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STUDY QUESTION: What is the functional relevance of decreased pulmonary vascular distensibility in adolescents conceived by IVF?

SUMMARY ANSWER: Children born by IVF have a slight decrease in pulmonary vascular distensibility observed during normoxic exercise
that is not associated with altered right ventricular function and aerobic exercise capacity.

WHAT IS KNOWN ALREADY: General vascular dysfunction and increased hypoxic pulmonary hypertension have been reported in ART
children as compared to controls. Pulmonary hypertension or decreased pulmonary vascular distensibility may affect right ventricular function
and thereby possibly limit maximal cardiac output and aerobic exercise capacity.

STUDY DESIGN, SIZE, DURATION: This prospective case-control study enrolled 15 apparently healthy adolescents conceived by
IVF/ICSI after fresh embryo transfer paired in a 2 to 1 ratio to 30 naturally conceived adolescents between March 2015 and May 2018.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Fifteen IVF/ICSI adolescents and 30 controls from singleton gestations matched
by age, gender, weight, height and physical activity underwent exercise echocardiography, lung diffusion capacity measurements and a
cycloergometer cardiopulmonary exercise test. A pulmonary vascular distensibility coefficient α was determined from the pulmonary arterial
pressure (PAP) versus cardiac output (Q) relationships. Pulmonary capillary volume (Vc) was calculated from single breath nitric oxide and
carbon monoxide lung diffusion capacity measurements (DLCO and DLNO) at rest and during exercise (100 W). Eight of the IVF subjects
and eight controls underwent a 30 min hypoxic challenge at rest with a fraction of inspired oxygen of 0.12 to assess hypoxic pulmonary
vasoconstriction.

MAIN RESULTS AND THE ROLE OF CHANCE: In normoxia, oxygen uptake (VO2), blood pressure, DLCO, DLNO, echocardiographic
indices of right ventricular function, Q and PAP at rest and during exercise were similar in both groups. However, IVF children had a lower
pulmonary vascular distensibility coefficient α (1.2 ± 0.3 versus 1.5 ± 0.3%/mmHg, P = 0.02) and a blunted exercise-induced increase in Vc
(24 versus 32%, P < 0.05). Hypoxic-induced increase in pulmonary vascular resistance in eight IVF subjects versus eight controls was similar.

LIMITATIONS, REASONS FOR CAUTION: The IVF cohort was small, and thus type I or II errors could have occurred in spite of careful
matching of each case with two controls. ART evolved over the years, so that it is not certain that the presently reported subtle changes will be
reproducible in the future. As the study was limited to singletons born after fresh embryo transfers, our observations cannot be extrapolated
to singletons born after frozen embryo transfer.

WIDER IMPLICATIONS OF THE FINDINGS: The present study suggests that adolescents conceived by IVF have preserved right
ventricular function and aerobic exercise capacity despite a slight alteration in pulmonary vascular distensibility as assessed by two entirely
different methods, i.e. exercise echocardiography and lung diffusing capacity measurements. However, the long-term prognostic relevance of
this slight decrease in pulmonary vascular distensibility needs to be evaluated in prospective large scale and long-term outcome studies.
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Introduction
In developed countries, 1–6% of children are currently conceived by
ART, mostly IVF and ICSI (Calhaz-Jorge et al., 2015; Goisis et al., 2019;
Pinborg et al., 2019). Even though these procedures are generally
considered to be safe, there are remaining concerns about their long-
term health consequences (Celermajer, 2012; Calhaz-Jorge et al., 2015,
Goisis et al., 2019; Pinborg et al., 2019). As recently reviewed, several
studies have suggested that individuals conceived by ART might be
at risk of developing increased adiposity, glucose intolerance and
hypertension, although there is no general agreement on these findings
and correction for confounding factors such as maternal hormonal
environment following ovarian stimulation, embryo culture conditions,
fresh or frozen embryo transfer, single or multiple embryo replacement
and parental age and/or infertility (Pinborg et al., 2019).

In 2012, Scherrer et al. (2012) reported on increased arterial
stiffness, altered flow-induced systemic vascular responses and
enhanced altitude-induced increase in pulmonary arterial pressure
(PAP) at Doppler echocardiography in ART children as compared to
controls, suggesting generalized vascular dysfunction and increased
pulmonary vascular reactivity to hypoxia. The authors excluded
parental factors as vascular function was normal in children conceived
after induction of ovulation and in siblings of ART children who
were conceived naturally (Scherrer et al., 2012). These results were
confirmed in ART mice (Rexhaj et al. 2013) and supported by sub-
sequent echocardiographic observation of increased right ventricular
(RV) dimensions with diastolic dysfunction and increased tricuspid
regurgitation (TR) in IVF children brought to the altitude of 3454 m
(Von Arx et al. 2015).

Until now, pulmonary vascular dysfunction in IVF children have only
been reported under hypoxic stress. The purpose of the present study
is to evaluate if this abnormality is confirmed in normoxic condition
under an exercise stress and evaluate the impact on right ventricu-
lar function and aerobic exercise capacity (maximum oxygen uptake,
VO2max). We therefore tested the hypothesis that exercise stress
echocardiography of the right ventricle and pulmonary circulation com-
bined with lung diffusing capacity (DL) measurements might uncover
altered pulmonary vascular function in IVF adolescents in normoxic
conditions and, if so, impact on right ventricular function and VO2max.

Exercise stress echocardiography is increasingly used in the assess-
ment of cardiovascular diseases and detection of early pathological
changes in the pulmonary circulation (Rudski et al., 2018). We previ-
ously reported on the approach to show sex-, age- and race-related
differences in pulmonary vascular distensibility (Argiento et al., 2012;
Simaga et al., 2015). The methodology of the measurement of alveolo-
capillary membrane (Dm) and capillary blood volume (Vc) components
of lung diffusing capacity using carbon monoxide (CO) and nitric
oxide (NO) as tracer gases has been recently updated (Zavorsky
et al., 2017). Both lung diffusing capacity and vascular distensibility have

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

been reported to be positively correlated to VO2max (Lalande et al.,
2012; Simaga et al., 2015; Simaga et al., 2017; Zavorsky et al. 2017),
supporting the notion of ‘pulmonary vascular reserve’ as an important
determinant of aerobic exercise capacity (La Gerche et al., 2010). A
higher pulmonary vascular reserve and thus a greater capacity of the
pulmonary circulation to recruit and distend with increasing flow, in
order to reduce pulmonary vascular resistance (PVR) and extend the
capillary bed for gas exchanges, would decrease right ventricular after-
load and consequently increase maximal cardiac output and VO2max
(La Gerche et al., 2010, Lalande et al. 2012). Conversely, a hypothetical
decrease in pulmonary vascular reserve in IVF children could possibly
lead to a decreased right ventricular function and an aerobic exercise
capacity limitation.

Methods

Study population
Fifteen apparently healthy IVF/ICSI offspring including 13 adolescents
and 2 young adults (Mean ± SD; age: 15 ± 3 years old ranging from
11 to 24 years old; height: 167 ± 12 cm; weight: 57 ± 11 kg; BMI:
20.2 ± 2.7 kg/m2; body surface area (BSA): 1.64 ± 0.22 m2; girl/boy
ratio: 7/8) were paired in a 2 to 1 ratio to 30 healthy controls
matched by age, sex, weight, height and physical activity (Mean ± SD;
age: 15 ± 3 years old; height: 167 ± 11 cm; weight: 56 ± 11 kg; BMI:
19.8 ± 2.8 kg/m2; BSA: 1.62 ± 0.20 m2; girl/boy ratio: 14/16). The
IVF adolescents/young adults were recruited by telephone calls to
the parents known at the Fertility Clinic of the Erasmus University
Hospital, Brussels. All subjects were normally active, with an estimated
3 to 4 hours active exercise time per week. None of them were
smokers or took any drugs and were declared in perfect health by
themselves and by their parents. Among the ART subjects, 4 were
conceived by classical IVF and 11 by ICSI. All of them were singletons
and were conceived via the transfer of fresh embryos. None had
been born prematurely with a gestational time ranging from 37 to
40 weeks. Control naturally conceived adolescents were recruited in
the same communities, attended the same schools and practiced the
same amount of physical exercise per week.

Ethical approval
The adolescents/young adults and both parents of minor subjects gave
an informed consent to the study, which was approved by the local
Institutional Ethical Committee (reference B406201422389).

Experimental protocol
All the subjects underwent a clinical examination followed by a resting
and exercise echocardiography in a semi-recumbent position coupled
to lung diffusion capacity for NO and CO (DLNO and DLCO) mea-
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surements. During exercise stress echocardiography, measurements of
blood pressure (BP), cardiac output (Q), PAP and left atrial pressure
(LAP) were taken at rest and at increasing levels of exercise, by 20
Watts (W) every 2 min until exhaustion on an echocardiographic
cycloergometer. DLCO and DLNO were measured at rest and at
100 W.

A classical incremental cycle ergometer cardiopulmonary exercise
test (CPET) was performed on another visit. Ventilation (VE), oxygen
uptake (VO2), carbon dioxide output (VCO2) and transcutaneous
pulse oximetry O2 saturation (SpO2) were measured at rest and at
increasing workloads until exhaustion.

Eight of the IVF subjects (Mean ± SD; age: 20 ± 4 years old;
height: 175 ± 8 cm; weight: 63 ± 7 kg; BMI: 20.5 ± 1.1 kg/m2; BSA:
1.76 ± 0.14 m2; girl/boy ratio 4/4) and eight controls (Mean ± SD;
age: 19 ± 4 years old; height: 176 ± 10 cm; weight: 65 ± 6 kg; BMI:
20.9 ± 1.2 kg/m2; BSA: 1.80 ± 0.14 m2; girl/boy ratio 4/4) underwent
an echocardiographic examination at rest after 15 and 30 min of
hypoxic challenge with a fraction of inspired O2 (FIO2) of 0.12. This
severity of hypoxia corresponds to an altitude of 4500 m and is known
to be well tolerated with minimal changes in arterial PCO2 (Maggiorini
et al., 2001). The low FIO2 was administrated by using a tightly collar-
fitted helmet (Castar; Brussels, Belgium), and inspired and expired
O2 and CO2 were monitored with analyzers (Datex; Aartselaar,
Belgium).

Clinical assessment
The clinical assessment included a medical and birth history and a
clinical examination including measurements of resting BP (sphygmo-
manometry), SpO2 (Nellcor Puritan Bennett Inc, Pleasanton, CA) and
electrocardiogram.

Echocardiography
Standard M-mode, two-dimensional and Doppler images were
acquired with a commercially available portable system (CX50
CompactXtreme Ultrasound System; Philips, Amsterdam, The
Netherlands) in agreement with up-to-date guidelines (Rudski et al.,
2010). An echocardiography exercise table was used (Ergoselect II
1200; Ergoline; Bitz, Germany) and tilted 35◦ backwards and 33◦
to the left as used for optimal sampling of signals. The following
measurements and derived calculations were collected at rest and
during the second minute at every workload: right ventricle (RV) end-
diastolic area (RVEDA); RV end-systolic area (RVESA); RV fractional
area change [RVFAC = (RVEDA—RVESA)/RVEDA x 100]; tricuspid
annular plane systolic excursion (TAPSE); peak systolic RV–right atrium
(RA) pressure gradient, calculated according to the simplified Bernoulli
equation (4V2; V = peak systolic velocity of TR flow in continuous wave
Doppler); systolic PAP (sPAP), measured by adding to RV–RA gradient
an estimation of RA pressure according to diameter and collapsibility
of the inferior vena cava; mean PAP (mPAP) estimated from sPAP as
0.61 x sPAP +2 mmHg (Chemla et al., 2004); LAP estimated from the
ratio of Doppler mitral E flow velocity wave and tissue Doppler mitral
annulus flow (e’) early diastolic peak velocity (LAP = 1.9 + 1.24 E/e’);
stroke volume (SV) estimated from left ventricle outflow tract (LVOT)
area and velocity-time integral (VTI): SV = (3.14/4 x LVOT diameter2)
x VTI; Q calculated as SV x heart rate (HR) and RV tricuspid annulus
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peak systolic velocity (S′) measured by pulsed wave tissue Doppler
imaging.

The ratio of sPAP to RVESA was taken as surrogate of end-systolic
elastance (the gold standard of in vivo load-independent measure of
right heart contractility) (Claessen et al., 2016). The adequacy of RV–
pulmonary arterial (PA) coupling was estimated from the ratio of
TAPSE to sPAP (Guazzi et al. 2018). PVR was calculated as (mPAP-
LAP)/Q and total PVR (TPR) as mPAP/Q. Each multipoint of the
mPAP-Q relationship was fitted to the equation:

mPAP = [(1 + αLAP)5 + 5α.R0.Q) 1/5–1]/α,where R0 is TPR at rest,
to calculate a distensibility α index in % change in resistive vessel
diameter, per mmHg increase in transmural pressure during exercise
(Naeije et al., 2013).

The echocardiographic recordings were stored on optical disks.
We previously reported intra-observer variabilities for sPAP and
Q estimates as 4.3% and 4.0% at rest, and 8.2% and 7.7% at maximum
exercise, respectively, and inter-observer variabilities of sPAP and
Q estimates of 1.9% and 4.9% at rest, and 7.9% and 13.9% at maximum
exercise, respectively (Argiento et al., 2012). Echocardiographic
measurements and analyses were performed blindly.

Lung diffusing capacity measurements
DLCO and DLNO were measured in the semi-recumbent position at
rest and during exercise at 100 W using a single breath method with
automated device for calibrations, mixing of gases and online calcu-
lations (Hyp’Air compact; Medisoft; Dinant, Belgium) as previously
reported (Simaga et al., 2017). Mixed gas was inspired (40 ppm of NO,
2800 ppm of CO, 14% of helium and 19% of O2 in nitrogen) with a
breath holding time of 4 s, and the composition of expired gas was
analyzed with first 0.8 L of expired gas discarded and in keeping with
updated recommendations (Zavorsky et al., 2017). Alveolar volume
(VA) was measured with helium dilution.

The Roughton and Forster (1957) equation states that 1/DL =
1/Dm + 1/θVc where DL is the lung diffusing capacity for a specific
gas, Dm its membrane component, Vc the capillary blood volume and
θ the blood conductance for this gas. Vc can thus be estimated from
the two lung diffusing capacity measurements, using CO and NO as
tracer gases, by solving a system of two equations with two unknowns.
The coefficient relating DLNO and Dm was set at 1.97 according to
the solubility and molecular weights of both gases. θNO was set at
a finite value of 4.5 ml NO/ml blood/min/mmHg, as experimentally
established (Borland et al., 2010). Delta Vc was calculated as the
difference between Vc measured at rest and at 100 W and represented
the increasing of pulmonary capillary volume during exercise.

Cardiopulmonary exercise testing
The CPET were performed as previously reported (Forton et al., 2016)
with breath by breath measurements of VO2, carbon dioxide produc-
tion VCO2 and VE on a cycle ergometer at progressively increased
workload (HypAir; Medisoft; Dinant, Belgium) of 10–30 W/min until
volitional fatigue for an optimal test duration between 10 and 12 min for
all subjects. SpO2 and HR were measured continuously. VO2 max was
considered to be achieved when two of the following criteria were met:
an increase in VO2 of less than 100 ml/min with a further increase in
workload, a respiratory exchange ratio (RER) greater than 1.1 or age-
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Table I Stress echocardiography in adolescents/young adults conceived by in vitro fertilization (IVF)
and in controls. Data are Mean ± SD.

REST PEAK
.............................................. ..............................................

Variables IVF
(n=15)

CONTROL
(n=30)

IVF
(n=15)

CONTROL
(n=30)

......................................................................................................................................................
mPAP (mmHg) 16.1 ± 1.6 16.8 ± 2.2 30.6 ± 4.6 30.0 ± 3.9

Q (L/min) 5.2 ± 1.0 5.2 ± 0.7 14.3 ± 4.0 15.1 ± 2.6

Qi (L/min/m2) 3.1 ± 0.5 3.2 ± 0.4 8.6 ± 1.5 9.3 ± 1.6

HR (bpm) 83 ± 9 78 ± 8 174 ± 18 177 ± 12

LAP (mmHg) 8.2 ± 1.5 8.5 ± 1.0 10.8 ± 1.3 11.0 ± 1.2

PVR (Wood units) 1.7 ± 0.3 1.5 ± 0.3 1.3 ± 0.2 1.2 ± 0.2

S’ (cm/s) 13.0 ± 2.0 14.7 ± 1.4∗∗ 27.3 ± 4.7 27.7 ± 3.5

TAPSE (mm) 23.5 ± 3.3 24.9 ± 2.2 32.8 ± 3.4 32.9 ± 2.7

RVEDA (cm2) 20.3 ± 4.7 18.5 ± 2.3 15.2 ± 2.1 14.5 ± 2.0

RVESA (cm2) 10.1 ± 2.4 9.3 ± 1.2 5.8 ± 1.2 5.8 ± 0.8

RVFAC (%) 50.3 ± 3.9 49.5 ± 3.0 61.8 ± 5.5 60.0 ± 3.6

sPAP/RVESA (mmHg/cm2) 2.4 ± 0.6 2.6 ± 0.3 8.8 ± 1.7 8.3 ± 0.9

TAPSE/sPAP (mm/mmHg) 1.2 ± 0.2 1.2 ± 0.2 0.7 ± 0.1 0.8 ± 0.2
.....................................................................................................................................................

SLOPES
.....................................................................................................................................................

IVF (n=15) CONTROL (n=30)

mPAP-Q (mmHg/L/min) 1.70 ± 0.75 1.45 ± 0.38

α (%/mmHg) 1.2 ± 0.3 1.5 ± 0.3∗

mPAP : mean pulmonary arterial pressure; Q : cardiac output; Qi : indexed cardiac output; HR : heart rate; LAP : left atrial pressure; PVR : pulmonary
vascular resistance; S’: pulsed tissue Doppler tricuspid annulus S wave; TAPSE : tricuspid annular plane systolic excursion; RVEDA : right ventricle
end-diastolic area; RVESA : right ventricle end-systolic area; RVFAC : right ventricle fractional area change; sPAP : systolic PAP; α: pulmonary vascular
distensibility coefficient. ∗p<0.05, ∗∗p<0.01 IVF vs control.

predicted maximal HR. The ventilatory threshold (VT) was measured
by the V-slope method. The VE/VCO2 slope was calculated from the
angular coefficient of the VE versus VCO2 slope plotted from rest to
maximal exercise.

Statistics
Results are presented as mean ± SD. Multipoint mPAP-Q relationships
were tested for linearity and a Poon adjustment was applied to correct
for individual variability (Poon et al., 1988). Repeated measurements
were submitted to a 2-way analysis of variance, and paired student
t-tests applied to compare specific situations when the F-ratio of the
analysis of variance reached a P < 0.05 critical value (Wallenstein et al.,
1980). Paired t-tests (or Wilcoxon tests when variables were not nor-
mally distributed) with Bonferroni adjustment for multiple comparisons
were used to compare IVF adolescents/young adults to the mean of
the matched pair of controls.

Results

Clinical examination
There were no differences between IVF adolescents/young adults and
controls in sex distribution, age, weight, height, BSA and BMI showing
adequate matching.
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Exercise stress echocardiography of the
pulmonary circulation and the right
ventricle
At maximal exercise, sufficient quality echocardiographic images until
maximal exercise were obtained in 42 of the 45 subjects. Except for
lower S′ in IVF adolescents/young adults, there were no differences at
rest or at maximum exercise in HR, BP, mPAP, Q, PVR, mPAP-Q slope,
TAPSE, RVEDA, RVESA, RVFAC, TAPSE/sPAP, sPAP/RVESA and E’
(Table I). The coefficient of pulmonary vascular distensibility α was 20%
lower in IVF adolescents compared to controls (Table I). Individual and
averaged mPAP-Q plots are illustrated in Figure 1, showing decreased
curvilinearity in IVF adolescents/young adults.

Lung diffusing capacity
There were no differences in VA, DLNO, DLCO, Dm, Vc and
DLNO/DLCO ratio at rest and at an exercise level of 100 W between
IVF adolescents/young adults and controls (Table II). However, the
increase of Vc observed during exercise (delta Vc) was reduced by 20%
in the IVF children compared to matched controls (Table II, Fig. 2).

Cardiopulmonary exercise test
Both IVF adolescents/young adults and controls reached a VO2 max
with a maximum RER > 1.1. There were no differences in maximum
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Figure 1 Poon-adjusted mean PAP (mPAP) versus cardiac
output (Q) relationships in 15 adolescents conceived by IVF
and 30 matched controls. The curvilinearity of the relationships
was decreased in IVF adolescents.

Table II Lung diffusing capacity in adolescents/young
adults conceived by in vitro fertilization (IVF) and in
controls. Data are Mean ± SD.

IVF
(N=15)

CONTROL
(N=30)

...................................................................................
VA (L) 5.4 ± 1.8 5.0 ± 1.1

DLNO (mL/min.mmHg) 147 ± 39 149 ± 29

DLCO (mL/min.mmHg) 29 ± 7 30 ± 5

Dm (mL/mmHg/M) 149 ± 49 155 ± 40

Vc (mL) 69 ± 14 67 ± 11

DLNO/DLCO 5.0 ± 0.4 5.0 ± 0.2

DLCO/VA (mL/min.mmHg.L) 5.6 ± 0.9 6.0 ± 0.6..................................................................................
Exercise (100 W)..................................................................................
VA (L) 5.8 ± 1.5 5.6 ± 1.2

DLNO (mL/min.mmHg) 174 ± 31 177 ± 29

DLCO (mL/min.mmHg) 37 ± 7 38 ± 5

Dm (mL/mmHg/M) 160 ± 31 168 ± 36

Vc (mL) 87 ± 14 91 ± 14

DLNO/DLCO 4.7 ± 0.3 4.7 ± 0.3

DLCO/VA (mL/min.mmHg.L) 6.6 ± 0.8 7.0 ± 1.0

HR at 100 W (bpm) 148 ± 14 153 ± 15

� VC (ml) 16.7 ± 8.4 20.7 ± 4.3∗

VA: alveolar volume; DLNO: lung diffusing capacity for nitric oxide; DLCO: lung
diffusing capacity for carbon monoxide; Dm: alveolo-capillary membrane compo-
nent of DL; Vc: pulmonary capillary blood volume; HR: heart rate. ∗p<0.05 IVF
vs Control.

VO2, workload, BP, SpO2, HR, O2 pulse and VE. The VE/VCO2 slope
and VT were not different (Table III). There was no correlation bet-
ween the distensibility factor α and maximum VO2 (r = 0.11, P = 0.2).

Hypoxic testing
In normoxia at rest, IVF adolescents/young adults and controls had no
different parameters of the pulmonary circulation and RV structure
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Figure 2 Exercise-induced increase in pulmonary capillary
blood volume (Vc) in 15 adolescents conceived by IVF versus
30 matched controls. Mean values are shown by horizontal bars.
Two of the controls had a markedly larger increase in Vc. After
removing them, the difference between IVF adolescents and controls
remained significant. Thus, exercise-induced increase in Vc was blunted
in IVF adolescents.

Table III Cardio-Pulmonary Exercise Testing in adoles-
cents/young adults conceived by in vitro fertilization
(IVF) and in controls. Data are Mean ± SD.

Variables IVF
(n=15)

CONTROL
(n=s30)

...................................................................................
SBP rest (mmHg) 104 ± 13 108 ± 12

DBP rest (mmHg) 67 ± 8 68 ± 8

SBP max (mmHg) 178 ± 27 178 ± 14

DBP max (mmHg) 74 ± 15 73 ± 13

HR max (bpm) 192 ± 7 192 ± 9

VO2 max (l/min) 2.6 ± 0.7 2.5 ± 0.4

VO2 max (ml/kg/min) 44 ± 9 45 ± 7

W (Watts) 187 ± 48 188 ± 30

VE max (l/min) 105 ± 34 100 ± 13

SpO2 max (%) 96 ± 2 95 ± 2

RER 1.20 ± 0.08 1.16 ± 0.04

O2 Pulse max (bpm/ml/min) 13.5 ± 3.4 13.1 ± 2.8..................................................................................
Ventilatory Threshold..................................................................................

VO2 (ml/kg/min) 27 ± 6 29 ± 5

VE/VCO2 30.1 ± 3.5 29.8 ± 2.2..................................................................................
Slopes..................................................................................

VE/VCO2 31.5 ± 3.2 30.2 ± 3.0

VO2/W (ml/kg/min/W) 10.9 ± 1.8 10.6 ± 0.7

HR/W (b/min/W) 4.9 ± 1.1 5.41 ± 1.19

SBP: systolic blood pressure; DBP: diastolic blood pressure; HR: heart rate;
VO2: oxygen uptake; W: workload; VE: Ventilation; SpO2: pulse oximetry oxygen
saturation; RER : respiratory exchange ratio; VCO2: carbon dioxide output.

or function. The RV–PA coupling parameters TAPSE/sPAP and sPA-
P/RVESA were not different. Hypoxia increased mPAP, Q, HR, PVR
and sPAP/RVESA, and decreased TAPSE/sPAP. These changes were
not different in IVF adolescents/young adults and matched controls.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/34/9/1799/5549381 by U
niversita di M

ilano Bicocca user on 10 August 2021



1804 Forton et al.

Table IV Hypoxic testing in adolescents/young adults conceived by in vitro fertilization (IVF) and in
controls. Data are Mean ± SD.

Variables Normoxia Hypoxia 15 min Hypoxia 30 min
...................................... ...................................... ......................................
IVF (8) Control (8) IVF (8) Control (8) IVF (8) Control (8)

......................................................................................................................................................
mPAP (mmHg) 14.9 ± 0.8 15.6 ± 1.8 18.9 ± 2.2

$$$
19.5 ± 1.8

$
20.3 ± 1.5

$$$
20.1 ± 2.2

$$

Q (l/min) 5.0 ± 0.6 4.7 ± 0.5 6.4 ± 1.6 6.1 ± 1.8 7.1 ± 1.1
$

6.3 ± 1.5
$

HR (b/min) 78 ± 13 73 ± 14 91 ± 9 90 ± 12 93 ± 7 90 ± 12

SpO2 (%) 99 ± 1 98 ± 1 67 ± 3 71 ± 1 65 ± 2 66 ± 2

LAP (mmHg) 7.9 ± 1.3 7.7 ± 1.3 8.2 ± 2.6 7.6 ± 1.2 8.1 ± 1.3 7.6 ± 0.7

PVR (Wood Unit) 1.4 ± 0.3 1.7 ± 0.3∗ 1.8 ± 0.6 2.2 ± 0.5 1.7 ± 0.5 2.0 ± 0.5

S’ (cm/s) 14.1 ± 2.1 13.6 ± 1.9 16.1 ± 1.7 16.2 ± 2.2 15.4 ± 2.0 15.5 ± 2.5

TAPSE (mm) 25.9 ± 2.6 23.7 ± 4.4 27.2 ± 3.1 25.0 ± 4.1 28.4 ± 2.8 25.1 ± 4.3

RVEDA (cm2) 19.6 ± 3.9 19.5 ± 4.5 19.5 ± 4.7 20.0 ± 5.8 19.3 ± 4.0 18.3 ± 4.9

RVESA (cm2) 9.4 ± 2.0 9.5 ± 2.3 9.1 ± 2.7 9.0 ± 2.5 9.0 ± 2.3 8.2 ± 2.4

RVFAC (%) 51.9 ± 2.2 51.2 ± 3.7 53.8 ± 4.1 54.5 ± 4.7 53.4 ± 5.9 55.3 ± 6.6

sPAP/RVESA
(mmHg/cm2)

2.3 ± 0.6 2.5 ± 0.6 2.9 ± 0.7 3.4 ± 0.8 3.5 ± 0.9$ 3.9 ± 1.5$

TAPSE/sPAP
(mm/mmHg)

1.4 ± 0.2 1.2 ± 0.3 1.1 ± 0.2$$$ 1.0 ± 0.1 1.1 ± 0.1$$$ 1.0 ± 0.2

Alpha α (%/mmHg) 1.82 ± 0.26 1.61 ± 0.32 0.97 ± 0.21$$$ 1.01 ± 0.27$$ 0.99 ± 0.30$$$ 0.95 ± 0.30$$

Abbreviations: see Table II. $p< 0.05; $$p<0.01; $$$p<0.001 Hypoxia versus normoxia. ∗p < 0.05 IVF versus controls.

Figure 3 Increase in pulmonary vascular resistance (�PVR)
induced by 15 min and 30 min hypoxic breathing (fraction
of inspired oxygen 12%) in eight adolescents conceived by
IVF versus eight matched controls. Mean values are shown by
horizontal bars. Acute hypoxic vasoconstriction was not different in
IVF adolescents and in controls.

Hypoxia-induced increase in PVR was not different in IVF adoles-
cents/young adults and controls (Table IV, Fig. 3).

Discussion
The present results suggest that adolescents/young adults conceived
by IVF/ICSI have slight alterations in pulmonary vascular distensibility
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as assessed by two entirely different methods, i.e. exercise stress
echocardiography and lung diffusing capacity measurements, suggesting
decreased pulmonary vascular reserve, but with no associated impact
on RV function or aerobic exercise capacity.

Pulmonary vascular distensibility
Exercise is normally associated with a decreased PVR, which is
explained by vascular recruitment at initial increase in Q and vascular
distension at higher Q when the pulmonary circulation is entirely
perfused during exercise (Kovacs et al., 2012; Naeije et al., 2013).
In fully recruited lungs, the PVR equation can be improved by the
incorporation of a resistive vessel distensibility coefficient α, which
defines the percentage of increase in resistive vessel diameter per
mmHg increase in pulmonary vascular pressure (Linehan et al., 1992).
Invasive and non-invasive studies have shown that α is normally
between 1 and 2%/mmHg, higher in young healthy women, and lower
with aging or chronic hypoxic exposure (Reeves et al., 2005; Naeije
et al., 2013; Lau et al. 2016). Non-invasive studies, using the similar
echocardiographic determination of α have been able to detect subtle
alterations in pulmonary vascular function in mild to moderate systemic
hypertension with normal left heart function (Vriz et al., 2015),
in male subjects of Sub-Saharan African ancestry compared to
Caucasian controls (Simaga et al., 2015) and after inhalation of diesel
exhaust (Wauters et al., 2015). Decreased α in the present study thus
likely indicates a decreased pulmonary vascular distensibility in IVF
adolescents.

In healthy volunteers, α has been shown to be correlated to VO2

max, suggesting that a more distensible pulmonary circulation allows a
higher aerobic exercise capacity to be reached (Lalande et al., 2012;
Simaga et al., 2015). In heart failure patients, α has been shown to
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be positively correlated to RV ejection fraction and to independently
predict peak VO2 (Malhotra et al., 2016). In the present study, α was
not correlated to VO2 max. Furthermore, in spite of a significant
decrease in α, VO2 max was not different in the IVF adolescents/young
adults compared to controls. This apparent discrepancy with previous
studies is to be explained by insufficient stiffening of the pulmonary
vessels with α reduced by only 20%, but compared with high-normal
values in adolescent control that would not be enough for a sensitive
decrease in RV afterload. Moreover, coupling of RV function to the
pulmonary circulation is only one of multiple other determinants of
aerobic exercise capacity, which may be affected by differences in age,
sex and race (Simaga et al. 2015, Malhotra et al., 2016), and evolve in
still incompletely understood fashion from adolescence to adulthood.

Right ventricular function
Possible long-term consequences of IVF and/or effects of decreased
pulmonary vascular distensibility on the RV function were explored
in the present study by echocardiographic measurements of systolic
function such as TAPSE, S′ and FAC, or RV dimensions such as RVESA
and RVEDA, and TAPSE/sPAP or sPAP/RVESA as more elaborated
echocardiographic indices of RV contractility and its coupling to the
pulmonary circulation.

None of resting or exercise stress echocardiographic measurements
of the RV was different in IVF adolescents/young adults compared to
controls, suggesting that the lower distensibility observed in the IVF
group is not sufficient to affect RV function and its coupling to the
pulmonary circulation. Longitudinal studies are needed to confirm this
observation.

The TAPSE/sPAP ratio was initially conceived as an estimate of
RV myocardial length-tension relationship (Guazzi et al., 2013) and
subsequently rather viewed as indirect estimate of RV–PA coupling
(Guazzi et al., 2018). The TAPSE/sPAP ratio has been shown to be
a potent predictor of outcome in heart failure (Guazzi et al., 2013;
Guazzi et al., 2018) or in PA hypertension (Tello et al., 2018). In
the present study, the TAPSE/sPAP decreased during exercise, and
also during hypoxic breathing. Previous studies have shown that the
TAPSE/sPAP ratio decreases with exercise and aging but definition of
limits of normal are unknown (D’Alto et al., 2017).

The sPAP/RVESA ratio may be closer to gold standard load-
independent end-systolic elastance to assess RV contractility (Claessen
et al., 2016). In the present study, sPAP/RVESA did not change or
increased during exercise or hypoxia, in keeping with the basic notion
of RV systolic function adaptation to acute increase in afterload
(Vonk Noordegraaf, 2017).

Unchanged RV dimensions during hypoxic breathing in the present
study contrast with increased RVESA and RVEDA reported in ART
children exposed to the moderate altitude of 3454 m (von Arx et al.,
2015). In that study, the trans-tricuspid gradient was on average of
32 mmHg in controls and 38 mmHg in IVF children, with no differences
in estimated right and LAPs and cardiac output, suggesting enhanced
hypoxic vasoconstriction even though at this relatively moderate alti-
tude, SpO2 decreased only to an average of 89.4% (von Arx et al.,
2015). In the present study, much lower SpO2 down to 60–70% was
not associated with different PVR in IVF adolescents/young adults and
in controls. The reasons for these discrepancies are unclear. Other
factors than just hypoxia-induced vasoconstriction may affect the pul-
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monary circulation during 2 days of altitude exposure compared to an
acute normobaric hypoxic tests. A type II error is also possible, as in
the present study, only eight IVF adolescents/young adults underwent
an acute hypoxic challenge. In general, hypoxic exposure increases PVR
by a small and variable amount (Soria et al., 2016) so that small group
differences may not be apparent in all studies.

Lung diffusion capacity and pulmonary
capillary blood volume
It has previously been shown that higher aerobic exercise capacity is
associated with higher DLNO and DLCO at rest and during exercise,
in normoxic and in hypoxic conditions (Johnson et al., 1960; Dempsey
et al., 1971; Hsia et al., 1995; Lalande et al., 2012; Pavalescu et al., 2013;
Simaga et al., 2017). Interestingly, Vc derived from DLCO predicted
VO2 max more tightly than Dm or DLNO in keeping with the concept
that a greater ‘pulmonary vascular reserve’, described by larger Vc and
lower PVR, allows higher maximal right ventricular output (Lalande
et al., 2012; Simaga et al., 2017). In the present study, there were no
differences in lung diffusing capacity measurements and derived calcu-
lations in IVF adolescents/young adults versus controls. A difference
emerged in terms of exercise-induced increase in Vc, yet with no
measurable impact on VO2max. This may be explained by the fact that
the change in Vc occurred in a range of high-normal values, so that
other determinants of aerobic exercise capacity would have remained
predominant. However, both α calculations and measured changes in
Vc point at a difference in pulmonary vascular reserve between IVF
subjects and controls. Because of the large number of measurements,
both findings could have occurred by chance, but not likely so if
pointing at the same physiologic characteristic by two completely
independent methods, and in keeping with differently shown altered
vascular function in IVF offspring.

Aerobic exercise capacity
Our results showed for the first time that the previously and currently
observed differences in the pulmonary circulation in ART children does
not seem to impact the aerobic exercise capacity. Indeed, according
to prediction equation of VO2 max (Cooper et al., 1984; Ten Harkel
et al., 2011; Cooper et al., 2014), in the present study the IVF adoles-
cents/young adults reached 108% of the predictive values for 102% of
those values in the controls. This is of interest as VO2max is related to
functional capacity and has been shown to be a strong and independent
predictor of all-cause and disease-specific mortality regardless of sex
and race.

Systemic BP
It is noticeable that in the present study, resting as well as exercise
systolic and diastolic BP were not different in IVF adolescents and in
controls. Increased BP in the presence or not of increased body weight
has been reported in IVF children, but inconstantly so (Guo et al.,
2017; Pinborg et al., 2019). Mice conceived by ART present with hyper-
tension and this is associated with a 25% decrease in life expectancy
(Rexhaj et al., 2013). However, BP was not different in 65 ART children,
21 of them conceived by IVF, compared to 57 controls in spite
of abnormal flow-induced responses, increased carotid intima-media
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thickness and increased pulse wave velocity (Scherrer et al., 2012).
But in a recent 5-year follow-up of that study, 24-hour ambulatory BP
monitoring showed significant average increases in systolic and diastolic
BP by 4 and 2 mmHg, respectively, together with increased BP vari-
ability, and confirmed previously reported measurements of increased
systemic vascular stiffness (Meister et al., 2018). A recent meta-analysis
confirmed that children conceived by IVF intra-cytoplasmic sperm
injection manifest a minor yet statistically significant increase in BP
without the clustering of increased BMI or impaired lipid metabolism by
early adulthood (Guo et al., 2017). Thus, the absence of demonstrable
increase in BP in the present study was probably explained by the small
sample size and signal-to-noise ratio.

Why altered vascular function may occur in IVF (or ART in
general) offspring is not yet entirely understood. Currently the
most likely explanation rests on epigenetic mechanisms leading to
altered methylation at the promotor gene encoding endothelial NO
synthase (Celermajer et al., 2012; Scherrer et al., 2015; Pinborg
et al., 2019). Major epigenetic events are indeed taking place during
early embryogenesis and altered imprinted gene expression has
been observed in buccal cell DNA and placenta from children
born following IVF compared to children conceived spontaneously
(Whitelaw et al., 2014; Choux et al., 2018). It is still not clear whether
differences observed in the outcomes of IVF children compared to
those spontaneously conceived are related to the altered maternal
endocrine environment resulting from the ovarian stimulation, to
the in vitro embryo culture or to pre-existing parental characteristics
(Scherrer et al., 2012; Kuiper et al., 2017; Pereira et al., 2017;
Goisis et al., 2019).

Limitations
There are several limitations to the present findings. Our IVF cohort
was small, and thus type I or II errors could have occurred in spite
of careful matching of each case with two controls. In order to limit
variables related to pregnancy and neonatal outcome, we selected
only adolescents/young adults born after fresh embryo transfer, as
singletons, in term pregnancies (≥37 weeks gestation). However, no
adjustment could be done for other parameters such as the ovarian
stimulation protocol, the maximal level of estradiol and the culture
media.

There is always a concern about possible insufficient precision of
echocardiographic measurements of the pulmonary circulation (Rudski
et al., 2018); however, non-invasive and invasive studies report on
the same average values (D’Alto et al. 2013). Diffusion measurement,
following the recent standardization recommendations, are known to
have acceptable intra-session (within a given testing session) and inter-
session (between sessions, or between days) variability for the DLNO

and DLCO in absolute numbers. Moreover, the likelihood to see the
same physiologic characteristic emerging from two blindly analyzed
independent measurements is very low. The evaluated subjects were
born between 1994 and 2007. The technology of IVF has evolved over
the years, so that it is not certain that the presently reported subtle
changes will be reproducible in the future (Pinborg et al., 2019).

Clinical impact and future research
The present study is in keeping with previously reported pulmonary
vascular dysfunction in IVF adolescents/young adults. Adolescents con-
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ceived by IVF appear to have slight but significant decreased pulmonary
vascular reserve but with no associated alteration of RV function or
aerobic exercise capacity. The present results may be reassuring as
the observed differences in vascular distensibility are small, within the
limits of normal and without subsequent cardiac or functional conse-
quences. Resting or exercise echocardiographic measurements of the
RV were similar in IVF adolescents/young adults compared to controls,
suggesting that the lower distensibility observed in the IVF group is
not sufficient to affect RV function and its coupling to the pulmonary
circulation. However, the long-term prognostic relevance of a slight
decrease in pulmonary vascular distensibility in IVF offspring cannot
be evaluated as currently the vast majority of these subjects are still
children, adolescents or young adults. This emphasizes the importance
of prospective large scale and long-term follow-up of ART offspring in
order to gain more insight into their cardiovascular health. In addition
to the variables related to the ovarian stimulation and in vitro culture,
long-term follow-up studies will have to face increasing confounding
lifestyle and environmental factors. Ensuring and monitoring the health
of children conceived through IVF/ICSI is of paramount importance.

In conclusion, the present results suggest that adolescents/young
adults conceived by IVF/ICSI have slight alterations in pulmonary
vascular distensibility with no right ventricular or exercise capacity
alteration but unknown long-term impact.
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