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ABSTRACT

Background: Impaired pulmonary function is an independent predictor of mortality in adult congenital heart dis-
ease (CHD), but has been scarcely studied in the paediatric CHD population.

Aims: To compare the pulmonary function of children with CHD to healthy controls, and evaluate its association
with clinical outcomes, exercise capacity, and quality of life.

Methods: Cross-sectional multicentre study among 834 children (555 CHD and 279 control subjects) who
underwent a complete spirometry and a cardiopulmonary exercise test (CPET). The 5th centile (Z-score =
—1.64) was used to define the lower limit of normal. The association of clinical and CPET variables with spirom-
etry was studied using a multivariate analysis. Children and their parents filled in the Kidscreen health-related
quality of life questionnaire.

Results: Forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV1) Z-scores values were lower in chil-
dren with CHD than controls (—0.4 4 1.5vs.0.4 + 1.3,P<0.001 and —0.5 4 1.4 vs. 0.4 + 1.2, P<0.001, respec-
tively), without any obstructive airway disorder. Restrictive pattern was more frequent in CHD patients than in
controls (20% vs. 4%, P< 0.0001). FVC Z-scores were predominantly impaired in complex CHD, such as heterotaxy
(—1.1 £ 0.6), single ventricle (—1.0 4 0.2), and complex anomalies of the ventricular outflow tracts (—0.9 £
0.1). In multivariate analysis, FVC was associated with age, body mass index, peak oxygen uptake, genetic anom-
alies, the number of cardiac surgery and cardiac catheter procedures. FVC and FEV1 correlated with self and
proxy-related quality of life scores.

Conclusion: These results suggest that pulmonary function should be monitored early in life, from childhood, in
the CHD population.

Trial registration number: NCT01202916, post-results.

1. Introduction

of this population will undergo cardiac surgery or interventional cardiac
catheterization [1]. Recent advances in paediatric cardiology have trans-

With an incidence at birth of nearly 1%, congenital heart diseases
(CHD) stand as the leading cause of congenital anomalies, and one-third

¥ The authors take responsibility for all aspects of the reliability and freedom from bias
of the data presented and their discussed interpretation.
*% Acknowledgement of grant support: The study was supported by Montpellier
University - Hospital Clinical Research Program (PHRC 8422).

* Corresponding author at: Paediatric and Congenital Cardiology Department, Arnaud
De Villeneuve University Hospital, 371 Avenue du Doyen Giraud, 34295 Montpellier,
France.

E-mail address: p-amedro@chu-montpellier.fr (P. Amedro).

ferred mortality related to CHD from childhood to adulthood [2].
However, quality of life in children with CHD remains affected, espe-
cially when considering their physical well-being [3-7]. Indeed, we re-
cently showed that exercise capacity of children with CHD, as
measured by the maximum oxygen uptake (VO2n.x), correlated with
their quality of life [8] and was significantly lower than that of healthy
controls, with a mean overall VO2,,,,« decline of nearly 2% per year [9].
Moreover, we found that muscular deconditioning affected three
times more children with CHD than controls, even for simple heart de-
fects [9]. As a result, children with CHD may suffer from an unpleasant



feeling of exercise-induced dyspnoea, which directly alters their quality
of life.

The existence of an impaired exercise capacity in CHD classically in-
volves multifactorial mechanisms, such as heart failure, chronotropic in-
sufficiency, desaturation, and muscular deconditioning [10,11].
Nevertheless, the feeling of dyspnoea in children with CHD may also re-
sult from the existence of an intrinsic ventilatory limitation. In the liter-
ature, the heart-lung interaction in children with CHD has been mainly
highlighted by the usual complications related to cardiac surgery and
intensive care [12-14]. However, in the current era, two-thirds of chil-
dren with CHD will not need any cardiac surgery procedure, and the
majority of the remaining children undergoing any invasive procedure
(cardiac surgery and/or catheterization) will be considered as healed.

Yet, the evaluation of the lung function and its impact on physical ac-
tivity and quality of life, in children with CHD, have been scarcely re-
ported, and the existing sources present conflicting results [12,15,16].
In adults with CHD, impairment of lung function is an independent pre-
dictor of prognosis, with a reduced forced vital capacity (FVC) related to
CHD complexity, surgical history, and mortality [17]. Similar extensive
data are not available in the paediatric CHD population.

In the current perspective of promoting physical activity, slowing
down the VO2,,.x decline and avoiding muscular deconditioning in chil-
dren with CHD, it is necessary to identify any existing pulmonary func-
tion impairment, and whether or not it would represent an additional
factor associated with exercise-induced dyspnoea and impaired quality
of life, in the paediatric CHD population.

Therefore, this study aimed to compare the pulmonary function of a
large cohort of children with CHD, to age and gender-matched controls,
using, for the first time, the international spirometry reference Z-scores
equations. We also intended to evaluate the association of the FVC with
clinical and patient-related outcomes, in children with CHD.

2. Methods
2.1. Study design and population

This multicentre cross-sectional study was carried out from October 2009 to October
2015 in three paediatric cardiology tertiary care referral centres in Europe (centre 1:
Montpellier University Hospital, France; centre 2: Saint-Pierre Institute Children Hospital,
Palavas-Les-Flots, France; centre 3: Saint-Luc University Hospital, Brussels, Belgium).

Children aged 5 to 18 years old were recruited in one of the three participant paediat-
ric functional laboratories, after a complete physical examination and before they
underwent a cardio-pulmonary exercise test (CPET). Children with any of the following
conditions were not eligible (e.g. contraindications for exercise test): fever, uncontrolled
asthma, respiratory failure, acute myocarditis or pericarditis, uncontrolled arrhythmias
causing symptoms or hemodynamic compromise, uncontrolled heart failure, acute pul-
monary embolus or pulmonary infarction, and children with mental impairment leading
to inability to cooperate.

The CHD group consisted of children with any CHD as defined by the anatomic and
clinical classification (ACC-CHD) [18], referred by their paediatric cardiologist to the func-
tional laboratory for a CPET. Patients with CHD were categorized into three severity clas-
ses, on the 32nd Bethesda classification: mild, moderate and severe heart defects [19].
The following clinical data were collected: gender, age, weight, height, body mass index
(BMI), medical treatments, the number and type of cardiac surgical and catheter proce-
dures, the presence of a pacemaker, and the existence of genetic anomalies (Down,
DiGeorge, Noonan, and Williams syndromes). The following echocardiography data
were collected: systemic ventricular ejection fraction and the presence of a right ventricle
systolic hypertension (right ventricle systolic pressure greater than one-third of systemic
systolic pressure).

The control group consisted of children referred to a paediatric cardiologist for a non-
severe functional symptom related to exercise (murmur, palpitation, chest pain, and dys-
pnoea) or for a medical sports certificate. These children needed to have a completely nor-
mal check-up, including physical examination, ECG, and echocardiography, before they
could be classified in the control group. Children with any chronic disease, medical condi-
tion (cardiac, neurological, respiratory, muscular or renal), or medical treatment, and
those requiring any further specialized medical consultation were not eligible.

2.2. Ethics approval

The study was conducted in compliance with the Good Clinical Practices protocol and
Declaration of Helsinki principles. It belongs to a European research program dedicated to
quality of life and exercise capacity in children with CHD. It was approved by Ethics Com-
mittees in France (South Mediterranean IV) and Belgium (UCL Medical School), and was

registered on ClinicalTrials.gov (number NCT01202916, post-results). Informed consent
was obtained from all parents or legal guardians.

2.3. Paediatric laboratory functional tests: spirometry and CPET

The three paediatric laboratories used the same technical devices (Oxycon Pro, Jaeger,
Erich Jaeger GmbH, Hoechberg, Germany) and functional test procedures were harmo-
nized before the study started.

In terms of pulmonary function tests, spirometry was performed before the exercise
test, with a flow volume curve and measurement of the forced expiratory volume in 1 s
(FEV1), the forced vital capacity (FVC), and the FEV1/FVC ratio (FEV1/FVC%). Spirometry
was repeated at least three times to ensure reproducibility, following the current
guidelines in children [20,21]. Results were expressed as raw values, percent predict
values from Zapletal et al. [22], and Z-scores from the spirometry reference equations
[23]. The 5th centile (Z-score = —1.64) was used to define the lower limit of normal, as
recommended [23].

The 3 laboratories used the same CPET paediatric cycle ergometer protocol and a sin-
gle investigator measured the values of VO2,,.x and ventilatory efficiency (VE/VCO2
slope), as detailed in our previous studies [9]. As the VO2,,ax usually does not reach a pla-
teau in children, the peak VO2 was informed.

2.4. Quality of life assessment

On the same day, children and their parents or legal guardians were offered to fill in the
Kidscreen quality of life questionnaire, in a separate room. A specialist nurse supervised chil-
dren and provided assistance, when necessary. The Kidscreen is a generic paediatric health-
related quality of life instrument, validated for healthy and sick children (8 to 18 years old)
and available in many European countries, including France and Belgium [24,25].

The Kidscreen-52 self-questionnaire (for children) measures 10 dimensions: physical
well-being (5 items), psychological well-being (6 items), moods and emotions (7 items),
self-perception (5 items), autonomy (5 items), parent relations and home life (6 items),
social support & peers (6 items), school environment (6 items), social acceptance (bully-
ing) (3 items), and financial resources (3 items) [25].

The Kidscreen-27 proxy-questionnaire (for parents or legal guardians) measures 5 di-
mensions: physical well-being (5 items), psychological well-being (7 items), autonomy
and parent relations (7 items), social support and peers (4 items), and school environment
(4 items) [24].

2.5. Statistical analysis

The study population was described using mean values + standard deviations (SD)
for quantitative variables and with frequencies for qualitative variables. Functional tests
results (except for Z-scores) were described with means adjusted on gender and age +
standard error of the mean (SEM). The continuous variable distributions were tested
using the Shapiro-Wilk test. Quantitative variables were compared using the Student's t-
test when the distribution was Gaussian and the Mann-Whitney test, otherwise. For qual-
itative variables, groups were compared using the y? test or Fisher's exact test.

Logistic models were used to identify the factors associated with an impaired FVC (e.g.
Z-scores <—1.64) [23].

For each type of CHD, age and gender-matched control comparisons were performed.
For a given CHD case, all the controls with the same gender and age (exact year of age)
were used. The case with his (or her) matched-controls was considered as a cluster. There-
fore mixed models were performed in which the clusters were introduced as a random
effect.

A multiple linear regression was used to identify the explanatory factors for FVC (in Z-
scores) among children with CHD (all types of CHD combined). The clinically relevant var-
iables with a P value < 0.2 in the univariate analysis were included in the model. The final
model was obtained using a backward selection with an exit threshold of 0.10. The nor-
mality of residues in the final model was tested using the Shapiro-Wilk test.

Correlations between quality of life and raw spirometry results were performed using
Pearson's or Spearman's coefficients, depending on the distribution of variables.

The statistical significance was set at 0.05 and analyses were performed using Statis-
tical Analysis Systems version 9 (SAS Institute, Cary, NC, USA).

3. Results
3.1. Population

Over the study period, 2041 children underwent both a spirometry
and a CPET in the three paediatric laboratories (centre 1: n = 872; cen-
tre 2: n = 1093; centre 3: n = 76).

A total of 834 children were included in the study, 555 in the CHD
group and 279 in the control group. In the CHD group, 158 families
accepted to participate in the quality of life study and filled in the self
and proxy questionnaires. The flow chart was presented on
Supplementary Fig. 1.



Table 1
Main demographic and functional tests data: comparison between CHD and controls.
CHD Controls P-value
N 555 279
Age (years) 122 £33 11.1 £ 2.6 <0.0001
Height (cm) 1509 + 17.2 149.4 + 15.8 0.18
Weight (kg) 44.0 £ 15.7 419 £ 3.2 0.15
BMI (kg/m?) 18.7 + 3.6 183+ 29 0.32
Sex ratio (male/female) 14 13 0.56
FVC (L) 2.77 £0.03 3.17 £ 0.04 <0.0001
% predicted FVC 95.5+ 0.8 1045 £ 1.1 <0.0001
Z-score FVC —04+1.5 04+13 <0.0001
FEV1 (L) 2.37 £ 0.02 2.73 £ 0.03 <0.0001
% predicted FEV1 97.3 £ 0.7 106.7 £ 1.0 <0.0001
Z-score FEV1 —05+14 04412 <0.0001
FEV1/FVC (%) 86.8 + 0.4 86.8 £ 0.5 0.99
% predicted FEV1/FVC 1025+ 0.5 102.7 + 0.6 0.85
Z-score FEV1/FVC 0.001 + 1.4 0014 £ 1.2 0.68
Peak VO2 (mL/kg/min) 378 +03 425+ 04 <0.0001
% predicted VO2yax 94.0 £ 0.8 1059 + 1.1 <0.0001
VE/VCO, slope 316 +0.2 293+ 03 <0.0001

Legend: BMI, body mass index; CHD, congenital heart disease; FEV1, forced expiratory vol-
ume in 1 s; FVC, forced vital capacity; FEV1/FVC, Tiffeneau index. VAT, ventilatory anaero-
bic threshold; VE/VCO2 slope, the minute ventilation/carbon dioxide production slope;
V02 ,.x, maximum oxygen uptake. Values are mean 4 standard deviation or mean
adjusted + SEM (for functional tests results except for Z-scores).

Regarding demographic data (Table 1), both groups were similar in
terms of gender, weight and height. The control group was slightly
younger than the CHD group (11.1 £ 2.6 years vs. 12.2 4 3.3 years, P
<0.0001, respectively). Similarly, we found no demographic differences
between the three centres, except for moderately older children in the
centre 3 (12.5 & 3.1 years), than in centre 2 (12.0 4 3.2 years) and cen-
tre 1 (11.3 & 2.9 years, P = 0.01).

The anomalies of the ventricular outflow tracts represented the most
frequent CHD sub-group (n = 299, 53.0%). In greater detail, the most
frequent types of CHD were in the following order: coarctation of the
aorta (n = 69, 12.4%), tetralogy of Fallot (n = 66, 11.9%), ventricular

Table 2
Pulmonary function in children with CHD population versus healthy controls.

septal defect (VSD) (n = 50, 9%). The smallest samples were congenital
anomalies of coronary arteries (n = 7), complex anomalies of atrioven-
tricular connections (n = 6) and heterotaxy (n = 3). The CHD sub-
groups characteristics were detailed in Supplementary Table 1 (demo-
graphic and clinical data).

3.2. Paediatric laboratory functional tests: global spirometry and CPET
results

The overall functional tests results were reported in Table 1. The FVC
and the FEV1 in the CHD group were significantly lower than in the con-
trol group, as expressed in raw values, percent predicts, and Z-scores.
However, the FEV1/FVC was similar in both groups, regardless of how
values were expressed.

A total of 111 children with CHD had an impaired FVC (e.g. Z score <
—1.64), which represented a significantly higher proportion than in the
control group (20% vs. 4%, P < 0.0001, respectively).

The spirometry reports in CHD sub-groups versus matched controls
were detailed in Table 2. The FVC was lower in each CHD sub-group, ex-
cept for patients with complex anomalies of atrioventricular connection
(absence of statistically significant difference in this small sample of pa-
tients). In greater detail, the FVC was most impaired in the following
CHD sub-groups: heterotaxy, functionally univentricular heart (e.g. sin-
gle ventricle), and complex anomalies of the ventricular outflow tracts
(e.g. tetralogy of Fallot, truncus arteriosus, pulmonary atresia, and dou-
ble outlet right ventricle).

The FEV1 was lower in all CHD sub-groups than in controls, except
for patients with heterotaxy, anomalies of the venous return and com-
plex anomalies of atrioventricular connections. The FEV1 was most im-
paired in patients with functionally univentricular heart and complex
anomalies of the ventricular outflow tracts.

The FEV1/FVC in each CHD sub-group was not significantly different
from controls.

The exercise capacity in the CHD group was good, with a mean age
and gender-adjusted peak VO2 of 37.8 4+ 0.3 mL/kg/min (94% of

Gender Ncup/Ncontrois  Z-score FVC Z-score FEV1 Z-score FEV1/FVC
Mean + SD Mean + SD Mean + SD
CHD Controls  P-value CHD Controls  P-value CHD Controls P-value
Male 326/158 —04+15 05+13 <0.001 —044+14 06+1.1 <0.001 0.1+ 1.5 02+12 088
Female 229/121 —-05+16 02+12 <0.001 —06+15 0.1+12 <0.001 —-01+14 —-024+12 046
ACC-CHD group Ncup/Ncontrols ~ Z-score FVC Z-score FEV1 Z-score FEV1/FVC
Mean + SD Mean + SD Mean + SD
CHD Controls  P-value® CHD Controls  P-value® CHD Controls P-value®
1. Heterotaxy 3/34 —11+£06 03+10 0.02 —074+£06 01+£02 017 1.0+£07 —-02402 0.10
2. Anomalies of the venous return 14/149 —034+04 04402 0.03 —034+03 04+£02 006 0.1+03 0.14+£01 087
3. Anomalies of the atria and 32/199 —03+02 04401 001 —03+02 03401 0.01 0.14+02 —-0.04+01 054
interatrial communications
4. Anomalies of the atrioventricular 28/167 —0.64+03 0.6+0.1 0.0001 —084+0.2 04401 <0.0001 —024+02 —-01+£0.1 0.53
junctions and valves
5. Complex anomalies of atrioventricular ~ 6/58 —05+05 04402 0.09 —-06+04 02+01 006 002+05 —02+02 072
connections
6. Functionally univentricular hearts 36/208 —-104+02 05401 <00001 -12+02 04+0.1 <0.0001 —0.14+0.2 0.02+0.1 075
7. Ventricular septal defects 50/236 —034+02 04401 00004 —-044+02 0440.1 <0.0001 —0.1+£0.2 0.01+0.1 049
8.1 Transposition of the great arteries 75/244 —0.02+02 05+0.1 0.007 —01+01 04401 0.001 0.1+0.1 005+0.1 0.84
8.2 Complex anomalies of the ventricular  117/276 —094+01 04+01 <0.0001 —-114+01 044+0.1 <0.0001 —0.1+0.1 0.1+005 023
outflow tracts®
8.5 Aortic valve stenosis. Shone syndrome 60/262 —0.01+02 04+01 002 —0.14+£01 04401 0.006 0.05+0.2 0.044+01 0.99
8.6 Pulmonary valve stenosis 45/260 —01+02 04401 002 —02+02 04401 0.001 —0.04 +£ 0.2 0.05+0.1 0.67
9. Anomalies of the extrapericardial 80/266 —-03+01 04+01 <00001 -03+01 04+0.1 <0.0001 0.1 +£0.1 001 +0.1 054
arterial trunks
10. Congenital anomalies of the 7/85 —04+05 05402 005 —08+05 05402 0.005 —03+£05 005+0.1 049

coronary arteries

Legend: CHD, congenital heart disease; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; FEV1/FVC, Tiffeneau index. Values are mean + standard deviation.

@ Comparisons, in each CHD group, of Z-scores between CHD and the age- and gender-matched controls (random cluster).
b Tetralogy of Fallot, truncus arteriosus, pulmonary atresia, and double outlet right ventricle.



predicted VO2,2x), but remained significantly lower than in matched
controls. The ventilatory efficiency in the CHD group was moderately
impaired, with a mean age and gender-adjusted VE/VCO2 slope of
31.6 & 0.2, which was significantly higher than in matched controls
(Table 1).

3.3. Factors associated with an impaired FVC (Z-score < —1.64)

The factors most associated with an impaired FVC were the exis-
tence of a CHD, the type of CHD sub-group, and the number of cardiac
surgery procedures (Supplementary Table 2). In greater detail, the pres-
ence of a non-operated CHD increased the risk of presenting an im-
paired FVC by 2.9, compared to controls (P = 0.01). In comparison
with controls, CHD patients with a history of one cardiac surgery had
a 5.4-fold increased risk of presenting an impaired FVC (P < 0.0001),
and those with 2 or more cardiac surgeries had a 12.9-fold increased
risk of presenting an impaired FVC (P < 0.0001). The FVC was not statis-
tically different in terms of cardiac surgery operative approach (thora-
cotomy vs. median sternotomy). The CHD groups most associated
with FVC impairment were the complex CHD, such as functionally
univentricular heart and complex anomalies of the ventricular outflow
tracts.

3.4. Clinical determinants of FVC in the CHD group

The FVC was associated with the age, the BM], the level of peak VO2,
the existence of genetic anomalies, the number of cardiac surgery and
cardiac catheter procedures, in both univariate and multivariate analy-
sis (Table 3). The final multivariate model explained 17% of the variabil-
ity of FVC in the CHD group. The CHD severity associated with the FVC
only in univariate analysis (P = 0.03). There was a trend for an associa-
tion between FVC and increased VE/VCO2 slope (P = 0.05) or right ven-
tricle hypertension (P = 0.05).

The FVC was not impacted by the age of the patient at first cardiac sur-
gery procedure: the FVC was similar in children who underwent cardiac
surgery in their first year of life, and in those who had a later surgical pro-
cedure (Z-score = —0.57 + 1.5 vs. —0.66 + 1.3, P = 0.6, respectively).

3.5. Correlations between spirometry variables and quality of life scores in
the CHD group

Self-reported quality of life scores ranged from 45.3 4 9.9 in the
physical well-being dimension to 53.1 £ 10.6 in the moods and emo-
tions dimension. Proxy-reported quality of life scores ranged from
43.3 4+ 12.1 in the social support and peers dimension to 50.2 + 10.7
in the psychological well-being dimension (Fig. 1).

Table 3
FVC explanatory variables in the CHD group.
Variables N r Univariate Multivariate
analysis analysis (N = 392)
P-value P-value
Age (years) 553 —0.07 0.08 0.02
BMI (kg/m?) 553 0.23 <0.0001 <0.0001
VE/VCO2 slope 468 —0.08 0.05 -
Percentage of predicted VO2,,x 553 0.13 0.002 0.0001
Variables N Mean + SD P-value P-value
(Z-score FVC)
Gender Girls 227 —047 £ 147 0.53 -
Boys 326 —0.39 £ 1.53
CHD severity Mild 195 —0.19 £+ 141 0.03 -
Moderate 194 —0.54 + 143
Severe 164 —0.56 + 1.66
Number of cardiac surgical procedures 0 152 0.002 £+ 1.41 <0.0001 0.003
1 270 —048 £ 1.38
>2 131 —0.80 £ 1.72
Cardiac surgery operative approach Thoracotomy 33 —0.50 + 1.38 0.38 -
Sternotomy 237 —0.29 + 1.26
Number of cardiac catheter procedures 0 388 —0.49 + 1.48 0.20 0.09
1 124 —0.21 £ 1.49 -
22 41 —046 + 1.73
Altered systemic ventricle ejection fraction No 382 —041 + 143 0.15 -
Yes 12 —1.01 £ 1.45
Right ventricle systolic hypertension No 334 —0.37 £ 139 0.05 -
Yes 62 —0.76 + 1.59
Cardiac ACE inhibitor or ARB No 537 —0.41 £ 149 0.12 -
medications Yes 16 —1.00 + 1.67
Antiarrhythmic drug No 546 —0.41 £ —1.50 0.12 -
Yes 7 —131+1.18
Beta blocker No 519 —042 + 149 0.99 -
Yes 34 —042 £ 1.63
Calcium channel blockers No 549 —0.42 £ 1.51 0.65 -
Yes 4 —0.76 + 0.54
Diuretics No 548 —0.42 £+ 1.50 0.25 -
Yes 5 —1.19 £ 1.26
Platelet aggregation No 532 —0.43 + 1.50 0.44 -
inhibitors Yes 21 —0.17 £ 1.53
Pacemaker No 541 —0.42 £ 1.50 0.65 -
Yes 12 —0.61 £+ 1.63
Genetic anomalies No 449 —0.33 £ 147 0.09 0.08
Yes 20 —0.90 £ 1.70

Legend: BMI, body mass index; VE/VCO2 slope, the minute ventilation/carbon dioxide production slope; VO2,.x, maximum oxygen uptake; CHD, congenital heart disease; FVC, forced vital
capacity; ACE, angiotensin-converting enzyme; ARB, angiotensin Il receptor blocker. Values are correlation coefficients (r) or means + standard deviation (SD).



Self-reported quality of life scores (Kidscreen 52)

Ph}'asal well-being
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Proxy-reported quality of life scores (Kidscreen 27)
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Correlations between spirometry variables and self-reported quality of life scores

FVC FEV1  FVCTFEVI1 ratio
Physical well-being -0.10 -0.07 0.17
Psychological well-being -0.05 -0.03 0.02
Moods & emotions -0.01 -0.03 -0.09
Self-perception -0.13 -0.10 0.01
Autonomy 0.20 0.24 0.13
Parent relations & home life 0.04 0.06 0.01 -0.2
Financial resources 0.33 0.35 -0.02 -0.4
Social support & peers 0.13 0.14 0.02 -0.6
School environment -0.15 -0.14 0.05 -0.8
Social acceptance 0.15 0.14 -0.03

Correlations between spirometry variables and proxy-reported quality of life scores

FVC FEV1 FVC/FEV1 ratio

Physical well-being -0.20 -0.18 0.04

Psychological well-being -0.13 -0.13 -0.02

Parent relations & home life 0.06 0.11 0.02

Social support & peers 0.009 0.02 0.01

School environment -0.08 -0.08 0.03
-0.2
-04
-0.6
-0.8

Fig. 1. Self-reported (Kidscreen 52) and proxy-reported (Kidscreen 27) quality of life scores in the CHD group and Correlations between spirometry variables and quality of life scores in the
CHD group. Legend: correlation matrix between spirometry variables and quality of life scores (10 dimensions of the Kidscreen-52 for the self-reports, and 5 dimensions of the Kidscreen-
27 for the proxy-reports). Shades of blue indicate increasing positive correlation coefficient; shades of red indicate increasing negative correlation coefficient. Significant coefficients are

marked in bold.

The FVC correlated with quality of life scores in the following
dimensions: financial resources (r = 0.33, P<0.0001) and autonomy
(r=10.20, P = 0.01) for the self-reports, and the physical well-being
(r= —0.20, P = 0.01) for the proxy-reports.

The FEV1 correlated with quality of life scores in the following
dimensions: financial resources (r = 0.35, P<0.0001) and autonomy
(r =0.24, P<0.01) for the self-reports, and the physical well-being
(r= —0.18, P = 0.03) for the proxy-reports.

The FEV1/FVC ratio did not correlate with any quality of life scores.
Overall correlations results between spirometry variables and quality
of life scores in the CHD group were summarized on Fig. 1.

4. Discussion

This multicentre study of a large cohort of 834 children assessed the
pulmonary function of 555 children with CHD in comparison with 279
matched healthy controls, and evaluated the relation between lung
function and quality of life, in the CHD group.

This study used, for the first time in a paediatric population, the Z-
scores from the 2012 global lung function initiative to define the pulmo-
nary function in children with CHD, as recommended by the American
Thoracic Society and the European Respiratory Society [23,26]. Overall,
FVC and FEV1 were significantly lower in children with CHD than in
healthy subjects, whereas the FEV1/FVC ratio was normal and similar
in both groups. Therefore, children with CHD in this study did not pres-
ent any obstructive airway disorder, but our results suggest the exis-
tence of a restrictive pattern on spirometry. Similar results were
reported in the study from Pianosi et al., which included paediatric
and adult CHD patients [12]. In our study, the presence of a CHD in-
creased the risk of having an impaired FVC by 6 times, when compared
with controls.

In this paediatric cohort, the FVC was predominantly impaired in
complex CHD and in patients with a history of one or more cardiac

surgery procedures. Similarly, in their adult CHD cohort, Alonso-
Gonzalez et al. reported that moderate to severe impairment of lung
function was related to the complexity of the underlying cardiac defect
and a history of thoracic surgery [17]. These authors suggested that tho-
racic surgery might induce an inflammatory response in the pulmonary
vasculature, inducing damage to the alveolar membrane and blood-gas
exchange abnormalities. Our results are also in line with the study from
Hawkins et al., showing that restrictive lung function was more com-
mon in children with CHD after cardiac surgery than in controls or
non-operated patients [15]. As in our study, the prevalence of restrictive
lung function in children with CHD increased significantly with each ad-
ditional thoracic surgical procedure.

In our study, a low BMI was associated with an impaired lung
function. Children with CHD are at an increased risk for wasting, un-
derweight and stunting [27]. Classically, malnutrition leads to mus-
cle atrophy and restrictive lung function by lack of respiratory
muscle strength [28,29]. In adult patients with chronic heart failure,
respiratory muscle strength is reduced and represents an indepen-
dent predictor of prognosis [30]. As a result, patients with chronic
heart failure present a rapid and shallow ventilation or excessive
ventilation during exercise, and, ultimately, exercise intolerance
with muscular deconditioning and impaired VO2 .« [31]. Similar
pathophysiology has been described in the CHD population and car-
diac rehabilitation may be a beneficial addition to the current man-
agement of children with CHD, potentially reducing long-term
morbidity and mortality in adulthood [32,33]. Indeed, in a popula-
tion of teenagers with a Fontan circulation, a six-week inspiratory
muscle-training program was associated with improved inspiratory
muscle strength, ventilatory efficiency of exercise, and resting car-
diac output [34]. Therefore, active nutritional management and re-
spiratory muscle strength training, added to conventional aerobic
training, should be considered in cardiac rehabilitation programs
dedicated to the paediatric CHD population.



The FVC, in this paediatric cohort, was associated with the level of
exercise capacity, as assessed by the peak VO2. Currently, most children
with CHD have a normal ventilatory anaerobic threshold and therefore
are not limited in their submaximal physical performance [35], but their
V02 .« remains lower than healthy children, with a VO2,,,.x decline of
2% per year [9]. Despite the promotion of physical activity in the current
guidelines [36,37], many adolescents and young adults with CHD are
trapped in the vicious circle of deconditioning, and, ultimately, exposed
to the consequences of a sedentary lifestyle: overweight, high blood
pressure, social exclusion, and impaired quality of life [38,39]. Con-
versely, CHD patients who have been physically active since childhood
are less likely to become sedentary adults [40]. The existence of an im-
paired exercise capacity in patients with CHD classically involves
multifactorial mechanisms: hemodynamic changes, chronotropic insuf-
ficiency, desaturation, and muscular deconditioning [10,11]. Our results
suggest that the exercise capacity evaluation in children with CHD
should also consider lung function assessment.

In this study, the FVC of children with CHD correlated with their
health-related quality of life, especially when reported by the children
themselves. Interestingly, this correlation was more predominant in
the dimensions related to the child's autonomy (school, peers, fi-
nances), than in the physical dimension. Classically, children with CHD
are often overprotected by their parents, stigmatized at school and
have less autonomy [3]. Many children with CHD suffer from an un-
pleasant feeling of exercise-induced dyspnoea, and, cumulated with so-
cial barriers to physical activity, often remain “on the side-line” at school
or in their social life [3]. In the CHD paediatric population, we recently
showed that VO2,,,x was the most correlated CPET variable to quality
of life, especially with the physical dimension of the Kidscreen instru-
ment (r = 0.6) [8]. Therefore, the present study suggests that the exis-
tence of a restrictive spirometry pattern in children with CHD
represents an additional factor affecting their quality of life, in the over-
all spectrum of impaired exercise capacity. Indeed, the feeling of short-
ness of breath in children with CHD can be related to muscular
deconditioning, altered VO2,.x and impaired lung function, which to-
gether impact their quality of life.

4.1. Study limitations

This study was performed in tertiary care centres and may not rep-
resent CHD in the general population. The control group was recruited
at the hospital and may not be considered as healthy as if they were re-
cruited from the general population. However, this bias seems very lim-
ited, considering that children were classified in the control group only
after a completely normal check-up, including physical examination,
electrocardiogram, and echocardiography. Moreover, the percentage
of control children with impaired FVC, FEV1 or FEV1/FVC was of 4%,
4% and 7%, respectively, using the 5th centile (Z-score = —1.64) to de-
fine the lower limit of normal. Therefore the control subjects in this
study can be considered as healthy children, considering their spirome-
try results.

Statistical analyses in the three smallest sample size sub-groups
should be interpreted with caution (e.g. heterotaxy, complex anomalies
of the atrioventricular connections and coronary artery anomalies).

This study suggested the existence of a restrictive pattern with an
impaired FVC, from spirometry assessment. The diagnosis of a restric-
tive lung disease requires the measurement of the total lung capacity
with a body plethysmography [41]. Therefore, we plan to perform a
study using plethysmography in children with CHD and abnormal spi-
rometry to evaluate the degree of restrictive lung disease in this
population.

5. Conclusion

In this study, one fifth of children with CHD presented an impaired
lung function, with a restrictive spirometry pattern. Indeed, the FVC

was associated with the severity of the CHD, the number of thoracic sur-
gery procedures, an impaired exercise capacity, and the existence of a
low body mass index, suggesting a lack of respiratory muscle strength,
as in adult heart failure.

The lung function in children with CHD correlates with quality of life,
highlighting the impact of an unpleasant feeling of dyspnoea on patient-
related outcomes.

Considering that the impairment of lung function is an independent
predictor of mortality in adults with CHD, these results suggest that pul-
monary function should be monitored early in life, from childhood, in
the CHD population.
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