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Abstract

Objective: Exercise performance is variable and often impaired in patients with repaired 

tetralogy of Fallot (rTOF). We sought to identify factors associated with exercise performance by 

comparing high to low performers on cardiopulmonary exercise testing (CPET) in patients with 

rTOF.

Study Design: We conducted a cross sectional study of subjects presenting for CPET who 

underwent echocardiograms at rest and peak exercise. Patients with pacemakers and arrhythmias 

were excluded. Right ventricular (RV) global longitudinal strain was used as a measure of systolic 

function. Pulmonary insufficiency (PI) was assessed with the Diastolic Systolic ratio and the 

Diastolic Systolic Time Velocity Integral ratio by Doppler interrogation of the pulmonary artery. 

CPET measures included percent-predicted maximum VO2 (%mVO2), percent-predicted 

maximum work and oxygen pulse. High versus low performers were identified as those achieving 

%mVO2 of at least 80% or falling below, respectively. Differences in echocardiographic 

parameters from rest to peak exercise were examined using mixed-effects regression models.

Results: Compared to the low performers (n=17), high performers (n=12), were younger (12.8 

± 3.3 years vs 18.3 ± 4.8 years), had normal chronotropic response (peak heart rate >185bpm) 

with greater heart rate reserve and superior physical working capacity. High performers also had a 

greater reduction in PI at peak exercise, despite greater PI severity at rest. Oxygen pulse was 

comparable between groups. For both groups, there was no association of PI severity and RV 

systolic function at rest with exercise parameters. There was no group difference in the magnitude 

of change in RV strain and diastolic parameters from rest to peak exercise.

Conclusions: Chronotropic response to exercise appears to be an important parameter with 

which to assess exercise performance in rTOF. Chronotropic health should be taken into 
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consideration in this population, particularly given that RV function and PI severity at rest were 

not associated with exercise performance.
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Introduction:

Despite improved survival into adulthood due to successful surgical repair, patients with 

tetralogy of Fallot are known to have impaired exercise capacity with abnormally low 

percent-predicted maximal oxygen consumption (VO2max) that appears to worsen over 

time.[1-5] [4,5] However, abnormal indices of exercise performance on cardiopulmonary 

exercise testing (CPET) can vary significantly from patient to patient. Deciphering the 

factors that contribute to exercise capacity in this population is challenging and the 

determinants of exercise performance are not fully understood.

Diminished exercise performance in patients with rTOF is associated with worse health 

status and quality of life in children and adolescents, and also a predictor of mortality. [6-9] 

However, the individual factors associated with exercise performance after repair of 

tetralogy of Fallot remain to be completely explained and are likely multifactorial. [10] 

Possible contributing factors for exercise capacity in rTOF include pulmonary regurgitation, 

ventricular dysfunction, chronotropic impairment, abnormal lung function, and pulmonary 

artery distortion. [11-15] Habitual exercise is also associated with exercise performance, 

independently of a direct correlation between ventricular function and exercise parameters. 

[16] Due to this multifactorial interaction, discriminating individual contributors to exercise 

performance in rTOF is challenging. We sought to further discern these factors by 

comparing children and adolescents with rTOF based on their exercise performance. We 

used stress echocardiography to compare clinical and functional parameters between high 

versus low exercise performers with rTOF.

Methods:

Study population

We conducted a cross-sectional study with prospective data collection of patients with rTOF 

presenting to our institution for clinically indicated CPET from May 2015 to June 2016. 

Subjects with history of surgically repaired TOF, ages eight years and above were included, 

based upon the youngest age at which subjects are generally able to complete a CPET. All 

anatomic subtypes of rTOF were included (pulmonary stenosis, pulmonary atresia, absent 

pulmonary valve). Subjects with pacemakers and those using beta blockers were excluded. 

Study subjects were divided into high and low performers, defined by a mVO2% cutoff 

value of 80%. [17] The study was approved by the Institutional Review Board for the 

Protection of Human Subjects and subjects provided written informed consent prior to 

participating in the study.
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CPET and Exercise Stress Echocardiography

Standard cardiopulmonary exercise testing using an electronically braked cycle ergometer or 

1-min incremental treadmill protocol was performed. A respiratory exchange ratio greater 

than 1.10 (VCO2/VO2) was used to define aerobic effort. [18] Breath-by-breath expired gas 

analysis on metabolic cart was used to obtain ventilatory and metabolic data (Carefusion, 

Yorba Linda, CA). According to normative values for age, gender and body size, the percent 

of predicted maximum VO2 (%mVO2) was calculated for each subject. [19-21] Oxygen 

pulse, calculated as maximum VO2 divided by the peak heart rate and indexed for body 

surface area (ml/O2/beat/m2), was used as a surrogate of stroke volume. The slope of minute 

ventilation versus CO2 production (VE/VCO2 slope), an index gas exchange efficiency was 

measured. [22,23] A normal VE/VCO2 slope in pediatric patients is less than 28. [24] Heart 

rate reserve was calculated as the difference between maximum heart rate and resting heart 

rate. A heart rate greater than 185 beats per minute at peak exercise was defined as normal 

chronotropic response.[17,23]

A focused, protocol-based echocardiogram was performed immediately prior to CPET (rest) 

and repeated at peak exercise immediately upon completion of the CPET. Echocardiographic 

parameters included peak RV global longitudinal strain (systolic function), tricuspid inflow 

and myocardial velocities (diastolic function), and the ratio of the diastolic to systolic time 

velocity integral, or DSTVI (PI). Image acquisition for offline RV longitudinal strain 

measurements included an apical four chamber view optimizing settings for strain analysis. 

Based on normative RV strain data from our institution for children ages eight and above 

with normal cardiac structure and function, RV GLS was considered normal if the absolute 

value was greater than 26%. RV contractile reserve was defined as the change in RV global 

longitudinal strain (i.e. difference between rest and peak exercise value).

Myocardial velocities of the RV free wall were obtained with tissue Doppler imaging (TDI). 

The early filling (e′), late filling (a′) and systolic (s′) waves of the right ventricle were 

recorded. Pulse wave Doppler interrogation of the tricuspid inflow was performed and the 

early and atrial contraction velocities were recorded. Pulse-wave Doppler tracing of the main 

pulmonary artery was used to obtain time-velocity integrals of diastolic and systolic flows in 

the MPA. To quantify PI, offline measurements of the regurgitant (diastolic) and antegrade 

(systolic) time velocity integrals and a ratio of those was calculated (diastolic to systolic 

time-velocity integral ratio, or DSTVI). [25,26] Standard pediatric transthoracic 

echocardiographic views were obtained on a Phillips IE33 machine (Phillips, Andover, MA, 

USA) using appropriate sized transducers by a sonographer trained on the study’s protocol. 

Images were digitally stored and measurements were performed offline by a single observer 

using Syngo Dynamics software (Siemens, Ann Arbor, MI, USA) and Cardiac Performance 

Analysis Software (TomTec, Germany). Using speckle tracking software (Cardiac 

Performance Analysis Software, TomTec, Germany) right ventricular longitudinal strain 

curves were obtained.

Statistical Methods:

Descriptive statistics are presented as mean ± standard deviation or median (minimum-

maximum) for continuous variables and frequency counts (percentages) for categorical 
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variables. Baseline characteristics and exercise parameters were compared between low and 

high performers using the chi-square test or Fischer’s exact test for categorical variables and 

t-test or Wilcoxon rank sum test as appropriate for continuous variables. Mixed-effects linear 

regression models with identity link were used to examine the changes in echocardiographic 

parameters from rest to peak exercise within and between the performer groups. Mixed-

effects models implemented via maximum likelihood account for correlations arising from 

the repeated measures obtained at rest and at peak exercise and allow using all 

measurements obtained from each subject. The model for the predictor RVGLS was adjusted 

for DSTVI ratio to account for changes in RVGLS that are independent of changes in PI. 

Sensitivity analyses were performed to examine potential outliers and influential points. 

These measurements were assessed by visual examination of histograms and normal 

probability plots of residuals from each model. Statistical analyses were conducted using 

Stata 14.1 (StataCorp, College Station, TX) and the significance level was set at 0.05 for all 

tests.

Results:

Baseline Characteristics

The high performers had a median mVO2% of 97.5% (IQR 90.5, 110.5) with mean maximal 

VO2 of 41.2 ml/kg/min while the low performers had a median mVO2% of 68% (IQR 66, 

76) and mean maximal VO2 of 30 ml/kg/min. In comparison to low performers (n=17), the 

high performers (n=12), were younger upon testing, and had lower body surface area (BSA). 

There was no difference between the two groups by genetic syndrome, type of tetralogy of 

Fallot, type of surgical repair, age at complete repair, or history of pulmonary valve 

replacement. (Table 1 & 2)

Echocardiographic Parameters

RVGLS was abnormal in both groups at baseline measuring 16% (range 8-27) in the low 

performers and 17.5% (range 12.5-27) in the high performers. RVGLS decreased from rest 

to peak exercise in both high and low performers. There was no significant difference in the 

magnitude of change in RVGLS or in diastolic parameters from rest to peak exercise 

between the groups. There was a significant decrease in degree of PI from rest to peak 

exercise in both groups. The high performers had a greater reduction in PI at peak exercise, 

despite greater PI severity at rest by DS ratio (Table 3 and Figure 1)

Exercise Parameters

High performers had a greater peak heart rate and heart rate reserve [median 114 (range 

97-136)] in comparison to the low performers [100 (range 41-142)]. Oxygen pulse and VE/

VCO2 slope were comparable between groups. (Table 1, Figure 1)

Discussion:

In this small but prospectively conducted study, we sought to investigate the factors 

associated with exercise performance in patients with rTOF using CPET and stress 

echocardiography. Our main findings were that subjects in the high performer group were 
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younger upon CPET, had greater physical work rate capacity and heart rate reserve, and, 

despite greater PI at rest, demonstrated a greater reduction in PI at peak exercise compared 

to low performers. The groups were comparable in terms of RV contractile reserve and 

ventilatory efficiency.

Studies have reported that exercise performance in patients with rTOF declines with age. 

[1,3] We found that subjects in the high performer group were younger compared to the low 

performers, but the low performers themselves were relatively young (adolescents). Only 

longitudinal assessment of these groups will allow us to ascertain whether their exercise 

performance will decline with age.

The baseline characteristics including age at repair or type of surgical repair was comparable 

between the high and low performers. This suggests clinical factors that are often thought to 

have negative prognostic implications in rTOF may not necessarily influence exercise 

capacity. Similar to our findings, Sarubbi et al. found patients with rTOF had reduced peak 

work rate in comparison to healthy controls irrespective of type of surgical repair and age at 

surgery. [27] Others have also reported that age at repair, type of surgical repair and history 

of previous shunt palliation are not associated with indices of exercise function or the 

decrease of exercise performance over time. [15,2,3] Therefore, it is reasonable to search for 

factors other than those anatomic or surgery-related that could explain variability in exercise 

performance from one individual with rTOF compared to another.

We report that the high performers had a normal heart rate response and better heart rate 

reserve as compared to the low performers. This does not appear to be due to any difference 

in effort during the exercise testing between the two study groups. Both groups consisted 

only of subjects achieving a maximal effort and their RER at peak exercise was similar 

indicating a comparable level of metabolic acidosis and effort. In healthy children, the 

maximum heart rate achieved during exercise is an important determinant of VO2max. [28] 

Compared to healthy peers, patients with rTOF have been shown to have significantly 

reduced heart rate at peak exercise despite normal resting heart rate.[29,30] Chronotropic 

incompetence with depression of maximal heart rate is common in patients with CHD after 

cardiac surgery. [18,31,32] However, the mechanisms underlying reduced chronotropic 

response and its contribution to decreased exercise performance in rTOF are not fully 

understood. [27,30] In the adult congenital and heart failure populations, it has been 

proposed that chronotropic incompetence may relate to autonomic dysfunction, 

neurohormonal activation and cardiac arrhythmias. [33-38] There was no evidence of 

arrhythmia in either group. Longitudinal follow-up of this cohort is needed to elucidate the 

changes in chronotropic response over time in rTOF as well as factors that may influence 

heart rate reserve, such as habitual exercise.

Given that there was no difference in stroke volume at peak exercise (measured by oxygen 

pulse) between groups in our study, the ability to increase heart rate may be a significant 

contributor to augmentation of cardiac output and exercise performance. Studies in adults 

with rTOF have shown that heart rate reserve can be used to stratify patients at higher risk of 

mortality. [33,34] This is in part a reflection of a higher resting heart rate in the higher risk 

population as a result of their impaired resting volume. In children, however, the prognostic 
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implications of heart rate reserve have not yet been investigated. Exercise training in adults 

with stable heart failure has been shown to improve chronotropic response and exercise 

capacity. [39] In children with repaired CHD, exercise rehabilitation has shown to improve 

heart rate recovery after peak exercise. [40] Therefore, it is possible that interventions to 

improve heart rate response, such as exercise rehabilitation programs, may improve exercise 

capacity in this population.

There was a significant decrease in PI at peak exercise in both groups. However, high 

performers had a greater reduction in PI at peak exercise despite greater PI severity at rest 

compared to low performers. Greater PI severity at rest in the high performers may be 

related to the fact they were younger and therefore presumably had less stiff RVs compared 

to the low performers. Important determinants of chronic PI, increasing RV stiffness and 

consequent increase in RV diastolic pressure potentially decreases the gradient for PI. 

Therefore, it is possible that low performers who were older and may have had increasing 

RV stiffness overtime related to fibrosis or hypertrophy leading to less PI at rest in this group 

in our study. [41,42]

The decrease in PI at peak exercise is likely related to a shorter diastolic time with an 

increased heart rate. Therefore, it is possible that, independently of PI severity at baseline, 

the ability to increase heart rate at peak exercise (and as a result, reduce PI) could be a 

significant contributor to exercise performance. Similar to our findings, O’Meagher et al. 

demonstrated an increase in RV output during exercise in adults with rTOF facilitated by 

increase in heart rate and decrease in PI regurgitant fraction on CMR. [43] We propose that 

chronotropic response in addition to RV contractile response and change in PI is an 

important yet underappreciated contributor to exercise performance in rTOF.

We found that both high and low performers had abnormal resting RVGLS and abnormal 

contractile reserve, with comparable magnitude of change in RV strain from rest to peak 

exercise, indicating that exercise capacity in this group of children and adolescents with 

rTOF may not be influenced by ventricular performance (systolic or diastolic). Similarly to 

this finding, others have also shown a lack of relationship between RV functional parameters 

and exercise performance.[44] It is possible there is an adaptive mechanism to exercise in 

rTOF, such as greater contribution of chronotropic response, which may compensate for the 

role of ventricular function in augmenting cardiac output during exercise.

Lastly, both groups had an abnormal ventilatory response to exercise (VE/VCO2 slope). 

However, there was no significant difference between groups, suggesting that the ventilatory 

response in this small group is not a significant determinant of exercise performance. Other 

studies have shown that the ventilatory response is negatively correlated with exercise 

capacity and is a predictor of %mVO2 in rTOF [45] It is a powerful predictor of mortality in 

adults with rTOF and is proportional to maldistribution of pulmonary blood flow, possibly 

related to pulmonary artery distortion. [12] [7,33] We did not find a significant difference in 

this index of gas exchange efficiency, which may be but one of many factors contributing to 

exercise performance in this population
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Limitations:

We conducted a small study using exercise stress echocardiography to evaluate changes in 

function and pulmonary insufficiency from rest to peak exercise. However, we conducted 

prospective data collection that allowed us to assess PI and RV function at peak exercise. We 

included a relatively young population with rTOF and most subjects had TOF with 

pulmonary stenosis as well as primarily pulmonary regurgitation with minimal residual 

pulmonary outflow tract obstruction. Therefore, our findings are not generalizable to all 

patients with rTOF. This was a cross sectional analysis and as such, we were not able to 

ascertain changes in exercise performance over time. Finally, it is possible that patients are 

restricted from performing exercise, and therefore we are not able to comment on whether 

younger patients could have performed better because of increased habitual exercise or 

lower exercise restriction.

Conclusions:

Preserved chronotropic response, rather than contractile reserve, is an important contributor 

to augmentation of cardiac output and exercise performance in this group of rTOF patients, 

possibly through augmentation of cardiac output. The effect of higher heart rate on PI at 

peak exercise is a possible mediator of this association. Chronotropic health can be a 

possible target for intervention and future studies.

Abbreviations:

rTOF Repaired Tetralogy of Fallot

CPET Cardiopulmonary exercise test

PI Pulmonary insufficiency

RVGLS Right Ventricular Global Longitudinal Strain

DSTVI Diastolic Systolic Time Velocity Integral
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Figure 1: 
Change in Diastolic Systolic Ratio from rest to peak exercise by group, in High performers 

(solid line) and Low Performers (dashed line) Circles and squares represent the mean 

Diastolic Systolic Ratio at rest and peak exercise in high performers and low performers, 

respectively.
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Figure 2: 
Change in heart rate from rest to peak exercise by group, in High performers (solid line) and 

Low Performers (dashed line) Circles and squares represent the mean heart rate at rest and 

peak exercise in high performers and low performers, respectively.
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Table 1.

Baseline Characteristics and Exercise Parameters

Low Performer
(n=17)

High Performer
(n=12)

P

Demographics

Gender, Male, n (%) 11 (64.7) 8 (66.7) 0.913

Race, White, n (%) 8 (47.1) 9 (75.0) 0.132

Age at testing, years 18.3 ± 4.83 12.8 ± 3.26 0.002

Weight, kg 62.7 ± 15.55 47.5 ± 18.77 0.025

Height, cm 164.4 ± 14.1 154.6 ± 18.0 0.111

Body Surface Area, m2 1.7 ±0.28 1.4 ±0.36 0.027

Genetic Syndrome 2 (11.7) 0

Exercise parameters

Mode of CPET

Treadmill, n(%) 1 (6%) 1 (8%)

Cycle Ergometer, n(%) 16 (94%) 11 (92%)

Heart rate, bpm

 Rest 72 (51-93) 71.5 (54-93) 0.929

 Peak 176 (109-206) 190 (166-203) 0.017

Heart Rate Reserve 100 (41-142) 114 (97-136) 0.051

Percent predicted maximum work, % 61.9 ± 18.73 88.3 ± 16.15 0.001

Oxygen Pulse, ml/beat/m2 5.8 (4.7-8.8) 7.1 (4.4-10.2) 0.132

VE/VCO2 Slope 31 (25 - 36) 30 (22 - 46) 0.456

Respiratory Exchange Ratio (RER) * 1.26 ± 0.11 1.22 ±(0.09) 0.43

Oxygen Saturation at rest (%) 97.3 ±3.4%, 95 ± 7.9 % 0.29

Data are reported as Mean ± Standard Deviation or Median (Range) unless indicated.

P values comparing Low Performers with High Performers using Chi-square test for categorical variables and t-test for continuous variables were 
reported.

*
Maximum effort on CPET was defined as RER ≥1.1
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Table 2.

Cardiac Diagnosis and History

Low Performer
(n=17)

High Performer
(n=12) P

Cardiac Diagnosis:

Pulmonary Stenosis 14 (82%) 11 (92%)

Pulmonary Atresia 3 (18%) 0 0.146

Absent Pulmonary Valve 0 1 (8%)

Age at complete repair (months) 4.2 (0.1-26) 3.7 (0.1-60) 0.757

Type of Repair:

Transannular patch 14 (82%) 9 (75%)

Right Ventricular conduit 1 (6%) 1 (8%) 0.99

Pulmonary valvotomy 1 (6%) 0

Non-Transannular patch 1 (6%) 2 (17%)

History of Pulmonary Valve Replacement 3 (19%) 1 (8%) 0.613

Data are reported as n (%) or Median (Range) unless indicated.

P values comparing Low Performers with High Performers using Fischer’s exact test for categorical variables and Wilcoxon rank-sum test for age 
at complete repair were reported.
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Table 3.

Echocardiographic Parameters

Echocardiographic Parameters Low Performer
(n=17)

P1 High Performer
(n=12)

P2 P3

Diastolic to Systolic Velocity Ratio

 Rest 0.73 (0.47-1.22) <0.001 1.05 (0.42-1.43) <0.001 0.053

 Peak Exercise 0.62 (0.37-1.25) 0.72 (0.32-1.32)

Systolic Time Velocity Integral (cm)

 Rest 58.4 (34.3-119) 0.912 56.3 (34.9-79.8) 0.135 0.225

 Peak Exercise 57.8 (30.8-129) 50.5 (28.8-78.1)

Diastolic Time Velocity Integral (cm)

 Rest 47.3 (0-79.0) <0.001 54.6 (23.4-75.3) <0.001 0.043

 Peak Exercise 31.4 (0-67.0) 34.0 (18.9-44.4)

Diastolic Systolic Time Velocity Integral Ratio

 Rest 0.73 (0-1.61) 0.001 0.97 (0.38-1.38) <0.001 0.183

 Peak Exercise 0.59 (0-1.21) 0.67 (0.32-1.30)

*RV Global Longitudinal Strain (%)

 Rest 16 (8-27) 0.023 17.5 (12.5-27) 0.097 0.862

 Peak Exercise 14 (5-18.5) 13.0 (10.5-28)

Pulmonary outflow peak velocity (m/sec)

 Rest 2.74 (1.75 - 4.8) <0.001 2.30 (2.17 - 3.18) <0.001 0.266

 Peak Exercise 4.23 (3.35 - 6.2) 3.20 (1.64 - 4.56)

Tricuspid-Peak S Velocity

 Rest 0.10 (0.06-0.78) 0.972 0.09 (0.07-0.13) 0.200 0.331

 Peak Exercise 0.13 (0.06-0.20) 0.16 (0.10-0.20)

Tricuspid-Peak E Velocity

 Rest 0.09 (0.06-0.18) 0.001 0.10 (0.07-0.16) <0.001 0.660

 Peak Exercise 0.13 (0.07-0.28) 0.16 (0.10-0.27)

Tricuspid-Peak A Velocity

 Rest 0.07 (0.03-0.61) 0.673 0.05 (0.04-0.48) 0.635 0.943

 Peak Exercise 0.10 (0.06-0.19) 0.11 (0.05-0.20)

P1 and P2 are p values referring to visit effect (change from Rest to Peak exercise) within the low and high performers, respectively. P3 is testing 
whether change from Rest to Peak exercise is different between the Low and High performers (Performers by Visit interaction effect).

*
Model adjusted for change in DSTVI
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