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Abstract
Congenital heart disease (CHD) is a common chronic disease. This study aimed to verify the relationship between spirometry 
and exercise capacity in children, considering the CHD severity. All cardiopulmonary exercise testing (CPET) and Spirometry 
from CHD children (5–18 years) were retrospectively reviewed during three years. CPET and Spirometry were analyzed and 
correlated based on the CHD severity[modified Ross classification (mR)]. Patients (n = 321) were analyzed and subdivided 
for CHD severity (n = 49, n = 149, n = 80, n = 43, from mR1 to mR4, respectively). The maximal workload (Wmax) in mR1 
and mR2 was higher than in patients from mR3 and mR4. Peak oxygen uptake (peak VO2) was reduced in mR3 and mR4 
compared to mR1 and mR2. Carbon dioxide output was only significantly lower in mR4. Although spirometric parameters 
were globally in the normal range, forced expiratory volume and forced vital capacity were different between subgroups 
(p < 0.001 and p = 0.002, respectively). Wmax and peakVO2 were weakly or moderately but significantly correlated with 
spirometry. Respiratory exchange ratio and final blood oxygen saturation were only significantly and weakly correlated to 
obstruction in small airways. The most severe CHD patients had lower exercise capacity and lung function parameters. A 
weak to moderate correlation between CPET and spirometry was found. However, the lung function reported in our study 
was normal, but with a negative correlation with the age. It reinforces the benefits of precocious and regularly spirometry 
and CPET assessment in CHD children.
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Introduction

Congenital heart disease (CHD) is a frequent chronic disease 
among children and adolescents, with an incidence of 4 to 8 
per 1000 live births [1].

In CHD pediatric and adult populations, Cardiopulmo-
nary Exercise Test (CPET) is a routine testing in the clinical 
follow-up to evaluate their morbidity and mortality [2]. It is 
also used to detect changes in cardiovascular and respira-
tory adaptation during exercise and to investigate the disease 
severity and long-term evolution [3, 4].

In adults, cardiac (Chronic Heart Failure, CHF) and pul-
monary (Chronic Obstructive Pulmonary Disease, COPD) 
diseases are frequently coexisting [5]. The CPET is useful to 
discriminate the respective impact of lung and heart defects 
[6] and spirometry is performed as part of the standard care 
[7] to assess (obstructive, restrictive, or mixed) pulmonary 
diseases [8].

The CHD pediatric population suffers from physical limi-
tations associated to reduced exercise capacity [1, 9–11]. 
As previously demonstrated, CHD children who underwent 
sternotomy or thoracotomy are also more likely to have a 
pattern of restrictive lung function [12–14]. Consecutive 
chest mechanical alterations were well described and impact 
on lung function [15]. On the contrary, physical fitness and 
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exercise capacity were recently correlated with enhanced 
lung function in adolescents and young adults [16]. Despite 
these evidences, potential correlations between lung func-
tion, exercise capacity, and CHD severity have never been 
studied.

Our study aimed to verify this potential relationship 
between lung function and exercise capacity in a cohort of 
children and adolescent with CHD, taking into account the 
severity of their cardiac disease.

Methods

Subjects and Study Design

All Children with CHD aged from 5 to 18 years were ret-
rospectively selected from our database at the Cliniques 
universitaires Saint-Luc (UCL, Belgium) between January 
2013 and December 2015. All patients performed simulta-
neous CPET and spirometry as part of their annual follow-
up. Patients evaluated for other reasons than CHD (cardiac 
exploration for syncope/faint, thoracic pain, palpitations, 
dyspnea, etc.), and children with concomitant severe chronic 
disease (neurodevelopmental disorder, chronic renal or res-
piratory failures) were excluded from this study. Only the 
most recent CPET was selected for each child when they 
had performed more than one CPET during the period of 
recruitment.

The study was approved by the regional Ethics Commit-
tee at the Cliniques universitaires Saint-Luc and Université 
Catholique de Louvain (2016/026).

Outcomes

CPET

All children performed a maximal CPET, with a pediatric 
face mask (Hans Rudolph), a calibrated gas analyser (Oxy-
con Pro, Jaeger), a breath-to-breath measurements software 
(Windows 98, Jaeger), a 12-lead ECG monitoring (Cardi-
osoft, GE Healthcare), a pulse oxymeter (Nellcor), and an 
automated sphygmomanometer with adapted pediatric cuffs.

All CPET were performed on the same treadmill follow-
ing a standardized modified Bruce protocol [17]: 1-min rest, 
3-min warm-up (1 km/h, slope 0%), and then 2-min increments 
in speed (from 2.5 to 10.5 km/h) and slope (from 3 to 18%), 
and finally a 3-min active recovery (2.5 km/h, 0% slope) and 
then 2-min rest. Exercise was pursued until the limit of the 
child’s tolerance was reached, with active verbal encourage-
ments. The following CPET variables were measured: oxygen 
uptake (VO2; ml/kg/min), carbon dioxide production (VCO2; 
ml/kg/min), respiratory exchange ratio (RER = VCO2/VO2), 
minute ventilation (VE; breaths/min), ventilatory equivalent 

for oxygen (VE/VO2), ventilatory equivalent for carbon diox-
ide (VE/VCO2), dead space-to-tidal volume ratio (VD/VT), 
heart rate (HR; beats per minute - bpm), maximum workload 
(Watts and METS), and oxygen pulse (VO2/HR; ml). For 
all CPET performed, the same senior qualified investigator 
manually established the peak oxygen uptake (peak VO2), 
the ventilatory anaerobic threshold (AT) using Beaver’s 
method [18], the ventilation efficiency (VE/VCO2 slope with 
VE = slope × VCO2 + b), and the oxygen uptake efficiency 
slope (OUES with VO2 = OUES × log10 VE + b) [19–21]. 
PeakVO2 and AT were normalized in percentage of predicted 
peak VO2 using normal values published by Wasserman and 
Cooper [22–24].

Spirometry

Lung function tests were performed systematically and simul-
taneously with a spirometric gas analyser (Oxycon Pro, Jaeger) 
before and after each exercise test, assessing forced expiratory 
volume in 1 s (FEV1), forced vital capacity (FVC), FEV1/FVC 
ratio [25]. Values were expressed in percentage of predicted 
values, as determined by European Respiratory Society (GLI 
2012) [26].

Modified Ross Classification

In CHD adult population, the NYHA functional classification 
is the most common classification used to determine the dis-
ease severity, including heart failure. Nevertheless, this classi-
fication does not apply in pediatric patients. For this reason, we 
classified our pediatric CHD population into 4 severity groups 
using the modified Ross classification (Table 1), which was 
developed to assess the heart failure severity in all pediatric 
ages [27, 28].

Analysis

Clinical data were analyzed by SPSS Statistics 24.0 (IBM 
Corp., Armonk, NY, USA). Descriptive results were expressed 
as mean ± standard deviation (SD) and confidence interval of 
95%. To verify intergroup differences based on severity (modi-
fied Ross classification), an analysis of variance (ANOVA) 
was used, followed by post hoc analyses (Tukey). Correla-
tions between CPET and spirometry were evaluated using 
Pearson’s correlation coefficient (r). The criteria for statistical 
significance were set at p < 0.05 (significant), p < 0.01 (very 
significant), and p < 0.001 (highly significant).
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Results

This retrospective study was carried out on 321 patients 
diagnosed with CHD. In total, we analyzed 597 CPET 
protocols and excluded 276 patients (they did not have 

a CHD). Their anthropometric and pathophysiological 
characteristics are shown in Table 2, divided in subgroups 
based on the modified Ross classification (n = 49, 149, 80, 
and 43, respectively). Age and body mass index (BMI) 
varied significantly between subgroups (p = 0.002 and 

Table 1  Modified Ross classification

Score Symptoms

1 No limitations or symptoms
2 Mild tachypnea or diaphoresis with feeding in infants; dyspnea at exertion in older children; no growth failure
3 Marked tachypnea or diaphoresis with feeding or exertion and prolonged feeding times with growth failure 

from congestive heart failure
4 Symptomatic at rest with tachypnea, retractions, grunting, or diaphoresis

Table 2  Characteristics of the sample

p: p value corresponding to the comparison between Uzark classification
BMI Body index mass, CPET cardiopulmonary exercise test, Wmax maximal workload, VE minute ventilation, VO2max peak oxygen uptake, 
VCO2 carbon dioxide output, RER respiratory exchange ratio, AT aerobic threshold, FEV1/FVC Tiffeneau index, FEV1 forced expiratory volume 
in 1 s, FVC forced vital capacity, FEF 25–75% forced expiratory flow at 25–75% of forced vital capacity, mRx differences between Modified Ross 
classifications
*Significance p < 0.05

n All Modified Ross 1 Modified Ross 2 Modified Ross 3 Modified Ross 4 p
321 49 149 80 43

Age (years) 13.4 ± 4.6
[4.4; 22.3]

12.6 ± 3.5 mR3

[5.8; 19.4]
12.6 ± 4.2 mR3

[4.5; 20.8]
14.8 ± 5.0 mR 1,2 [4.9; 

24.6]
14.2 ± 5.4
[3.6; 24.8]

0.002*

Gender (male/female) 197/124 33/16 98/51 42/38 24/19
Weight (kg) 44.6 ± 17.7

[9.8; 79.3]
43.5 ± 15.0
[14.1; 72.8]

42.7 ± 16.2 mR 3 
[10.9; 74.4]

49.3 ± 20.4 mR 2

[9.3; 89.3]
43.7 ± 19.5
[5.5; 81.9]

0.052

Height (cm) 151.3 ± 18.8
[114.5; 188.1]

152.1 ± 17.2 [118.3; 
185.8]

149.6 ± 19.5 [111.3; 
187.9]

153.9 ± 18.1 [118.4; 
189.4]

151.7 ± 19.0
[114.5; 189.0]

0.416

BMI (kg/m2) 18.7 ± 4.0
[10.9; 26.5]

18.2 ± 3.1
[12.2; 24.2]

18.3 ± 3.3 mR 3

[11.8; 24.9]
19.9 ± 4.7 mR 2

[10.6; 29.2]
18.0 ± 5.0
[8.3; 27.8]

0.011*

Wmax (% pred) 122.3 ± 32.7
[58.1; 186.5]

139.9 ± 25.3 mR 3,4 
[90.3; 189.4]

128.9 ± 30.0 mR 3,4 
[70.1; 187.6]

113.3 ± 32.6 mR 1,2,4 
[49.3; 177.2]

95.9 ± 29.9 mR 1,2,3 
[37.4; 154.5]

< 0.001*

VE (L/min) 61.6 ± 23.7
[15.2; 108.1]

66.9 ± 23.3 mR 4

[21.3; 112.6]
64.3 ± 24.0 mR 4

[17.2; 111.5]
59.8 ± 23.1
[14.6; 105.0]

48.5 ± 20.2 mR 1,2

[9.0; 88.1]
0.007*

Peak VO2 (% pred) 97.1 ± 24.7
[48.6; 145.5]

111.0 ± 20.3 mR 3,4 
[71.2; 150.8]

104.8 ± 22.4 mR 3,4 
[60.9; 148.8]

85.0 ± 20.8 mR 1,2 
[44.2; 125.8]

76.8 ± 21.5 mR 1,2 
[34.6; 119.0]

< 0.001*

VCO2 (mL/min) 1963.4 ± 876.0
[246.4; 3680.3]

2282.4 ± 956.9 mR 4 
[406.8; 4158.0]

2057.3 ± 852.2 mR 4 
[387.0; 3727.6]

1906.0 ± 830.2 mR 4 
[278.8; 3533.1]

1313.4 ± 603.1 mR 1,2,3 
[131.4; 2495.5]

< 0.001*

RER 1.32 ± 0.17
[1.02; 1.67]

1.4 ± 0.2 mR 3,4

[1.1; 1.7]
1.4 ± 0.2 mR 4

[1.1; 1.7]
1.3 ± 0.2 mR 1,4

[1.0; 1.6]
1.2 ± 0.1 mR 1,2,3

[0.9; 1.5]
< 0.001*

AT (mL/min/kg) 28.1 ± 7.5
[13.4; 42.8]

29.9 ± 6.5 mR 3,4

[17.1; 42.7]
30.1 ± 7.1 mR 3,4

[16.2; 44.0]
25.6 ± 7.0 mR 1,2

[11.9 ; 39.4]
23.4 ± 8.0 mR 1,2

[7.7; 39.0]
< 0.001*

FEV1/FVC (%) 102.5 ± 13.9
[75.3; 129.7]

101.9 ± 10.6 [81.2; 
122.7]

102.3 ± 15.5 [72.0; 
132.6]

103.7 ± 13.5 [77.2; 
130.1]

101.9 ± 12.4 [77.6; 
126.3]

0.866

FEV1 (% pred) 108.5 ± 22.1
[65.2; 151.9]

111.8 ± 18.5 mR 4 
[75.5; 148.1]

113.1 ± 21.5 mR 3,4 
[71.0; 155.1]

102.9 ± 21.9 mR 2 
[59.9; 145.9]

99.4 ± 24.1 mR 1,2 
[52.2; 146.6]

< 0.001*

FVC (% pred) 105.1 ± 23.4
[59.2; 150.9]

107.4 ± 27.0 [54.4; 
160.4]

109.5 ± 21.8 mR 3,4 
[66.8; 152.2]

99.5 ± 22.0 mR 2 
[56.3; 142.7]

97.5 ± 23.7 mR 2 
[51.2; 143.9]

0.002*

FEF 25–75 (% pred) 97.2 ± 29.4
[39.6; 154.7]

97.8 ± 24.9 [49.0; 
146.7]

101.9 ± 30.0 mR 4 
[43.2; 160.6]

93.1 ± 30.7
[32.9; 153.3]

87.4 ± 26.9 mR 2 
[34.8; 140.1]

0.017*
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p = 0.011, respectively), and as expected, all cardiovascu-
lar performance parameters were or tended to be reduced 
with CHD severity. Two hundred and twenty-three chil-
dren previously underwent a cardiac surgery, while the 98 
others were free of any surgical intervention.

It is worth observing that Wmax was higher than the 
predicted value in all subgroups. However, mR1 and mR2 
(139.9 ± 25.3 and 128.9 ± 30.0) subgroups showed higher 
values than mR3 and mR4 subgroups (113.3 ± 32.6 and 
95.9 ± 29.9). Moreover, these two last subgroups differed 
significantly from each other.

Mean peak VO2 (expressed in % of predicted value) 
was in the normal range for all groups except for mR4 
(76.8 ± 21.5). In the mR3 and mR4 subgroups, peak VO2 
(85.0 ± 20.8 and 76.8 ± 21.5) were reduced compared to the 
mR1 and mR2 subgroups (111.0 ± 20.3 and 104 ± 22.4). 
However, given the large coefficients of variation that we 
observed in each of the subgroups, not only the most severe 
patients had lower values in terms of exercise capacity 
parameters (% of patients with peak VO2 < 80% of pre-
dicted value in mR1 = 8%, mR2 = 11%, mR3 = 40%, and 
mR4 = 49%; with p = < 0.001).

Regardless the CHD severity, even if the spirometric 
values were in the normal range (expressed in % of pre-
dicted value) for all subgroups, FEV1 and FVC differ sig-
nificantly (p < 0.001 and p = 0.002, respectively), and 13% 
and 9% of children (exclusively in the surgical group) had 
abnormal FVC and FEV1/FVC, respectively. Negative 

correlations were found between age and peak VO2 (r = 
− 0.492; p < 0.001), FEV1 (r = − 0.397; p < 0.001) and FVC 
(r = − 0.289; p < 0.001). Some patients showed a reduced 
peak VO2 with normal FEV1 (Fig. 1).

Wmax and VO2 were correlated to all spirometric param-
eters, even though the intensity of all correlations was mod-
erate to weak (Table 3). RER and final SpO2 were signifi-
cantly and weakly correlated to obstruction in small airways 
(FEF25-75%).

Fig. 1  Distribution of patients with respect to VO2 max and FEV1

Table 3  Spirometry correlation with CPET

%pred = % of predicted value, Wmax maximal Workload, VO2max 
peak oxygen uptake, VCO2 carbon dioxide output, AT anaerobic 
threshold, RER respiratory exchange ratio, SpO2 f final pulse oximetry 
saturation, FEV1 forced expiratory volume in the first second, FVC 
forced vital capacity, FEF25-75 forced expiratory flow
*Significance p < 0.05
**Significance p < 0.01
***Significance p < 0.001

FEV1 (% pred) FVC (% pred) FEF 25–75 (% 
pred)

Wmax (% pred) 0.182** 0.112* 0.160*
VO2 max (%pred) 0.386*** 0.310*** 0.211***
VCO2 (mL/min) − 0.051 − 0.104 0.142*
AT (mL/min/kg) − 0.269*** 0.230** 0.159*
RER 0.057 0.006** 0.143*
SpO2f 0.141* 0.109 0.116*
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Discussion

The aim of this study was to investigate the relationship 
between lung function and exercise capacity considering 
the CHD severity in pediatric population. We highlighted 
weak to moderate correlations between CPET and spirom-
etry. The most severe CHD were related to lower exercise 
capacity performances even though all spirometric values 
were in the normal range. Pulmonary and cardiac disease 
are commonly coexisting in CHD adults [29]. However, 
it is not well described why and when these lung function 
impairments might appear in pediatric population with 
CHD.

There are several classifications for CHD. In clinical 
practice, the classification proposed by Uzark [30] or 
Houyel [31] is considered to be the most useful. However, 
the NYHA functional classification is the most commonly 
used in literature, especially in adults. In CHD pediatric 
population, the modified Ross classification [28] is pre-
ferred because it incorporates feeding difficulties, growth 
problems, and symptoms of exercise intolerance into a 
numeric score equivalent to the NYHA classification [32] 
used in CHD adults, and its sensitivity allows to assess and 
capture the progression of a heart failure [27].

In our study in pediatric CHD patients, CPET and 
spirometric parameters were in the normal range (Table 2) 
with Wmax, peak VO2, FEF 25–75%, FEV1, FVC, and 
FEV1/FVC within the predicted values (122.3% of pre-
dicted value, 97.1%, 102.5%, 108.5%, 105.1%, and 97.2% 
of predicted value, respectively). This is consistent with 
the study previously described by Müller [33], where the 
CPET parameters measured on cycloergometer were also 
in the normal range. Indeed, the patients from Müller had 
a value of mean peak VO2 of 87.1% of predicted value 
like in our entire cohort of CHD patients (97.1% of pre-
dicted value). However, in our cohort, the peak VO2 was 
significantly lower in the groups with more severe heart 
disease (mR1 = 111%, mR2 = 104%, mR3 = 85%, and 
mR4 = 76%; p = < 0.001). Müller also showed an associa-
tion between the severity of the heart defect and the peak 
VO2 (r = − 0.410; p < 0.001) in CHD children. Note that 
the mean Wmax studied on treadmill in our study was also 
higher than the predicted value (122% of predicted value), 
as well as in Müller study which was performed on cyclo-
ergometer (133% of predicted value) [33].

It is well known that CHD children are less active than 
their healthy peers [34] and overprotection is common in 
children with CHD [35]. This could explain their lower 
CPET performance. However, physical activity and active 
life style are highly recommended for all CHD patients 
without demonstrated cardiovascular risk in CPET (ven-
tricular dysfunction, arrhythmias...), as stated in the 

guidelines from the Task Force on the Management of 
Grown-up Congenital Heart Disease of the European 
Society of Cardiology [4, 36]. Furthermore, sedentary 
behaviors are increasingly recognized as a risk factors 
for cardiovascular diseases, and they increase the risk 
of comorbidities [34]. On this basis, we promote regular 
physical activity during childhood in our CHD patients, as 
part of a healthy general behavior [37].

Rhodes [38] showed a significant improvement in peak 
VO2 (p = 0.005), Wmax (p < 0.001), and FEV1 (p = 0.001) 
(expressed as a % of predicted value) after cardiac rehabili-
tation (12 week, 2 times/week during 1 h) in CHD children 
(6 to 17 years old) with initial peak VO2 and Wmax lower 
than 80% of predicted values and mR4 severity as inclusion 
criteria. This confirms that normal CPET and spirometry 
parameters reported in our cohort can be, at least in part, 
explained by the children’s active behavior and lifestyle.

Although we and others [38, 39] showed that the spirom-
etry values were higher than 80% of predicted value for FVC 
(82.2 ± 16.0 before, 81.1 ± 14.6 after) and FEV1 (81.7 ± 16.3 
before, 82.2 ± 15.8 after), they usually become abnormal 
with the age [29], compromising the exercise tolerance and 
contributing to respiratory comorbidities [15, 40]. In fact, in 
our cohort study, we observed a negative moderate correla-
tion between the age of the children and the peakVO2 (r = 
-0.492), FEV1 (r = − 0.397), and FVC (r = − 0.289) suggest-
ing a negative evolution related to age.

Hawkins [12] found a restrictive lung function in CHD 
children (n = 220) after cardiothoracic surgery by sternot-
omy, thoracotomy or both (25.6%, 23.5%, and 54.2% respec-
tively; p < 0.0001). In our cohort, although 70% of children 
(n = 223) had a previous operation at the time of their CPET 
evaluation, only 13% (FVC) and 9% (FEV1/FVC) presented 
abnormal lung function.

Adults surviving with CHD can develop more complica-
tions compared to children. The pulmonary disease is one of 
the most common comorbidity in these patients [29]. In our 
study, we observed that CPET and spirometry presented a 
weak to moderate correlation, and the parameters decrease 
(< 80% of predicted value) with the CHD severity. However, 
looking at CPET and spirometry parameters and their high 
level of variability, it is straightforward to understand that 
there is a significant proportion of children with less severe 
CHD showing poor CPET and spirometric.

As suggested by others [7, 8], our results highlight the 
need for performing early lung function test in the regular 
follow-up of these patients, starting in childhood as a part of 
the prevention of future comorbidities. Indeed, we observed 
negative correlations between age and the different cardio-
respiratory parameters.

We acknowledge some limitations in our study. A lower 
proportion of mR4 patients were included compared to mR1, 
mR2, and mR3. However, this subgroup still included 43 
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children (13%). The heterogeneity of lung function test ref-
erence values available in the literature (Zapletal, Cooper, 
Miller, GLI...) can somehow compromise inter-study and 
intra-study comparisons, particularly between genders.

In conclusion, while CPET parameters were normal, as 
expected, they were lower in the most severe CHD chil-
dren. Even if the lung function reported in our large CHD 
pediatric population was also normal, it does not imply that 
these patients will not have lung impairments in adulthood 
as illustrated by the negative correlation with age. Moreo-
ver, we demonstrated significant correlations between Wmax 
and FEV1, peak VO2 and FEV1, and peak VO2 and FVC. 
These results suggest the potential benefits of precocious and 
regularly spirometry and CPET assessment in CHD children. 
These patients will likely benefit from an earlier and more 
careful evaluation to guide their postoperative rehabilitation 
and prevent further lung impairments in adulthood.
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