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ABSTRACT

Aim: Exercise capacity is altered in congenital heart diseases (CHD) with potentially impaired pulmonary
perfusion adaptation during exercise, such as in single ventricle or in significant pulmonary regurgitation. This
study aimed to evaluate the value of double gas transfer factor analysis, at rest in conjunction with postural
manoeuvres, to explore the various components of pulmonary gas transfer and its association with exercise
capacity.

Methods: A total of 40 subjects (24 CHD, 16 controls) underwent a combined measurement of lung diffusing
capacity for carbon monoxide and nitric oxide (DLCO-DLNO) to determine pulmonary membrane diffusion (Dm)
and Vcap, in sitting then supine position. CHD patients performed a maximal cardiopulmonary exercise test.
Results: Compared to normal controls, the CHD group’s DLNO, DLCO, Vcap, and alveolar volume (AV) at rest, in
the sitting position were depressed, whereas the DLCO/AV and DLNO/AV were similar. The magnitude of Dm
and Vcap adaptation induced by postural change was similar in both groups, indicating a preserved pulmonary
capillary recruitment capacity in CHD. In the CHD group, at rest, for each ml of postural-induced increase in
Vcap we observed during exercise a VE/VCO?2 slope decrease of 0.46 (95% CI[0.83; 0.098]), indicating a better
ventilatory response to exercise.

Conclusion: CHD patients with impaired pulmonary circulation have a reduced Dm and Vcap mainly due to
decreased pulmonary volume but maintain a normal capacity to adapt these parameters through a simple
recruitment manoeuver. Vcap adaptation evaluated at rest predicts the level of ventilatory efficiency during
exercise, which represents a main limiting factor in these CHD patients.

Abbreviations: CPET, Cardiopulmonary exercise
oxyde.

test; CHD, Congenital Heart disease; DLCO, lung diffusion for carbon monoxide; DLNO, lung diffusion for nitric
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1. Introduction

Cardiopulmonary exercise test (CPET), through the highest oxygen
uptake observed (VO2)ear) during a CPET, provides a global evaluation
of oxygen transport function by the ventilatory and cardiovascular
systems, as well as muscular oxygen consumption during exercise [1].

In patients with cardiac diseases, CPET has become the reference
functional test to evaluate exercise capacity, which correlates with dis-
ease severity, prognosis and quality of life [2-4]. Therefore, CPET is now
recommended in the follow-up of patients with heart failure, as
VO2peak reflects their ability to engage in physical activity, as well as
their quality of life [5]. CPET has also found an interest in patients with
congenital heart diseases (CHD) [6,7]. Indeed, from a large cohort of
young patients with CHD, we recently observed a correlation between
the quality of life and VO2peak, which were significantly decreased in a
time dependent manner, compared to healthy control subjects [2,3]. The
existence of an impaired exercise capacity in patients with CHD usually
involves multifactorial mechanisms: hemodynamic changes, electrical
abnormalities, desaturation, and muscular deconditioning [8]. More-
over, exercise capacity is more altered in CHD with an impaired pul-
monary perfusion adaptation during exercise, such as in single ventricles
or in CHD with significant pulmonary regurgitation [3,8]. Indeed, the
inability to increase the blood flow into the pulmonary circulation
during exercise may blunt gas exchange adaptation, imbalance
ventilation-perfusion ratio and, ultimately increase ventilatory response
during exercise, which may be an important contributing factor to ex-
ercise intolerance [9,10].

The measure of various components of pulmonary gas transfer, may
be of interest in CHD concerned with impaired pulmonary perfusion,
reduced blood volume in the ventilated alveoli and presence of restric-
tive ventilatory defect [11,12].

In these patients, an impaired pulmonary gas exchange adaptation,
such as a blunted Vcap increase during exercise, may contribute to
VO2peak limitation. Standard CPET cannot unambiguously identify this
phenomenon. Therefore, we hypothesized that measuring the various
components of a CHD patient’s of pulmonary gas transfer adaptation,
using a simple functional test at rest, could help identify a pulmonary
perfusion defect contributing to the patient’s physical activity
limitations.

The two mains subcomponent of lung diffusion capacity, e.g.
alveolar-capillary membrane conductance (Dm) and pulmonary capil-
laries volume (Vcap) [13], are assessed by the combined measurement
of lung diffusion for carbon monoxide (DLCO) and nitric oxide (DLNO)
[14]. To our knowledge, their evaluation in CHD with impaired pul-
monary perfusion has not yet been reported.

The primary aim of this study was to evaluate, in comparison with
healthy controls, how CHD associated with impaired pulmonary blood
flow affect the various components of pulmonary gas transfer, by using
double gas transfer factors (DLCO-DLNO) technic analysis at rest in
conjunction with postural manoeuvres.

The secondary aim was to determine, in CHD with impaired pul-
monary perfusion, how the abnormalities of pulmonary gas exchange
and their response to postural changes evaluated at rest relate to CPET-
derived parameters of exercise function.

2. Methods
2.1. Study design and patients

This prospective cross-sectional study was carried out from
December 2014 to December 2016 in a tertiary care paediatric and adult
congenital cardiology reference centre (Montpellier University Hospital,
France).

Adolescent and adult CHD patients with a single ventricle or a sig-
nificant pulmonary regurgitation, as defined by the international clas-
sification [15], were screened. They were recruited during their annual

follow-up, which consisted in a physical examination, an electrocar-
diogram (ECG), an echocardiography, and a CPET [16]. Patients with
any lung disease associated to their CHD and those with an absolute
contraindication for CPET procedure were not eligible. The following
clinical data were collected: gender, age, weight, height, body mass
index (BMI), medical treatments. The following echocardiography data
were collected: systemic ventricle ejection fraction, systemic ventricle
global 2D strain, right ventricle systolic pressure, subaortic velocity time
integral (VTI) and tricuspid annulus plane systolic excursion (TAPSE).

In the CHD group, patients and their legal guardians for minors were
offered to participate in the study, which consisted in a combined
measurement of double gas transfer factor measurement (DLCO-DLNO),
performed at rest, before CPET. All functional test procedures were
harmonized before the study started, as in our previous similar studies
[3,12].

In the control group, a call for voluntary application was performed
to recruit healthy subjects, who were offered to undergo a similar DLCO-
DLNO measurement procedure at rest. These subjects were classified in
the control group after a completely normal check-up, including phys-
ical examination, electrocardiogram, echocardiography, and spirom-
etry. Subjects with any chronic disease, medical condition (cardiac,
neurologic, respiratory, muscular, or renal), or medical treatment, were
not eligible.

2.2. Double gas transfer factor (DLCO-DLNO) measurement

For all subject, spirometry and plethysmography were performed
with measurement of forced expiratory volume in 1 s (FEV1), forced
vital capacity (FVC), FEV1/FVC ratio (FEV1/FVC%), functional residual
capacity (FRC) and total lung capacity (TLC) according to ATS/ERS
recommendations [17]. Results were expressed as percent predict values
and Z-scores from the spirometry reference equations.

Then, using Hyp’Air system (Medisoft-MGCd, Sorinnes, Belgium)
each subject underwent a single-breath method to measure the diffusing
capacity of the lung for carbon monoxide (DLCO) and the diffusing ca-
pacity of the lung for nitric oxide (DLNO), accordingly to the recent
2017 ERS standards [18,19].

Variability of DLCO-DLNO measurement at rest was evaluated by
performing two tests within 4-10 min of each other for 21 subjects (e.g.
16 controls and 5 CHD patients), and found an acceptable variability
with difference value between the two tests of less then 3 and 17 mL
min~! mmHg ! respectively [19].

A similar time interval was imposed between DLCO-DLNO mea-
surement in the seated and supine positions to ensure that all CO
backpressure had dissipated between the tests.

The analysers and flowmeter were calibrated and checked before
each experiment. Blood sample was drawn for haemoglobin (Hb) con-
centration for carbon monoxide (CO) specific conductance. The subjects
inspired, from residual volume to total lung capacity, a bolus of a test gas
mixture containing 18% oxygen (O2), 13% helium (He), 0.28% CO and
50 ppm of nitric oxide (NO) (balanced in nitrogen, N5). Then, they held
the breath for a 6-s period at normal intrapulmonary pressure, and
exhaled to residual volume within 4 s. The initial volume (900 mL) of
exhaled air was discarded, then 900 mL of alveolar gas volume was
sampled into a bag for analysis. Considering the absence of respiratory
pathology in the study subjects and the constant level of inspired oxygen
at barometric pressure, the alveolar oxygen partial pressure (PaO3) was
assumed to be 100 mmHg to derive the optimal value of specific Hb
uptake rate for CO (9CO), using Hervé Guénard’s equation [18]: ﬁ =

measHb

(0.0062 Pa02 + 1.16)( 146 )

A finite ONO value of 4.5 mL NO ml/blood/min/mmHg was used,
according to in vitro value of NO wuptake by red cell [20].
Alveolar-capillary membrane conductance for CO and NO (DmCO,
DmNO) and capillary blood volume (Vcap) were then estimated from



Table 1
Clinical and pulmonary function characteristics (CHD population and healthy
controls).

Variables CHD patients (N = 24) Healthy controls (N = 16)
Age 24.4 +9.1 28.7 +3.3

Gender (Male/Female) 16/8 11/5

Weight (kg) 63.3 +£12.7 64.1 +11.6

BMI 222+ 4.5 21.7 + 2.0

FVC (Z-score) -211+1.3 0.5+ 1.1%

FEV1 (Z-score) —2.38+ 15 0.6 £ 1.4*

FEV1/FVC (Z-score) —0.67 + 1.6 0.1+1.3

FRC (% predict) 96.2 + 22 102.5 + 21

TLC (% predict) 88.4 +11 104 + 15

Legend: Variables were described as means + SD (standard deviation); *P <
0.05, indicates a significant difference between the two groups (Mann-Whitney
test).

Abbreviations: BMI, body mass index; FVC, forced vital capacity; FEV1, forced
expiratory volume in 1 min; FEV1/FVC, Tiffeneau ratio; FRC, functional residual
capacity; TLC, total lung capacity; % predict, percentage of predicted lung
function values.

DLNO, DLCO, 6NO and 6CO, following the ERS standards [18]. Each
manoeuvre for DLCO-DLNO measurement was performed, first with the
subject being in sitting position, and then 1 min after positioning the
subject in supine posture.

As patients with CHD may be affected by erythocytosis, the actual Hb
level was used to calculate DLCO parameters. In the control group, we
used Hb standard values of 13.4 g/dL in female subjects and 14.6 g/dL in
male subjects.

2.3. CPET protocol

Just after double gas transfer factor (DLCO-DLNO) measurement,
subjects performed a CPET using a cycle ergometer protocol adapted to
CHD to obtain a homogeneous incremental overall duration between 8
and 12 min: a 1-min rest; a 3-min warm-up (10-20 W) in increments of
10, 15, or 20 W each minute; a pedalling rate of 60-80 revolutions per
minute; a 3-min active recovery (20 W); and a 2-min rest. Exercise was
pursued until the limit of the patient’s tolerance was reached. For CPET
we used a calibrated gas analyser with 12-lead ECG equipment (Ergo-
Card Medisoft, Belgium), a cycle ergometer (Ergoline, Jaeger, Erich
Jaeger GmbH, Hoechberg, Germany), a pulse oximeter (Masimo, Irvine,
USA), and a manual sphygmomanometer. VO2peak and VAT values
were normalized in a percentage of the predicted VO2peak using normal
values from Wasserman and Cooper [21,22].

On all points of the curve of the increment period, the slope of
ventilation according to carbon dioxide expiratory flow (VE/VCO2
slope), was calculated and used to evaluate ventilatory response to ex-
ercise. An increased VE/VCO2 slope >34 suggested the existence of an
impaired ventilatory efficiency [23].

2.4. Formal aspects

The study was conducted in compliance with the Good Clinical
Practices protocol and Declaration of Helsinki principles. It was
approved by South Mediterranean IV Ethics Committee (2014-A00113-
44) and registered on ClinicalTrials.gov (NCT02561975). Informed
consent was obtained from all major patients, parents or legal guardians.

2.5. Statistical analyses

In patients and healthy controls, clinical characteristics, pulmonary
function, and DLCO-DLNO parameters were described, using mean and
standard deviations (SD) for continuous variables, and frequencies and
proportions for categorical variables. The impact of switching from
sitting to supine position on the values of DLCO-DLNO parameters were
first analysed, separately in patients and healthy controls, using the

Table 2
Clinical and paraclinical characteristics in the CHD group.
CHD CHD group Single Pulmonary
(overall) ventricle regurgitation
N 24 12 12
NYHA (N) I 12 3 9
II 11 8 3
111 1 1 0
v 0 0 0
Haemoglobin (g/dL) 15.6 + 2.0 16.0 + 1.9 15.2 + 2.0
Sinus rhythm (N,%) 23 11 (92%) 12 (100%)
Right ventricle 16.7 £ 5.1 14.7 + 3.9 18.9 + 5.5
TAPSE (mm)
RV systolic pressure NA NA 39.4+123
(mmHg)
Systemic ventricle EF 61.5+10.2 542+ 8.1 67 + 8.0*
(%)
Global longitudinal -16.2 + 2.6 —15.6 +£2 -16.8 +£ 2.8
Strain (%) 4
Subaortic VTI (cm) 19.5 +54 19.8 + 6.2 19.2 + 4.6
VO2pmax (% predict) 55.3 +18 48 +18 63.3 £+ 15*
VAT (% predict) 38.1 +£9.5 33.8+9.3 42.7 +£7.5%
VE/VCO2 slope 36.4 + 8.8 39.1 +£8.9 33.2+80
SpO2max — SPO2min 22+32 1.2+21 29+37

(%)

Legend: Data were described as mean + SD (standard deviation); *P < 0.05,
indicates a significant difference between single ventricle and pulmonary
regurgitation sub-groups (Mann-Whitney test).

Abbreviations: NA, non applicable; % predict, percentage of predicted VO2ax
values; SpO2, oxygen saturation measured with pulse oximetry; TAPSE,
tricuspid annular plane systolic excursion; RV, right ventricle; EF, ejection
fraction; VAT, ventilatory anaerobic threshold; VTI, velocity time integral.

paired Student t-test or the sign rank test according to the distribution of
the difference between the paired values (supine value-sitting value).
We then compared the values of DLCO-DLNO parameters — separately in
sitting and supine position-, and of the difference (supine value-sitting
value), according to the presence of CHD using the Student t-test
when the data distribution was normal, and using the Mann-Whitney U
test when the variables were skewed.

We then fitted a linear mixed model with subject-specific random
intercept to take into account for correlations between repeated mea-
sures of each subject in different position. The dependent variables were
DLCO-DLNO parameters. Fixed effects were the disease status (CHD
versus no CHD) and posture (supine versus sitting position). An inter-
action term between disease status and posture was also tested in a
separate model (E-Table 1).

The linear relationship between CPET parameters (VO2peak, VE/
VCO2) and the difference in DLCO-DLNO parameters due to postural
change, was analysed using Bayesian determination of the Pearson’s
correlation coefficient (r).

Statistical analyses were performed at the conventional two-tailed o
level of 0.05 using SAS version 9.4 (SAS Institute, Cary, NC).

3. Results
3.1. Study population

During the study period, 48 patients were included, 32 patients with
CHD and 16 healthy subjects. However, we excluded 5 patients for
technical problems and 3 patients for measurement errors (negative
DmCO). Therefore, a total of 40 patients (24 CHD; 16 healthy controls)
with complete CPET and double gas transfer measures were analysed in
the study.

No significant differences were observed between healthy controls
and CHD patients in terms of main demographic characteristics
(Table 1). The main clinical and paraclinical characteristics of the CHD
group were reported in Table 2. In terms of lung function, the CHD group
presented with a decreased forced vital capacity (FVC), a decreased



Table 3
Description of DLCO-DLNO parameters in CHD and healthy controls in sitting
and supine positions.

Table 4
Impact of the presence of CHD and switching to supine position on DLCO-DLNO
parameters.

DLNO-DLCO Sitting Position Supine position
parameters Healthy CHD group Healthy CHD group
controls (N = (N = 24) controls (N = (N =24)
16) 16)
AV (L) 6.67 (1.22) 5.13(1.18)* 6.00 (1.38) 4.68 (1.12)
% 8%
IV (L) 4.70 (0.96) 3.34 (0.79) 4.40 (0.98) 3.03 (0.79)
* )
DLCO (mL/ 33.38 (9.56) 25.33 36.42 (9.45) * 27.55 (5.94)
min/mmHg) (6.14) * wx 88
DLNO (mL/ 184.78 141.35 184.07 144.52
min/mmHg) (50.22) (35.71) * (45.82) (37.83) **
DLCO/AV (L/ 4.96 (0.84) 5.00 (0.93) 6.36 (1.99) 5.97 (0.83)
min/mmHg)
DLNO/AV (L/ 27.49 (4.25) 27.80 32.11 (10.04) 31.21 (6.07)
min/mmHg) (5.21)
DmCO (mL/ 248.11 341.63 201.89 209.30
min/mmHg)  (89.15) (331.51) (65.36) ¥ (201.12) %%
DmNO (mL/ 488.77 673.02 397.72 412.31
min/mmHg)  (175.63) (653.07) (128.76) (396.20) %*
Vcap (mL) 68.21 (18.95) 48.52 78.71 (20.18) 61.30
(13.53) * (12.94)** 8

Legend: All parameters were analysed with original scale (measured values).
Data were described as mean and standard deviation (SD).

Abbreviations: AV, alveolar volume; IV, inspiratory volume; DLNO, total
diffusing capacity of the lung for nitric oxide; DLCO, total diffusing capacity of
the lung for carbon monoxide; DmCO, diffusing capacity of the membrane for
carbon monoxide; VCap, total volume of blood in the lung capillaries exposed to
alveolar air. * Parameter statistically different (p < 0.05) between healthy
controls and CHD group in sitting position ** Parameter statistically different (p
< 0.05) between healthy controls and CHD group in supine position * Parameter
statistically different (p < 0.05) between sitting and supine position in healthy
controls (paired statistical test) ** Parameter statistically different (p < 0.05)
between sitting and supine position in CHD group (paired statistical test). When
the change in value of the parameters during the switch of position was
compared between the CHD and healthy groups, no significant difference was
found.

forced expiratory volume in 1 s (FEV1), and a normal Tiffeneau ratio,
suggesting the existence of a restrictive pattern. However, the trend for
lower functional residual capacity and total lung capacity in the CHD
group did not reach statistical significance. As shown in Table 2, CHD
patients had standard echocardiographic evaluation without evidence of
significant ventricular dysfunction.

When performing exercise test, CHD patients presented with an
impaired VO2peak of 53% =+ 20.9% of predicted values, overall. Exer-
cise capacity was significantly lower in patients with a single ventricle
than in those with pulmonary regurgitation (predict VO2peak of 48% +
18% vs. 63% + 15%, P = 0.04, respectively). Impaired ventilatory ef-
ficiency with a VE/VCO2 slope >34 was predominantly observed in
patients with a single ventricle (mean VE/VCO2 slope of 39.1 + 8.9)
(Table 2).

3.2. DLCO-DLNO analyses in CHD versus healthy controls at rest in
sitting position

Individual and mean values of lung transfer factors (DLCO-DLNO)
and their components in CHD and healthy controls are presented and
compared in Table 3. DLCO and DLNO in the sitting position were
significantly lower in the CHD group in comparison with healthy con-
trols. Moreover, in the CHD group, the alveolar volume (AV), the
inspiratory volume (IV) and the pulmonary capillary volume (Vcap)
were lower than in the control group. No significant difference between
CHD and healthy controls was found for DmCO, DmNO, DLCO/AV and
DLNO/AV.

Independent effects: estimated values (95% CI)

Presence of CHD pvalue  Switching to supine pvalue
position
AV (L) -1.4 (-21to <.01 -0.5 (-1.0to 0.02
-0.8) -0.1)
v (L) -1.4 (-1.8 to <.01 -0.3 (-0.6t00.0) 0.06
-0.9)

DLCO (mL/ -85 (-13.2 to <.01 2.5 (1.3-3.8) <.01
min/ -3.7)
mmHg)

DLNO (mL/ —41.5 (-68.2to <.01 1.6 (-35t06.7) 0.52
min/ -14.8)
mmHg)

DLCO/AV -0.2 (-0.8 to 0.57 1.1 (0.7-1.6) <.01
(L/min/ 0.5)
mmHg)

DLNO/AV -0.3 (-39to 0.87 3.9 (1.6-6.2) <.01
(L/min/ 3.3)
mmHg)

DmCO 50.5 (-78.2 to 0.43 -97.9 (-159.5 to <.01
(mL/ 179.2) -36.3)
min/
mmHg)

Vcap (mL) -186  (-27.9to <.01 11.9 (7.3-16.5) <.01

-9.2)

DmNO 99.4 (-1541to  0.43 -192.8  (-314.1 to <.01
(mL/ 353.0) -71.6)
min/
mmHg)

DLNO/ 0.1 (-0.3 to 0.66 -0.4 (-0.6 to <.01
DLCO 0.5) -0.3)

ratio

Note: The table represents the estimated mean and 95% confidence interval of
the effect of 2 independent factors: the presence of CHD and the change from
sitting to supine. A pvalue <0.05 indicates an effect significantly different from
0. The Fig. 2 was established from these results.

Abbreviations: AV, alveolar volume; IV, inspiratory volume; DLNO, total
diffusing capacity of the lung for nitric oxide; DLCO, total diffusing capacity of
the lung for carbon monoxide; DmCO, diffusing capacity of the membrane for
carbon monoxide; VCap, total volume of blood in the lung capillaries exposed to
alveolar air.

3.3. Effects of postural change on DLCO-DLNO parameters at rest in CHD
and healthy controls

In both healthy controls and CHD patients, postural change from
sitting to supine position led to similar increases in pulmonary capillary
volume (Vcap), and similar decreases in AV and alveolar capillary
membrane conductance (Dm), with a similar magnitude of difference. In
both groups, the body position did not have any effect on IV.

The existence of a CHD, as well as the supine posture, presented
independent and different effects on the pulmonary gas transfer factors,
with a similar postural adaptation of DLCO, DLNO and Vcap recruitment
between CHD and healthy population (as shown by the non-significance
of the interaction terms between CHD and posture in e-Table 1).

3.4. Correlation between DLCO, DLNO and Vcap postural-induced
changes at rest with VO2 max and VE/VCO2 slope in the CHD group
(Fig. 2)

In the CHD group, postural-induced changes in DLCO, DLNO and
Vcap correlated with VE/VCO2 slope during exercise (r = —0.62, r =
—0.63, and r = —0.54, all P < 0.05, respectively). The VO2peak only
correlated with postural-induced change in DLNO (r = 0.48, P < 0.05)
(Fig. 1). Based on the regression models, for each DLCO unit increase
between sitting and supine position we observed a VE/VCO2 slope
decrease of 1.45 (95% CI [0.47; 2.4]) which reflects an improvement in
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effects of CHD and supine posture (from the centre) on the transfer factors (DLNO, DLCO) and their sub-components (DmCO, 6CO, DmNO and Vcap), based on the

Roughton-Forster’s equation and alveolar volume (AV), represented in separated blocks. Red arrows indicate the significant positive effect (=
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arrows indicate the significant negative effect (= decrease) on the target variable. The numbers indicate the mean effect size expressed in % of basal value (i.e. x for
CHD, y for supine) and could be interpreted as: the target variable would decrease by x % in patients with CHD or would increase by y % when switching from sitting
to supine posture. When no significant effect could be established, the connection link was drawn in grey colour and dotted line. Abbreviation: AV, alveolar volume;
DLCO, total diffusing capacity of the lung for carbon monoxide; DLNO, total diffusing capacity of the lung for nitric oxide; KCO, ratio of total diffusing capacity of the
lung for carbon monoxide over alveolar volume; KNO, ratio of total diffusing capacity of the lung for nitric oxide over alveolar volume; DmCO, diffusing capacity of
the membrane for carbon monoxide; DmNO, Diffusing capacity of the membrane for nitric oxide; Vcap, total volume of blood in the lung capillaries exposed to

alveolar air.

ventilatory efficiency (gas exchange) during exercise. Similarly, for each
Vcap increase of 1 mL we observed a VE/VCO2 slope decrease of 0.46
(95% CI [0.83; 0.098]).

The VO2peak correlated with the postural-induced change in DLNO,
with an increase in VO2peak of 0.18 mL/kg/min (95% CI[0.02; 0.371)
for each unit of DLNO increase.

4. Discussion

The prospective controlled trial reported, for the first time, the use of
double gas transfer factors (DLCO-DLNO) in patients with CHD at rest to
explore the effect of their impaired pulmonary blood flow on the various
components of pulmonary gas transfer, and its consequence on maximal
exercise adaptation.

Defect in total lung diffusion capacity evaluated by DLCO, and more
specifically diffusion capacity of the alveolar capillary membrane, is
associated with disease severity and prognosis of chronic congestive
heart failure [24,25]. Indeed, DLCO is related to the combining effects of
resistance both to gas flow across the alveolar capillary membrane and
Hb binding by CO. Since both gas-transfer resistances are connected in
series, the total resistance for CO transfer follows the Roughton-Forster
equation [26] ((e.g. 1/DLCO = 1/DmCO +1/6COVcap). DmCO reflects
the diffusion limitation across the effective alveolocapillary membrane,
the alveolar wall and the plasma layer surrounding the erythrocyte. The
0COVcap is defined as the product of alveolar capillary blood volume
exposed to alveolar air (Vcap) and specific gas conductance for CO in the
blood (6CO). The OCO represents the CO diffusive process across the
membrane of the erythrocyte and its competitive replacement reaction
with oxyhemoglobin (HbO2). To determine DmCO and Vcap, which are
the two main components of pulmonary gas transfer, Guénard et al. [14]
and Borland and Higen-Bottamet [27] developed one-step CO-NO
technique requiring the measurement of DLCO and DLNO during a
single hold breath, a very easy and clinically convenient technique,
which has been recently standardized [19]. This specific increase in
membrane resistance to CO (DmCO), previously observed in chronic

congestive heart failure, has been explained by fluid accumulation,
cellular increase, fibrosis, and remodelling of connective tissue [25,28].

In patients with CHD concerned with impaired pulmonary circula-
tion, e.g. those with a single ventricle or a severe pulmonary regurgi-
tation, we observed a significant decrease of FVC and FEV1. This results
was previously reported from our group and others in paediatric and
adult patients with CHD [12,29,30] and suggests the presence of smaller
lung volumes due to the existence of an impaired thoracic compliance
after cardio-thoracic surgical procedures. Similarly, in these patients, we
also observed at rest, in the sitting position, a smaller capillary volume.

Interestingly, the CHD patients’ DLCO and DLNO also at rest, tended
to be lower than in healthy subjects. However, in our study, DLCO/AV
and DLNO/AV at rest were similar between both groups. Indeed, when
normalized for alveolar volume, DLCO and DLNO in healthy subjects
and in patients with CHD were similar. This observation suggests that
the diffusion of these gases per functional lung unit was normal in the
CHD patients, and that the low DLCO and DLNO was due to their rela-
tively small lungs and consequent reduced number of functional lung
units, rather than to diffusion abnormalities within the individual
functional lung units.

In the supine position, the specific alteration of the preload factor
previously reported in a similar CHD population [20], may blunt the
increase of blood flow into the pulmonary circulation. However, we
observed, that the postural change from sitting to supine induced in both
group similar increase in Vcap, DLCO and DLNO. Therefore, our study
highlighted the existence of a preserved pulmonary capillary recruit-
ment capacity in CHD patients, as induced by a simple lying position
manoeuver, with a magnitude of difference in postural-induced changes
of pulmonary capillary volumes similar to that of healthy controls.

A previous study reported that DmCO was also higher in supine
compared to erected position [31]. Indeed, the increased pulmonary
blood volume and pulmonary capillary recruitment in supine position
increase effective alveolar-capillary surface area and alveolar-capillary
conductance. However, in our study, we observed a DmCO decrease
with postural change in both groups. This may be related to the short
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Fig. 2. Relationship between VO2peak, VE/VCO2 slope and position related change in gas transfer factors. Legend: the graph represents the result of a Bayesian
linear correlation analysis, including the marginal effect of 4 linear regression models (left side) to estimate the values of VE/VCO2 slope and VO2peak (Y-axis) as a
linear function of the change in DLNO, DLCO and Vcap (X-axis). On the left column, the lines indicate the mean predicted values, while the curvilinear bands
represent the confidence interval of this prediction. The right column shows the estimated posterior distribution of the Pearson’s r coefficient measuring the linear
correlation between the studied variables. The lighter area in each Kernel Density Estimate (KDE) plots represents the highest density interval (95% of Highest
Density Interval, HDI) while the 3 labelled vertical lines indicate the 5th, 50th and 95th centiles of the distribution. The red vertical lines and red boxes determine the

thresholds for null hypothesis (HO: r = 0, with tolerance interval of +0.1).

delay after postural change (1 min) in our study, before repeating
DLCO-DLNO measures, as opposed to 2-3 h in the previous study [31],
where the pulmonary circulation could adapt to increased venous re-
turn. We thus speculated that the sudden change of position within 1
min was sufficient to induce a transient congestion of interstitial tissue
and a membrane diffusion limitation, which may represent similarity
with the transient pulmonary capillary volume increase during exercise.
This suggests that DmCO decrease induced by the lying position was
compensated by an Vcap increase, due to pulmonary capillary bed
recruitment, and resulted in a moderate DLCO increase, as illustrated in
Fig. 1.

Although CHD patients with impaired pulmonary circulation have a
lower pulmonary capillary volume at rest, they tend to maintain a
normal capacity to increase Vcap during a simple recruitment man-
oeuver at rest. These results are in line with the existence of a preserved
ventricular contractile function in our patients, as previously reported
[32].

Despite this preserved vascular adaptability in the CHD group,
postural-induced changes of pulmonary capillary volumes negatively

correlated with ventilatory efficiency at exercise.

Indeed, in this study we observed, for the first time in CHD patients
with impaired pulmonary circulation, a negative correlation between
ventilatory efficiency (VE/VCO2) and DLCO-DLNO postural-induced
change at rest. Interestingly, among all DLCO-DLNO parameters, Vcap
change appeared to be the main component of this correlation. There-
fore, CHD patients whose Vcap increased from sitting to supine positions
tended to have lower VE/VCO2 slopes (i.e., better ventilation efficiency)
and consequently higher exercise tolerance than those who did not in-
crease their Vcap in response to this postural change.

In CHD patients, during exercise, their deficit of pulmonary perfu-
sion may increase the ventilatory response to exercise, participating in
the limiting factors for aerobic fitness.

However, maximum oxygen uptake and DLNO change at rest were
weakly correlated, and no correlation was found between VO2peak and
DLCO change or Vcap change. These negative results may be explained
by the fact that VO2 max is a less efficient parameter to account for
alteration of ventilation-perfusion ratio than VE/VCO2 slope.

Assessments of pulmonary function lung, diffusion capacity and its



components, and the effect of postural changes on these parameters
provides new insights into the effects of CHD upon exercise physiology
and pulmonary gas exchange during exercise.

We found in this study that DLNO-DLCO measurement at rest may
predict VE/VCO2 slope during maximal exercise, which is an indepen-
dent variable of VO2peak, and is sensible to mismatch from inadequate
pulmonary perfusion of normally ventilated alveoli. Thus, DLNO-DLCO
measured at rest may be a useful tool, in addition to VO2peak, to more
specifically evaluate pulmonary perfusion defect and its consequence on
ventilatory response to exercise, in the follow-up of patients with single
ventricle or pulmonary regurgitation.

4.1. Study limitations

Our results rely on a single-centre study with a small cohort of pa-
tients and heterogeneous CHD conditions. Further studies with a more
homogeneous CHD population in terms of haemodynamics will be
necessary in the near future to better assess the parameters involved in
Vcap change during exercise and their implication in aerobic fitness
limitation.

In this study we used a finite 6NO value of 4.5 as recommended by
ERS guidelines [18]. However, as previously reported [33], we found
negative DmCO values in three patients which were excluded from study
analyses. The reason for this negative value remains unclear and may
indicate that 6NO could be finite in vitro but infinite in vivo [34].

The main limitation of this study is the lack of DLCO-DLNO mea-
surement during exercise. However, it is difficult for patient with severe
cardiac conditions to hold the breath for a 6-s period and exhale to re-
sidual volume within 4 s, during exercise. Indeed, it seems that patients
with complex CHD may find it difficult to perform a rapid inspiration
from residual volume to total lung capacity. In greater detail, we found
that maximal inspired volume (VI) from residual volume was statisti-
cally lower than forced vital capacity during plethysmography in the
CHD group (CVF 3.46 + 0.86 versus 3.34 + 0.78, P = 0.049). However,
maximal inspiration to 100% of inspiratory vital capacity is not neces-
sary for DLCO/DLNO measurements. Therefore, we think that the hy-
pothetical decrease of the ability to perform the ventilatory manoeuver
did not significantly affect the study results.

A change from seated to supine position cannot be assimilated to the
effect of exercise on the pulmonary circulation. Indeed, the Vcap in-
crease during exercise mainly depends on several parameters: a) pul-
monary blood flow increase, b) cardiac output, ¢) pulmonary arterial
pressure, d) intrathoracic pressure swings linked to ventilation, e)
spatial distribution of blood flow in the lung and intrinsic capillary
recruitment.

Our objective was not to reproduce at rest the physiological stress of
exercise but to propose a simple tool, which may reflect the inability of
pulmonary vascularization to expand.

However, as we couldn’t directly evaluate Vcap response to exercise
in CHD and directly compare with Vcap response to exercise in control
subjects, our hypothesis still remains speculative.

In this study, healthy subjects did not perform a CPET. Indeed, we
previously showed that CHD patients presented a lower VO2peak
associated to an increase in ventilatory response to exercise, in com-
parison with healthy controls [10,12]. Moreover, in healthy subject, the
variability of VO2peak and ventilatory response to exercise is moderate
and pulmonary circulation adaptation to exercise is not a limiting factor
for aerobic fitness [35].

5. Conclusion

CPET contributes to identifying exercise capacity limiting factors and
therefore helps the physician to adapt the therapeutic project. Currently,
VO2peak and VE/VCO2 slope are two main predictors of prognosis in
chronic heart failure, including in patients with CHD.

In this study, CHD patients with impaired pulmonary circulation

have a reduced pulmonary membrane diffusion and pulmonary capillary
volume, mainly as a result of a decreased pulmonary volume, in com-
parison with healthy subjects. However, they maintain a normal ca-
pacity to adapt those parameters through a simple recruitment
manoeuver. Moreover, pulmonary capillary volume adaptation evalu-
ated at rest predicts the level of ventilatory efficiency during exercise,
which represents a main limiting factor in CHD patients. This study
emphasized the importance of pulmonary function assessment in the
follow-up of the CHD population, with a particular focus on lung
diffusion capacity and its components.
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