcj.2016.0226
https://doi.org/10.4070/kcj.2016.0226
https://doi.org/10.1161/CIRCULATIONAHA.104.523266
https://doi.org/10.1161/CIRCULATIONAHA.104.523266
https://doi.org/10.1093/ejcts/ezab277
https://doi.org/10.1017/S1047951115002504
https://doi.org/10.1007/s00246%2D017%2D1695%2D5
https://doi.org/10.1016/S0003%2D4975%2803%2900748%2D3
https://doi.org/10.1016/S0003%2D4975%2803%2900748%2D3
https://doi.org/10.1016/j.ahj.2011.10.017
https://doi.org/10.1016/j.cjcpc.2023.10.007
https://doi.org/10.1186/s12931%2D021%2D01895%2D6
https://doi.org/10.1186/s12931%2D021%2D01895%2D6
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref20
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref20
https://doi.org/10.1136/heartjnl%2D2020%2D318928
https://doi.org/10.1016/j.ijcard.2015.05.174
https://doi.org/10.1016/j.amjcard.2006.12.076
https://doi.org/10.1016/j.amjcard.2006.12.076
https://doi.org/10.1177/2047487315623405
https://doi.org/10.1093/eurheartj/ehaa554
https://doi.org/10.1161/CIR.0000000000001402
https://doi.org/10.1161/CIR.0000000000001402
https://doi.org/10.1249/mss.0000000000001474
https://doi.org/10.1249/mss.0000000000001474
https://doi.org/10.1177/2047487313518474
https://doi.org/10.3390/jcm13051192
https://doi.org/10.1161/cir.0000000000000603
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref31
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref31
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref31
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref32
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref32
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref33
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref33
https://doi.org/10.1055/a%2D2191%2D0518
https://doi.org/10.1055/a%2D2191%2D0518
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref35
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref35
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref35
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref36
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref36
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref36
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref37
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref37
https://doi.org/10.2147/vhrm.S168946
https://doi.org/10.2147/vhrm.S168946
https://doi.org/10.1161/circulationaha.104.529800
https://doi.org/10.1161/circulationaha.104.529800
https://doi.org/10.1016/j.ijcchd.2024.100528
https://doi.org/10.3390/jcdd9070215
https://doi.org/10.3390/jcdd9070215
https://doi.org/10.1111/chd.12661

KHANNA ET AL
ROLE OF CPET IN PVR AFTER TOF REPAIR

&3. Umapathi KK, Nguyen H. Cardiopulmonary Fitness (Archived). Last
Update: July 19, 2023. In: StatPearls. StatPearls Publishing; 2026.

44, Datta D, Normandin E, ZuWallack R. Cardiopulmonary exercise
testing in the assessment of exertional dyspnea. Ann Thorac Med.
2015;10:77-86. https://doi.org/10.4103/1817-1737.151438

45. Rozenbaum Z, Khoury S, Aviram G, et al. Discriminating circulatory
problems from deconditioning: echocardiographic and cardiopulmonary
exercise test analysis. Chest. 2017;151:431-440. https://doi.org/10.1016/j.
chest.2016.09.027

46. Wang K, Xin ), Wang X, Yu H, Liu X. Pregnancy outcomes among 31
patients with tetralogy of Fallot, a retrospective study. BMC Pregnancy
Childbirth. 2019;19:486.

&47. Yamamura K, Duarte V, Karur GR, et al. The impact of pulmonary
valve replacement on pregnancy outcomes in women with tetralogy of
Fallot. Int ] Cardiol. 2021;330:43-49.

48. Veldtman GR, Connolly HM, Grogan M, Ammash NM, Warnes CA.
Outcomes of pregnancy in women with tetralogy of Fallot. / Am Coll
Cardiol. 2004;44:174-180.

49. Bijl RC, Cornette JM), van der Ham K, et al. The physiological effect of
early pregnancy on a woman's response to a submaximal cardiopul-
monary exercise test. Physiol Rep. 2020;8:e14624. https://doi.org/10.
14814 /phy2.14624

50. Melzer K, Schutz Y, Boulvain M, Kayser B. Physical activity and
pregnancy: cardiovascular adaptations, recommendations and preg-
nancy outcomes. Sports Med. 2010;40:493-507. https://doi.org/10.2165/
11532290-000000000-00000

51. South-Paul JE, Rajagopal KR, Tenholder MF. Exercise responses prior
to pregnancy and in the postpartum state. Med Sci Sports Exerc.1992;24:
410-414,

Ann Thorac Surg
2026;m:m-N

52. Cauldwell M, Quail MA, Smith GS, et al. effect of pregnancy on
ventricular and aortic dimensions in repaired tetralogy of Fallot. ] Am
Heart Assoc. 2017;6:e005420. https://doi.org/10.1161/jaha.116.005420

53. Ohuchi H, Tanabe Y, Kamiya C, et al. Cardiopulmonary variables during
exercise predict pregnancy outcome in women with congenital heart
disease. Circ J. 2013;77:470-476. https://doi.org/10.1253/circj.cj-12-0485

54. Lui GK, Silversides CK, Khairy P, et al. Heart rate response during
exercise and pregnancy outcome in women with congenital heart dis-
ease. Circulation. 2011;123:242-248. https://doi.org/10.1161/circulationaha.
110.953380

55. Petek BJ, Gustus SK, Wasfy MM. Cardiopulmonary exercise testing in
athletes: expect the unexpected. Curr Treat Options Cardiovasc Med.
2021;23:49.

56. Barth ), Dewald O, Ewert P, et al. Cardiological rehabilitation, pre-
habilitation, and cardiovascular prevention in adults with congenital
heart defects: tasks and services of the German Pension Insurance—part
1: preventive cardiology and prehabilitation. Cardiovasc Diagn Ther.
2025;15:684,

57. Barth ), Dewald O, Ewert P, et al. Cardiological rehabilitation,
prehabilitation, and cardiovascular prevention in adults with
congenital heart defects: tasks and services of the German Pension
Insurance—part 2: cardiological rehabilitation. Cardiovasc Diagn Ther.
2025;15:696.

58. Tran DL, Maiorana A, Davis GM, Celermajer DS, d'Udekem Y,
Cordina R. Exercise testing and training in adults with congenital
heart disease: a surgical perspective. Ann Thorac Surg. 2021;112:1045-
1054.

59. Ishikita A, McIntosh C, Hanneman K, et al. Machine learning for
prediction of adverse cardiovascular events in adults with repaired te-
tralogy of Fallot using clinical and cardiovascular magnetic resonance
imaging variables. Circ Cardiovasc Imaging. 2023;16:e015205.



http://refhub.elsevier.com/S0003-4975(26)00463-7/sref43
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref43
https://doi.org/10.4103/1817%2D1737.151438
https://doi.org/10.1016/j.chest.2016.09.027
https://doi.org/10.1016/j.chest.2016.09.027
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref46
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref46
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref46
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref47
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref47
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref47
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref48
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref48
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref48
https://doi.org/10.14814/phy2.14624
https://doi.org/10.14814/phy2.14624
https://doi.org/10.2165/11532290%2D000000000%2D00000
https://doi.org/10.2165/11532290%2D000000000%2D00000
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref51
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref51
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref51
https://doi.org/10.1161/jaha.116.005420
https://doi.org/10.1253/circj.cj%2D12%2D0485
https://doi.org/10.1161/circulationaha.110.953380
https://doi.org/10.1161/circulationaha.110.953380
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref55
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref55
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref55
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref56
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref56
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref56
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref56
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref56
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref57
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref57
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref57
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref57
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref57
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref58
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref58
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref58
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref58
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref59
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref59
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref59
http://refhub.elsevier.com/S0003-4975(26)00463-7/sref59

	The Society of Thoracic Surgeons (STS)/World Society for Pediatric and Congenital Heart Surgery (WSPCHS)/European Congenita ...
	Methods
	Results
	Comment and Recommendations
	Background on CPET
	Variations/Testing Protocols
	Abnormal Thresholds
	Prognostic Value of CPET
	Role of Serial Testing

	Specific Scenarios
	Symptomatic Patient with an Abnormal Stress Test Result
	Symptomatic Patient With a Stress Test Result Within Normal Limits
	Asymptomatic Patient With an Abnormal Stress Test Result

	Specific Populations
	Children and Adolescents
	Elderly Populations
	Obese, Sedentary, and/or Deconditioned Patients
	Pregnancy
	Athletes
	Prehabilitation and Rehabilitation

	Limitations, Future Research, and Conclusion
	Funding Sources
	Disclosures

	References


