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Objectives
• Understand the basic physiologic principles of cardiopulmonary exercise testing 

(CPET) and its clinical use in the pediatric and congenital heart disease (CHD) 
population

• Highlight how data from CPET can help determine prognosis and risk of 
morbidity/mortality in CHD

• Discuss the use of CPET to improve outcomes and quality of life

• Empower primary care providers to encourage and promote exercise



Physical Activity Guidelines
• Children: 60 minutes daily of moderate intensity aerobic exercise, including muscle 

and bone strengthening exercises 3x/week

• Adults: 2.5-5 hours per week of moderate intensity exercise or 1.25-2.5 hours per 
week of vigorous intensity; including muscle strengthening exercise 2x/week



Physical Activity Adherence







Physical Activity in CHD Patients
• Conflicting data; some reports suggest lower PA levels and others are consistent with 

overall poor PA activity based on age

• Multifactorial etiologies for poor PA in general:

• Intrapersonal: motivation

• Sociocultural: support, social norms

• Environmental: access

• In CHD: may also include fear/anxiety, discomfort, fatigue, and 
parental/teacher/primary caregiver concerns that will limit PA



Eligibility Recommendations for Athletes with CHD

The level of sports participation recommended includes consideration of both the training and 
the competitive aspects of the activity but must be individualized to the particular patient, 
taking into account the patient’s functional status and history of surgery. Noninvasive testing, 
such as formal exercise testing, Holter monitoring, echocardiography, and cardiac magnetic 
resonance imaging studies, is also often useful.



Eligibility Recommendations and EST
• Fontan/Single V: Class IB

• D-TGA s/p atrial switch: Class IB

• L-TGA: Class IB

• TOF: Class IB

• Coarctation of the aorta: Class IC

• AS/AI: Class IIaC/IC

• D-TGA s/p ASO: Class IIbC

• Anomalous RCA from the L sinus: Class IIaC



Clinical Value of CPET
• Why does someone stop (or never start) exercising?

• Symptoms with exercise – is it the heart, lungs, fitness?

• Can we predict who may need further testing, procedures, surgery?

• Changes over time and response to and effectiveness of interventions

• Rehab/improve fitness

• Activity restriction guidelines – is there risk? Can we clear them?

• Reducing anxiety about exercise in the CHD population 

• Potential long-term improvement in morbidity/mortality



Indications for CPET



Constatine et al, EJPC 2021



Exercise Basics
• Hydrolysis of ATP

• Needs to be constantly replenished through metabolism of fuels, primarily 
carbohydrates and fat

• Aerobic metabolism: each carbon atom reacts with O2 to form 6 molecules of ATP; 
glucose (6 carbon = 36 ATP)

• Anaerobic metabolism: No O2; quicker, less ATP, produces lactate

• Allows body to make ATP when insufficient O2 available

• Need a way to eliminate the lactate (buffered into CO2)



Oxygen Delivery
Fick Equation

• VO2 = Cardiac Output x Oxygen extraction

= [Heart rate x Stroke volume] x [CaO2 – CvO2]

= [HR x SV] x [(1.36xHgb) x (SaO2 – SvO2)

Each of these variables is altered during exercise to maximize O2 delivery.



Heart Rate
• HR increases ~ 3-fold with exercise in normal individuals

• Peak HR is age dependent

• Many patients with CHD have chronotropic incompetence or are on medications 
that blunt the HR response

• Pacemakers are usually programmed for a max HR of 160-180 bpm



Stroke Volume
SV increases rapidly and then plateaus to about 1.5-2x baseline early in exercise

• Later increases in CO are due to increases in HR

• Mediated by:

• Increased contractility

• Decreased afterload (decreased SVR and PVR)

• Enhanced ventricular filling (pumping function of skeletal muscles)

• Improved lusitropic (diastolic) function

• Usually at least 5x increase in CO at peak exercise

• CHD can be associated with reduction/problems in all the above



O2 Extraction
Arterial O2 sat is usually about 100% and mixed venous sat 70%

• At peak exercise, greater extraction of O2 in the exercising muscles, so mixed 
venous sat may fall to 30% (flux) = doubling of O2 extraction

• Recruitment and vasodilation of capillary beds

• Partial pressure of O2 within the muscles declines; increased O2 tension gradient 
facilitates flow of O2 from blood to muscles

• Lactate accumulation facilitates release of O2 from Hgb (Bohr effect), aka rightward 
shift of Hgb/O2 dissociation curve in acidic environments

• Desaturations from R to L shunts, lung disease or decrease in Hgb will affect this

• Combination of increased O2 extraction with cardiac output results in ~ 10-fold 
increase of VO2 from rest to peak exercise in normal patients



CO2 Elimination (pulmonary part of the CPET)
• CO2 production increases with exercise

• Excreted via respiration

• Increase in tidal volume

• Increase in respiratory rate

• Decrease in physiologic dead space

• Improved V/Q matching

• Factors that affect lungs will impact exercise



CPET Equipment
• Treadmill or cycle ergometer

• EKG monitoring

• Metabolic cart

• Breath by breath volume

• CO2/O2 concentrations

• ETCO2 and ETO2

• BP cuff

• Pulse oximeter

• Safety equipment



Patient Instructions



Pediatric Considerations
• Proper size equipment – BP cuffs, face masks, handrails

• Emotional/developmental – cooperation, anxiety, understanding directions

• Children are not “small adults”

• Varying peak VO2

• Higher submaximal HR at relative workloads

• Lower stroke volumes





CPET Protocols
• Dependent on purpose of test and patient characteristics (e.g. Bruce protocol)

• Treadmill vs Cycle

• TM will result in higher VO2, not height dependent*, is often more familiar

• Cycle has more stability (no falls and stress echo is easier), less EKG artifact, can 
quantify work

• Designed to have patient reach peak VO2 in 10+/-2 minutes

• Peak HR alone may not accurately reflect a maximal effort

• Self reported symptoms may be too subjective in children

• Most younger children will want to stop before maximal (not used to pushing 
themselves; they usually stop/start)



CPET Peak Exercise Values
• Peak VO2 = highest VO2 achieved

• Max VO2 = VO2 does not increase with increasing work

• “Normal VO2”:

• Increases/peaks in adolescence/early adulthood and then declines ~7%/decade

• Differs between males/females

• Larger body size leads to greater VO2; however, adipose tissue consumes very little O2, 
so normalizing VO2 for body mass may be misleading in obese patients

• Prediction equations (height, weight, age)

• % predicted values



CPET 9-Plot Graph

Reproduced from: Wasserman & Whipp’s: Principles of Exercise Testing; Sietsema K et al.



VO2

• Independent predictor of death and/or hospitalization in:

• TOF

• D-TGA s/p atrial switch

• Fontan

• PAH

• CHF

• Awaiting heart transplant

• Comparing trends over time may help elucidate new issues, allow for improved 
training/conditioning



Heart Rate
• HR increases linearly in proportion with VO2

• 5-10% lower peak HR on cycle

• Chronotropic incompetence will show depressed HR:VO2 curve

• Impaired SV will show higher HR:VO2 due to more rapid increase in HR to 
compensate

• Heart rate reserve = Peak HR – resting HR  (vs. pred peak HR – peak HR)

• Chronotropic index = [(100 x HRR)/(predicted Peak HR – resting HR)]



O2 Pulse
• VO2/HR

• Surrogate for stroke volume, e.g. effective amount of oxygenated blood ejected with 
each heartbeat

• Also includes O2 extraction (at peak exercise, this will often but not always be normal)

• Helpful particularly with chronotropic incompetence; if no other issues, O2 pulse should 
be higher than predicted

• Limited if anemia or significant arterial desaturation

• Overestimate with polycythemia (e.g. increased arterial O2 content)

• Rare cases of poor O2 extraction (e.g. mitochondrial or metabolic disorders)



O2 Pulse
• Rapid increase early in exercise due to increase in stroke volume

• Later gradual increase due to increased  O2 extraction

• Low with reduced SV such as systolic or diastolic dysfunction, outflow obstruction, 
severe valvular regurgitation

• Due to decreases in SVR and PVR, AI and PI may not affect O2P as much unless severe

• Fontan patients can not increase preload well (if at all)

• Should never go down during exercise

• CAD/MI

• Cardiomyopathy

• Severe outflow tract obstruction



Respiratory Exchange Ratio (RER)
• RER = VCO2/VO2

• Measured via exhaled CO2

• Aerobic metabolism

• Carbs: 1 mole of CO2 produced for 1 mole of O2 consumed

• Fats: 1 mole of CO2 for 1.5 moles of O2 consumed

• At rest, RER ~ 0.85

• As exercise increases past AT, VCO2 rises out of proportion to VO2

• RER > 1.09 is considered to be compatible with a good effort

• < 1.09 would be considered submaximal, most commonly due to suboptimal effort



BP and O2

• BP increases by at least 20%, up to about 200 mmHg

• Excessive rise in BP from residual arch obstruction

• Never should see a drop in BP with exercise; poor prognostic feature in HCM

• In R to L shunts

• Magnitude of shunt may increase with exercise

• Mixed venous O2 sat declines, so shunt will continually have lower sat



Pulmonary Assessment
• Spirometry/flow volume loops

• Pre- and post-exercise maximal expiratory and inspiratory measurements

• Obstructive/EIB if FEV1 decreases 10-15% from baseline

• Clinical symptoms

• A note on EIB…



Respiratory Measures
• MVV = maximal voluntary ventilation

• Maximal amount of air someone can breathe in and out in a minute

• Breathe in/out as rapidly and deeply as possible x 12 seconds; multiply by 5

• Estimate MVV = FEV1 x 40 (more easily attained)

• Breathing reserve

• Most people utilize about 65% of the MVV at peak exercise; therefore, reserve is ~ 35%

• Essentially this means that most people don’t stop exercising typically due to breathing 
problems



Anaerobic Threshold and Respiratory Compensation Point

• During progressive exercise, VCO2 will eventually increase out of proportion to O2
consumption

• Due to lactate increase from switch to anaerobic metabolism

• Point of increase is the AT

• As exercise continues and lactate accumulates, a metabolic acidosis develops

• To maintain a normal pH, need compensatory respiratory alkalosis (increased 
ventilation); the point at which this happens is the RC



AT
• How to measure:

• The point where VCO2 rises out of proportion to VO2
• VE/VO2 increases while VE/VCO2 is flat/declining

• VE increases in proportion with VCO2; however, VO2 does not rise as rapidly as VCO2 after AT so 
therefore VE/VO2 ratio increases

• This method can distinguish between hyperventilation from anxiety (both are rising) vs. the true VAT



Submaximal Measurements
• VO2 @ AT = ventilatory anaerobic threshold (VAT)

• CO2 production increases due to anaerobic metabolism with no further consumption 
of O2

• Reflects the level of O2 delivery beyond which the circulatory system can no longer 
fulfill the metabolic needs [“aerobic max”]

• Physiologic and not effort dependent; however not as helpful if maximal test performed

• Typically around 50-60% of predicted peak VO2

• Below 40% is abnormal and associated with conditions that impair ability to increase CO or O2
delivery

• Potentially helpful in patients that can’t increase stroke volume (but can compensate with greater 
HR, eg. Fontan)



VE/VCO2 Slope
• VE rises proportionally with VCO2 until a point after AT and then increases rapidly

• The slope/linear portion of the curve – e.g. how much additional liters of air needs 
to be exhaled to eliminate one additional liter of CO2

• The point where slope is no longer linear (when PCO2 declines due to 
compensatory resp alkalosis) = respiratory compensation point

• Age dependent, but normal is generally < 28;  worsens as gas exchange becomes 
more inefficient

• Conditions that cause maldistribution of PBF and V/Q mismatch will worsen this, 
e.g. TOF with residual obstructions, CHF, PAH

• Higher values may be associated with poor prognosis



VE/VCO2

Mezzini et al. Standards for use of CPET in cardiac patients. EJCPR 2009.



CPET in non-CHD Patients
• Exertional CP and SOB – Low sensitivity/specificity in standard EST

• Addition of metabolic data may help with determining etiology and treatment, 
e.g. pulmonary problem or conditioning issue

• Syncope (exertional and post-exertional) 

• Athletic training/fitness program



CPET in CHD
• Peak VO2 reduction somewhat across the board

• May be a first sign of changes in cardiac function or other issues

• Increased VE/VCO2 slope, especially in cyanotic CHD

• Lower VAT

• Decreased lung function (can be both obstructive and restrictive)

• Lower peak HR, HR recovery, and HR reserve 



Peak VO2 in CHD
• Peak VO2 ~ 50% predicted on average

• Worst in ccTGA, single V/Fontan, and Eisenmenger’s

• Peak VO2 < 15.5 ml/kg/min predicted hospitalization (HR 2.9) and death (HR 5.6)

• NYHA class did not fully estimate the degree of exercise limitation



Buys et al, Measures of exercise capacity in adults with CHD, IJC 2010



Peak VO2 in CHD



VO2 Requirements for Various Activities



Peak VO2 and M/M



VE/VCO2 in CHD



Tetralogy of Fallot



TOF
• Adults (mean age 36):

• Diller et al, JACC 2006: mean peak VO2 56% predicted

• Inuzuka et al, Circulation 2012: median peak VO2 71% predicted; only 25% had a peak 
VO2 > 85% predicted

• Children/adolescents (mean age 12.5):

• Mahle et al, Ped Card 2002: Peak VO2 averaged 95% predicted



TOF
• Age related decrease in VO2

• Hemodynamic issues that worsen with time

• Incompetent PV/PI

• Residual stenoses

• Ventricular function

• RV function: MRI RVEF correlated with VO2

• RV/LV interaction due to significant RV enlargement (stroke volume)



TOF
• VE/VCO2 elevation and decreased VO2 correlate with PBF maldistribution (V/Q 

mismatch)

• Amount of PI may not be the primary factor: since PVR decreases with exercise 
therefore less PI

• Increased gradient across residual stenoses with exercise

• Improvement (post-cath) in PA stenoses showed improved VE/VCO2 and VO2



CPET in TOF



Fontan



Fontan
• Physiologic issues

• No sub-pulmonary ventricle

• Passive venous return to lungs with variable muscle pump support

• Skeletal muscle abnormalities affect preload, afterload, and O2 extraction

• Lower CO and SV at rest and with exercise

• Preload dependent

• Chronotropic incompetence

• Exercise compensation

• Increased O2 extraction

• Peak HR may be lower, but HR at a given VO2 is usually higher



Fontan Peak VO2

Diller et al, predictors of morbidity and mortality in Fontan patients, EHJ 2010



CPET Abnormalities
• Median peak VO2 50-60% predicted
• VO2 declines steeply during adolescence
• Inability to increase stroke volume is likely the biggest cause of exercise limitations 

(not usually due to ventricular systolic functional impairment)
• Muscle pump: resistance training increased leg muscle mass and exercise 

performance (increased preload); known reduced skeletal muscle mass in the 
Fontan population

Cordina et al, Resistance training improves cardiac output…, IJC 2013

Avitabile et al, Lean leg mass correlates with exercise systemic output… Heart, 2018

• Elevated VE/VCO2

• V/Q mismatch due to absent pulmonary artery pulsatility

• R to L shunting

• Lower FVC and FEV1 (usually proportional)



Fontan – Younger Patients
• Harteveld et al, IJC 2021

• Ages 8-18 yrs

• Reduced diastolic function (based on TDI) and increased arterial stiffness

• Peak HR 174 bpm (93% predicted), peak VO2 ~54% predicted, O2 pulse 58% 
predicted

• Suggests low SV with preserved chronotropy

• Higher resting HR was associated with lower peak VO2

• No sig differences between single LV vs. RV



CPET Prognostic Value in Fontan
• Fernandes et al, CHD 2011: Peak VO2 < 16.6 ml/kg/min = HR 7.5, peak HR < 123 = 

HR 10.6; if above those cut-offs and VAT > 9 ml/kg/min, 98% NPV for mortality over 
a median of ~4 years

• Inuzuka et al, Circ 2012:  combination of % predicted VO2 and HRR had greater 
predictive value for mortality

• Diller et al, EHJ 2010: CPET parameters associated with increased risk of 
hospitalization, not mortality

• Egbe et al, IJC 2017: decline in % pred VO2 of > 3%/yr strongly predicted ACE

• Cunningham et al, AHJ 2017: 10% decline between CPET 6-30 months apart 
associated with 2x risk of death or need for transplant (even after adjusting for 
baseline peak VO2)



FUEL Trial
• Decreasing PVR should allow for greater venous return, more PBF, and therefore 

higher stroke volume

• Udenafil did not significantly increase peak VO2

• VO2 @ AT was mildly improved

• Future study questions:

• Greater impact in those with baseline pulmonary vascular issue?

• Systemic venous (mal)effect with vasodilators?

• Could improved skeletal muscle mass and function help?



Trends Over Time in Fontan Patients

Goldberg et al, Exercise capacity and predictors of performance after Fontan (PHN Fontan 3 study), Ped Card 2021





Tran et al. Exercise Intolerance, Benefits, and Prescription for People Living With a Fontan 
Circulation: The Fontan Fitness Intervention Trial (F-FIT)—Rationale and Design. Frontiers in 
Pediatrics, 2022



“Super” Fontan
Tran et al, The “Super-Fontan” Phenotype: Characterising Factors Associated with High Physical Performance, Frontiers in 
Pediatrics, 2021

• Compared subset of Fontan patients with peak VO2 > 80% predicted (“super-Fontan) to a Fontan control group

• Average age ~ 29 yrs, 48% male

• Spent 4.3 hrs vs. 2 hrs in weekly sports/physical activity

• Greater reported time in physical activity when younger

• Super-Fontan group more likely had a healthy weight and had a dominant LV



“Super” Fontan



Sheffers et al, Physical exercise training in patients with a Fontan 
circulation: A systematic review, EJPC, 2020

Exercise Training in Fontan Patients



Tran et al. Exercise Intolerance, Benefits, and Prescription for People Living With a Fontan Circulation: 
The Fontan Fitness Intervention Trial (F-FIT)—Rationale and Design. Frontiers in Pediatrics, 2022

Fontan and Exercise Capacity



Exercise Training
Amir et al; Exercise training in paediatric CHD: fit for purpose? Arch dis child, 2021

• Review of many (small) studies of exercise prescriptions and formal rehabilitation 
programs have shown:

• Increased peak VO2 in many (but not all studies); sometimes increased submaximal 
measures, e.g. VO2 at AT

• Increased daily recorded activity level (use of activity trackers or other tech, even in 
young ages 5-10 yrs)

• Improved perceived exercise function

• Positive psychological impacts

• Very low risk

• Survival/mortality benefits still unknown



Exercise Training and Rehab
Home based CR strategies have also mostly shown some improvement in exercise 
capacity

McBride et al, Cardiopulmonary Rehabilitation in Pediatric Patients With Congenital and Acquired 
Heart Disease, JCRP, 2020



So What Can You Do?
• Screen for physical activity levels

• Gauge fears/anxiety of patients and families regarding exercise

• Encourage patients and families to make small changes and add time daily for 
physical activity

• Encourage a variety of activities, short and longer duration, cardio, strength 
training, coordination, and flexibility

• Schedule check-ups a few months before the sports season and refer to 
cardiology for any concerns



InnovationDistrict.ChildrensNational.org

Subscribe and Follow Us

FACEBOOK | @childrens.national
TWITTER | @ChildrensNatl
INSTAGRAM | childrensnational
LINKEDIN | Children’s National Hospital



Thank You!Thank You!
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