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Abstract

Aims Fontan palliation is a surgical strategy for patients with complex congenital heart disease, in whom biventricular circu-
lation cannot be achieved. Long-term survival is negatively affected by the absence of sub-pulmonary ventricle and increased
systemic venous pressure. Exercise capacity is a known predictor of overall survival and quality of life in congenital heart de-
fects. We aim to track individual trends of peak oxygen uptake (VOZpeak) after total cavopulmonary connection (TCPC), iden-
tify predictors of deterioration, and derive a disease-specific reference VO,peak dataset.

Methods and results A retrospective study of serial cardiopulmonary exercise testing (CPET) data, gathered from all patients
who underwent TCPC in the Czech Republic between 1992 and 2016. Of 354 consecutive patients with TCPC, 288 (81.4%) pa-
tients underwent one or more CPETs yielding 786 unique VO,peak values used as a reference dataset. Longitudinal data were
available in 206 (58.2%) patients, who underwent a median (inter-quartile range) of 3.0 (2.0-5.0) CPETs over a mean (standard
deviation) of 8.9 (5.5) years. The decline of exercise capacity with age was linear and not faster than in healthy peers (P = 0.47),
but relative values of VOzpeak in TCPC patients were 12.6 mL/min/kg lower. Single ventricular morphology and pulmonary
artery size had no significant influence on the exercise capacity dynamics. VOzpeak decline correlated negatively with the
trend of body mass index z-score (P = 0.006) and was faster in women than men (P = 0.008).

Conclusions Total cavopulmonary connection patients have significantly reduced exercise capacity. The age-related decline
paralleled the healthy population and correlated negatively with the body mass index trend. The presented VOzpeak reference
dataset may help the clinicians to grade the severity of exercise capacity impairment in individual TCPC patients.
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Introduction worsening remains unclear. Cardiopulmonary exercise test

(CPET) is a sensitive non-invasive method of functional as-

Fontan circulation is associated with suboptimal long-term
outcomes due to the absence of sub-pulmonary ventricle as-
sociated with chronic systemic venous congestion. Failing
Fontan circulation presents one of the major concerns in pae-
diatric and adult congenital cardiology. Although many diag-
nostic and imaging modalities can describe patient’s
circulatory system function in detail, prediction of speed of

sessment in patients after surgical repair of congenital heart
disease. Peak oxygen uptake (VO,peak) predicts unscheduled
hospitalizations and is an independent predictor of all-cause
morbidity and mortality in total cavopulmonary connection
(TCPC) patients.® Clinicians are encouraged to perform CPET
as a routine part of the follow-up, as exercise capacity is dif-
ficult to derive from resting diagnostic measures, and

© 2021 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0003-2386-0444
mailto:vojtech.illinger@fnmotol.cz
http://creativecommons.org/licenses/by-nc-nd/4.0/

338

V. lllinger et al.

available studies show that VO,peak is severely reduced in
the majority of Fontan patients.>® Comparing measured data
with healthy population, reference values might thus be mis-
leading. Reference values for exercise capacity among adults
with congenital heart disease are available including the sub-
group of adult patients with mixed types of Fontan
palliation.* Our study aims to describe long-term (decades)
dynamics of exercise performance in patients after TCPC from
childhood to adulthood and to present a disease-specific age-
related reference dataset.

Methods
Patients

Study group was recruited from all consecutive patients in
the Czech Republic, who underwent TCPC procedure be-
tween 1992 and 2016 at a median [inter-quartile range
(IQR)] age of 4.7 (3.5-6.4) years at our institution. A total of
354 patient records were identified in the nationwide
single-centre institutional database. Of these, 288 patients
(female 115 = 39.9%) underwent at least one cardiopulmo-
nary exercise test. From the remaining 66 patients, 12 pa-
tients have died, 4 patients have had the TCPC taken down,
and 2 patients had a heart transplant. Forty-eight patients
were not able or willing to perform a CPET or were lost in fol-
low-up. Body mass index (BMI) z-score of the CPET group was
mean [standard deviation (SD)] + 0.13 (1.33) z. Underlying
morphology of systemic ventricle was left in 148 (51.4%) pa-
tients, right in 130 (45.1%) patients, biventricular in 7 (2.4%)
patients, and undetermined in 3 (1.0%) patients. Respective
structural diagnoses are listed in Table 1. TCPC using an
intra-atrial tunnel was performed in 153 (53.1%) patients,
whereas extracardiac conduit was used in 135 patients
(46.9%). Fenestration in the TCPC tunnel was created in 112
patients (38.9%), but it was patent in only 19 (6.6%) patients

Table 1 Main diagnosis

Diagnosis Count (n) %
Tricuspid atresia 67 23.3
Single ventricle/double-inlet left ventricle 52 18.1
Double-outlet right ventricle 51 17.7
Hypoplastic left heart syndrome 26 9.0
Transposition of the great arteries 18 6.2
Single ventricle/double-inlet right ventricle 18 6.2
Mitral atresia 16 5.6
Pulmonary atresia with intact 14 4.9
interventricular septum

Congenitally corrected transposition 9 3.1
of the great arteries

Complete atrioventricular septal defect 6 2.1
Hypoplastic right ventricle 3 1.0
Other 8 2.8
Total 288 100.0

at the time of CPET. In the remaining patients, fenestration
had been closed by catheter intervention (N = 69) or closed
spontaneously (N = 24). List of pharmacotherapies used in pa-
tients is shown in Table 2. In course of follow-up, seven pa-
tients have died (2.4%), and five patients have had a heart
transplant or have been listed for a heart transplant (1.7%).

Imaging

Semi-quantitative echocardiographic evaluation of atrioven-
tricular valve regurgitation severity was available in 240
(83.3%) patients at the time of the last CPET. Regurgitation
was mild to moderate in 226 (78.5%) patients and moderate
to severe or severe in 14 (4.9%) patients. Seven (2.4%) pa-
tients underwent atrioventricular valve surgery for severe re-
gurgitation after TCPC. Pulmonary arteries were measured by
angiography during catheterization before TCPC, and the
mean (SD) Nakata index and McGoon ratio were 305.8
(132.5) mm?/m? and 2.10 (0.48), respectively. Ejection frac-
tion of systemic ventricle at the time of the last CPET was
quantified by magnetic resonance imaging (MRI) in 81
(28.1%) patients using the 1.5 T MRI machines. Mean ejection
fraction of systemic ventricle was 51.2 (8.9)%.

Cardiopulmonary exercise test

In total, 1006 CPETs were performed between 1994 and 2019
at a mean (SD) age of 19.0 (6.9) years at the time of testing.
Only 786 tests (78.1%) were declared as true maximal stress
tests with valid gas analysis data and meeting the criteria
for maximal patient effort (respiratory exchange ratio >1.05
and perceived exertion >16 at the modified Borg scale).
These data were used to create disease-specific reference
values for maximal oxygen uptake in TCPC patients. Longitu-
dinal data were available in 206 patients (58.2%), who
underwent a median (IQR) of 3.0 (2.0-5.0) CPETs. The dura-
tion of follow-up between first and last testing was mean
(SD) 8.9 (5.5) years. The longest period between tests in an
individual patient was 25 years. In a subgroup of 59 patients

Table 2 List of pharmacotherapies

Pharmacotherapy Count (n) %

Angiotensin-converting enzyme inhibitors 90 31.2
Digoxin 41 14.2
Furosemide 22 7.6
Beta-blockers 18 6.3
Spironolactone 9 3.1
Propafenone 4 1.4
Sotalol 4 1.4
Sildenafil 4 1.4
Bosentan 3 1.0
Calcium channel blockers 1 0.3
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(20.4%), detailed gas analysis dataset was available at the
time of their last CPET, including VE//VCO, slopes and oxygen
uptake to work rate slopes (VOZ/WR). Oxygen uptake effi-
ciency slope (OUES) was calculated according to standards
and normalized for patient weight.® Oxygen pulse was calcu-
lated as VO, (mL/min) divided by heart rate (1/min) and pre-
sented in millilitres per beat. Patient data were compared
with national reference values of exercise indices for healthy
peers.®

All CPETs were performed on a bicycle ergometer (Ergoline
900 and 150, Bitz, Germany) at a single lab facility. Only tests
using fast gas analysers were included. Gas exchange
analysers used consecutively throughout 25 year period were
Oxycon Beta (Mijnhardt, the Netherlands) and Oxycon Pro
(Jaeger, Germany) with both paramagnetic and electrochem-
ical oxygen sensors. Older tests with Douglas bags and slow
analysers were excluded. The incremental stepwise or com-
bined protocol was used in all tests until patient exhaustion.
Each test result was retrospectively checked for consistency
in the physiological response of the data by an experienced
exercise physiologist.

Statistical analysis

Data are presented as mean (SD) or median (IQR) as appropri-
ate according to the pattern of distribution tested for normal-
ity with Shapiro’s test. If applicable, z-scores were used, and
pathological limits were defined as those exceeding +2 SD
(z-score $2). VOZpeak results were separated by gender, and
second-order polynomial quantile regression was used to cre-
ate reference VOzpeak percentile graphs. Individual linear
trends were derived from discrete values by the least squares
method. Then the influence of gender, systemic ventricle
morphology, and preoperative pulmonary dimensions on the
steepness of exercise capacity slope decline was analysed.

Figure 1 VO,peak quantile regression in men with percentiles, the total

Normally distributed parameters were tested by the Pearson
correlation coefficient and the resulting P-value for testing
non-correlation. Non-parametric variables were tested by
the Spearman rank-order test. Multivariate analysis using a
generalized additive model was applied to test for the effect
of gender and trend of BMI on VOzpeak slope. Statistical anal-
ysis was computed using the Python and R programming
languages and SciPy, quantreg, and mgcv packages, respec-
tively. P values <0.05 were considered significant.

Ethics

The locally appointed ethics committee has approved the re-
search protocol (Reference Number EK-125/21). Informed
consent was not required for this retrospective anonymised
study with no direct impact on individual patient
management.

Results
Age-related and sex-related VOZpeak values

Age-related and sex-related VOzpeak values expressed as per-
centile nomographs are shown in Figures 7 and 2. The highest
values of VOzpeak in men are noted in early childhood be-
tween 6 and 10 years of age, and then the trajectory shows
a slow linear decline until the third decennium. There is no
visible peak of exercise capacity in puberty as compared with
healthy peers. The decline during childhood and early adult-
hood is steeper in women, relatively stabilizing in the third
decennium.

number of tests (N = 434).
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Figure 2 VO,peak quantile regression in women with percentiles, the total number of tests (N = 312).
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Detailed gas analysis data at the time of the last stress test
were available in 54 (18.8%) patients. Mean calculated
OUES/kg was 32.8 (8.3) mL/min/kg, mean VE//VCO, slope
was 32.9 (4.0), and mean VO,/WR slope was 9.4 (1.7) mL/
min/W. OUES/kg and VO,/WR slopes both correlated posi-
tively with VO,peak at the last CPET (R = 0.77 and
P < 0.001, and R = 0.35 and P = 0.04, respectively). Values
of VE//VCO, slope correlated inversely with VO,peak at the
last CPET (R = —0.48, P = 0.003). Values of oxygen pulse were
overall significantly lower in both male and female patients
than in healthy peers at multiple stages of exercise
(Figures 3 and 4). Increase of oxygen pulse from low to
maximal effort was lower in patients, 1.8 (1.1) mL in TCPC
women vs. 2.3 (0.5) mL in healthy peers, and 2.9 (1.7) mL

in TCPC men vs. 4.4 (0.9) mL in healthy peers (P = 0.03 and
P =0.0007, respectively). Despite lower increase during exer-
cise and lower absolute values, the ability to augment oxygen
pulse until maximal exertion is preserved in both sex groups
and the steepness of the slope of oxygen pulse throughout
incremental exercise is not significantly different from
healthy controls (P = 0.50 for men and P = 0.08 for women,
respectively). Ejection fraction of the systemic ventricle at
the time of the last CPET was quantified by MRI in 81 patients
(36 women). Systemic ventricle contractility did not influence
the speed of VO,peak decrease (P = 0.25) nor z-score of VO,.
peak at the last CPET (P = 0.92). Haemoglobin levels at the
time of last CPET were available in 54 (18.8%) patients. Mean
haemoglobin levels were 160.7 (17.8) g/L, and they did not
influence the speed of VOZpeak decline (P = 0.96) nor z-score
of VO,peak at the last CPET (P = 0.06).

Figure 3 Oxygen pulse increase during exercise in men with total cavopulmonary connection (blue) compared to healthy controls (black). ns, non-

significant; Wmax, maximal power output in watts. ****p < 0.00001.
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Figure 4 Oxygen pulse increase during exercise in women with total cavopulmonary connection (red) compared to healthy controls (black). ns, non-
significant; Wmax, maximal power output in watts. ¥P < 0.01. ****p < 0.00001.
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Individual trajectories of VOzpeak were studied in 206
patients who had at least two valid VOzpeak values
throughout follow-up. Discrete values from individual CPETs
were transformed to linear vectors fitted by the method of
least squares. Figure 5 shows the resulting graph where
individual trajectories and length of follow-up can be
appreciated. The mean trend of decline in all patients was
36.6 mL/min/kg — 0.41 * age (years), which implicates a sim-
ilar speed of exercise capacity deterioration when compared
with national reference values for healthy peers, where VO,.
peak is equal to 49.2 mL/min/kg — 0.41 * age (P = 0.47). The
mean annual rate of deterioration in predicted VOzpeak was

0.39 (2.20)% per year. On average, the difference in exercise
capacity between TCPC patients and healthy peers of a given
age was 12.6 mL/min/kg of VO, (P < 0.00001).

Influence of gender

Linear trajectories were divided into two subgroups accord-
ing to gender. Means with SDs were calculated for men and
women, respectively. Faster decline was observed in women,
where VO,peak is equal to 38.1 ml/min/kg — 0.65
(0.81) * age, vs. in men 36.2 mL/min/kg — 0.26 (1.1) * age
(P =0.008). In multivariate analysis adjusted for BMI, gender
remained a significant predictor of decline in exercise capac-
ity over time (P = 0.016).

Figure 5 Individual linear trajectories of VO,peak fitted by the method of least squares from first to last cardiopulmonary exercise test and calculated
means for both genders (grey lines for individual trajectories, blue line for mean decline rate in men, and red line for mean decline rate in women).

**p < 0.001.
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Influence of ventricular morphology

Two hundred six patients had at least two VO,peak values and
known morphology of systemic ventricle; 109 patients had
morphologically left ventricle, 87 patients had morphologi-
cally right ventricle, and 10 patients had undetermined ventri-
cle. The steepness of decline in exercise capacity over time
was not dependent on ventricle morphology (P = 0.23).

Influence of preoperative pulmonary dimensions

One hundred eighty patients had at least two VOzpeak values
and known preoperative value of Nakata index, whereas 169
patients had at least two VO,peak values and known preoper-
ative value of McGoon ratio. The steepness of decline in exer-
cise capacity in these subgroups over time was not influenced
by the size of pulmonary arteries (P = 0.64 for Nakata index
and P = 0.50 for the McGoon ratio, respectively).

Influence of body mass index

Two hundred six patients had at least two BMI and VO,peak
values from separate CPETs. Mean BMI z-score was +0.05
(1.29) z in men and +0.26 (1.39) z in women (P = 0.22). The
mean overall increase in BMI z-score throughout follow-up
was 0.06 (0.17) z * age. In subgroups divided by gender, the
mean increase of BMI z-score was 0.064 (0.17) z * age in
men and 0.053 (0.16) z * age in women (P = 0.60). VO,peak
trajectory correlated negatively with BMI trend (P = 0.006),
but the effect tended to be less predictive than gender in
multivariate analysis (P = 0.06).

Discussion

Patients in our study group showed different dynamics of ex-
ercise capacity during childhood and adolescence as com-
pared with healthy peers. Exercise capacity in boys with
TCPC was highest at the start of follow-up around 6-10 years
of age, and then it slowly declined throughout puberty, ado-
lescence, and early adulthood. On the contrary, in healthy
boys, exercise capacity peaks between the 14th and 16th
years of age as the pubertal gain can be appreciated. Exercise
tolerance in girls with TCPC peaked right at the start of the
follow-up between 6 and 10 years of age, and then it
progressively declined until the third decennium. That trend
was similar to reference data for healthy girls, but the abso-
lute values in our patients were lower.® Same finding was re-
ported by Miiller et al. in 57 paediatric TCPC patients.” We,
therefore, suggest the use of disease-specific nomographs
for evaluation of functional status in paediatric TCPC patients
(Figures 1 and 2) as the routine use of whole population ref-
erence values could be misleading.

Our data suggest that between 15 and 30 years of age, ex-
ercise capacity of TCPC patients ranges between 60% and
70% of healthy peers. In absolute numbers, VO,peak values
at all ages are on average 12.6 mL/min/kg lower than in

healthy peers. This fits well with published cross-sectional
studies that report the aerobic capacity of Fontan patients
in the range of 60-72% predicted for age and sex.>®?

The observed deterioration rate was on the other hand
slower than expected at only 0.39 (2.20)% of predicted VO,.
peak per year. Preceding studies report inconsistent rates of
deterioration in their cohorts. In the first published serial
study, Nir et al. reported no significant deterioration of VO,.
peak in course of 3.5 years in Fontan patients, but the cohort
was rather small and composed of 21 patients with
atriopulmonary connection and 4 patients with atrioventricu-
lar connection.*® VOzpeak was stable although low at only
56-57% predicted within 2.2-5.9 years after surgery, demon-
strating inferior functional outcomes of the early surgical era.
In the following studies, Giardini et al. demonstrated deterio-
ration at 2.6% of predicted VO,peak per year. This study in-
volved a mixed cohort of 53 Fontan patients with higher
proportion of those with atriopulmonary anastomosis vs.
TCPC.* Fernandes et al. demonstrated a decline of 1.25% of
predicted VO,peak per year in 78 TCPC patients during a
follow-up of 3.0 years.’? More recently, Egbe et al. reported
deterioration at 1.7% of predicted VOzpeak per year during
3.8 years follow-up in a group of 71 patients, where the de-
cline in per cent predicted VOzpeak > 3 percentage points
per year was a predictor of 5 year risk of cardiovascular ad-
verse events.'® In the newly published Paediatric Heart Net-
work Fontan study, the per cent predicted VOzpeak declined
by 0.8 (1.7)% per year in 95 patients, which comes closest to
our findings.** Different reported deterioration rates in litera-
ture could be affected by shorter periods of follow-up, a
smaller number of patients, or mixed cohorts from different
surgery eras. Moreover, authors usually do not report their
reference datasets for the prediction of VOzpeak, which hin-
ders direct comparison. When comparing studies with exclu-
sively TCPC cohorts, those with longer follow-up periods and
larger patient count tend to report better results at around
1.0% per year or lower. Strongest independent predictor of
VO,peak deterioration in our cohort was female gender and
increase of BMI during follow-up. Association of BMI with a
steeper decline of VO,peak slope was shown also in a large
longitudinal anthropometric study of Lambert et al.*®

Preoperative dimensions of the pulmonary artery had no
significant effect on the observed decline of exercise capacity.
Despite being crucial for perioperative management, the
Nakata index and McGoon ratio could not predict the dynam-
ics of functional outcomes in paediatric patients and young
adults.

Single ventricular morphology had no significant impact
on VOZpeak decline. In the literature, the influence of ven-
tricular morphology on Fontan outcomes remains controver-
sial. Atz et al. demonstrated that the risk of death or cardiac
transplantation was not associated with ventricular
morphology.*® Interestingly in the work of Giardini et al.,
type of surgery and ventricle morphology were identified
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as predictors of exercise capacity decline. A slower decline
of exercise capacity was observed in patients with an under-
lying left ventricular morphology and TCPC.}' Moon et al.
concluded that right ventricular morphology is negatively as-
sociated with the long-term survival following the Fontan
procedure, possibly due to a tendency towards progressive
atrioventricular valve regurgitation and deterioration of the
single ventricle function.'” The relationship of OUES with
values of VOZpeak in our patient group is consistent with
the previously published study of Bongers et al.*® Absolute
values of VO,/WR and VE//VCO, slopes are similar to those
reported by Bossers et al.® Correlations of those indices
with peak oxygen consumption were both weak. Our data
also showed that values of oxygen pulse were overall signif-
icantly lower than in healthy peers, but the ability to aug-
ment oxygen pulse until maximal exertion was preserved
in both sex groups and the steepness of slope was not dif-
ferent from healthy controls. As previously hypothesized
by La Gerche et al., performance of the systemic ventricle
may not be a major limiting factor in oxygen delivery cas-
cade in paediatric patients and young adults with TCPC with-
out significant atrioventricular valve regurgitation.?° Lack of
significant impact of systemic ventricle contractility on VO,.
peak values in our patient group is also approving this hy-
pothesis. This argument is further supported by preserved
augmentation of oxygen pulse throughout incremental exer-
cise testing. Diastolic filling, ventricular contractility, and pe-
ripheral oxygen extraction all interact comprehensively
during exercise in Fontan patients, but the true mechanism
of the increase in oxygen pulse will remain elusive until di-
rect invasive measurement. Although scarce, stress echocar-
diography data favour enhancement of peripheral oxygen
extraction as a major contributing factor.?! On the other
hand, cardiac magnetic resonance data during exercise show
a fair increase in cardiac index during incremental supine
exercise.?? Evaluation of oxygen pulse dynamics may be fur-
ther complicated by dynamic changes in haemoglobin satu-
ration during exercise.

Given the significance of VOzpeak in the prognosis of
TCPC patients, finding ways to maintain their exercise capac-
ity is of utmost importance. Bosentan improved peak oxygen
consumption in TCPC patients by 2.0 mL/min/kg compared
with only 0.6 mL/min/kg increase while on placebo in the
TEMPO trial.?® Sildenafil did not improve peak oxygen con-
sumption in the double-blinded placebo-controlled study,
but increased cardiac index when assessed by stress MRI,
especially in high intensities of exercise.>?** Several studies
show promising results of cardiac rehabilitation in improving
exercise capacity and symptoms in Fontan patients. Most re-
cently, Turquetto et al. reported an increase in peak oxygen
consumption by 6.3 mL/min/kg in Fontan patients after
4 months of supervised aerobic exercise training.?> Although
no controlled cardiac rehabilitation programme was imple-
mented in our centre at the time of the study, all patients

were being routinely educated on exercise and leisure time
activities by sports medicine specialist. Symptomatic pa-
tients (New York Heart Association >I) were referred for
balneotherapy and/or chest physiotherapy combined with
inspiratory muscle training (Coach 2 or Threshold IMT) un-
der the supervision of an experienced physiotherapist. Par-
ticipation in school physical education and encouragement
in leisure time sport activities from early childhood should
be the cornerstone of acquiring healthy exercising habits in
adulthood. In those who are sedentary, overweight, or
symptomatic, a cardiac rehabilitation programme and/or nu-
tritional intervention should be encouraged to maintain
their exercise capacity. Chest physiotherapy and respiratory
muscle training should be incorporated into perioperative
care for these patients.

Limitations

This study is limited by observing mainly trends in time and
not the absolute values in cross section. Assessment of ven-
tricular function, haemoglobin levels, and detailed gas analy-
sis data were available only in a subgroup of patients, leading
to possible selection bias. Also, the severity of atrioventricu-
lar valve regurgitation was not taken into consideration as
being mild to moderate in the majority of patients in our
study group. The influence of pharmacotherapy was not
analysed because of the heterogeneity of treatment regimen
and suspected influence of other imperceptible confounders
during a long period of follow-up.

Conclusions

Total cavopulmonary connection patients have significantly
reduced exercise capacity with a linear decline from adoles-
cence to third decade of life. The rate of decline is faster in
women and is not significantly affected by ventricular mor-
phology or pre-TCPC pulmonary artery size. Despite lower ab-
solute values, the ability to augment oxygen pulse is,
however, maintained until maximal exertion. An increase in
BMI negatively affects VO,peak; thus, weight management
should be encouraged in all patients, but substantially
stressed out in women to maintain their exercise capacity.
We advise using disease-specific reference datasets for oxy-
gen consumption in TCPC patients as their lifetime VO,peak
trends differ from healthy peers.
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