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1 | INTRODUCTION

The last decades, exposure to high altitude through air travel or recre-
ational activities, such as skiing, hiking, and mountaineering have be-

come more popular by all generations.1 On ascent from sea level to high

Abstract

Background: Traveling to high altitude has become more popular. High-altitude
exposure causes hypobaric hypoxia. Exposure to acute high altitude, during air travel
or mountain stays, seems to be safe for most patients with congenital heart disorders
(CHD). Still, current guidelines for CHD patients express concerns regarding safety
of altitude exposure for patients with a Fontan circulation. Therefore, investigating
hemodynamic and pulmonary responses of acute high-altitude exposure (+2500 m)
at rest and during maximal exercise in patients with Fontan circulation can provide
clarity in this dispute and may contribute to improvement of clinical counseling.
Methods: Twenty-one Fontan patients with 21 age-matched healthy controls, aged
8-40 years, were enrolled in an observational study. Participants performed two car-
diopulmonary exercise tests on a cycle ergometer with breath-by-breath respiratory
gas analyses combined with noninvasive impedance cardiac output measurements:
one at sea level (+t6 m) and one at simulated high altitude (£2500 m), respectively.
Results: The effect of altitude exposure was different in rest for saturation (-2.3% vs
-4.1%) between Fontan patients and healthy controls (P < .05). At peak exercise the
effects of high altitude exposure was different on VO, (-5.1% vs 9.6%) and AvO,-diff
(-0.3% vs -12.8%) between Fontan patients and healthy controls.

Conclusion: Although, acute high-altitude exposure has a detrimental effect on exer-
cise capacity, the impact on pulmonary and hemodynamic responses of high-altitude

exposure is comparable between Fontan patients and healthy controls.
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altitude the barometric environmental pressure is reduced almost linearly
with altitude. At heights of £2500 m above sea level, the partial pressure
of oxygen (PO,) drops to 15% oxygen of the ambient pressure at sea
level.? Also, through air travel passengers are exposed to a low ambient

cabin pressure comparable to an altitude between 1524 and 2438 m.
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As a consequence of a lower ambient pressure, the PO, de-
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clines exponentially, which is commonly assumed to be the major
physiological stimulus to adaptation at high altitude and might re-
sult in hypobaric hypoxia, a state of reduced oxygen concentration
in the body.%* Due to this hypoxia, the heart rate increases along
with myocardial contractility and cardiac output. Consequently,
cardiac output increases in rest and during exercise at high altitude
compared to sea level.® The increase of cardiac output can almost
entirely be explained by the rise in heart rate, because initially
stroke volume does not change after exposure to acute hypoxia.®”’
Normally, healthy persons are able to compensate for hypoxia by
increasing their minute ventilation and cardiac output.®®

Mountain stays and traveling by airplane are safe and comfort-
able for most healthy individuals. However, research shows that even
healthy persons can desaturate at high altitude at rest’ and during ex-
ercise, ' with extreme values below 90%.”° Patients with congenital
heart disease are likely to be even more vulnerable to acute high-al-
titude exposure, since their compensatory response may be limited.?
Their compensatory minute ventilation and/or cardiac output increase
may be insufficient and they are therefore at risk of developing symp-
toms or complications related to hypobaric hypoxia.

Hypobaric hypoxia induces pulmonary vasoconstriction within
minutes of exposure,* and therefore may amplify risks for patients
with congenital heart disease. Concerns have been expressed in par-
ticular for patients with a Fontan circulation. During palliative surgery,
a Fontan circulation is being created for patients with a congenital
univentricular cardiac heart disease.'>*? The surgical procedure sep-
arates the systematic and pulmonary circulations by diverting the ve-
nous return directly to the pulmonary artery and therefore reduces the
mixture of venous and arterial blood within the only one functional
ventricle.? The cardiac output mainly depends on the left partial pres-
sure and the transpulmonary gradient.? The main cause of a reduced
exercise tolerance in Fontan patients is the altered hemodynamic re-

sponse to exercise. Gewillig et al'®

reported, as expected, a reduced
cardiac output about 70% of normal individuals at rest in Fontan pa-
tients. Fontan patients are limited in increasing their heart rate due to
the often present chronotropic incompetence.'*

Furthermore, besides the limited hemodynamic capacity, the im-
paired pulmonary function also contributes to the reduced exercise
tolerance in Fontan patients.”>'” Matthews et al*® reported, as lung
function abnormalities, a reduced diffusing capacity and an increased
residual volume in Fontan patients. This may be related to the abnormal

circulation through the lungs. In addition, Larsson et al*®

hypothesized
that the nonpulsatile pulmonary blood flow leads to worsening in gas
exchange in the lung. Due to a limited hemodynamic capacity and pul-
monary function, altitude exposure and exercise at altitude may there-
fore pose a risk to Fontan patients. Furthermore, investigators have
recently examined the direct effects of short-term altitude exposure
on pulmonary blood flow (PBF) and exercise capacity in adult Fontan
patients.'® Staempfli et al reported that the PBF at rest and submaximal
exercise was lower in Fontan patients compared to healthy controls at
sea level and high altitude. However, the relative change due to high al-
titude did not differ between the Fontan patients and healthy controls.

Even, when compared to healthy controls, high altitude had less impact
on exercise capacity in Fontan patients. So, they concluded that expo-
sure to high altitude was well tolerated. However, Staempfli et al only
included adult patients. Many congenital heart diseases are repaired in
early childhood. Questions regarding the safety of altitude exposure are
also applicable for children with congenital heart diseases.

Much remains uncertain about short-term altitude adaptation
and tolerance in patients with Fontan circulation at rest and during
exercise. So far, counseling has been based mainly on theoretical
arguments. Physicians cannot provide evidence-based advice about
recreational activities and traveling by airplane to their Fontan pa-

tients, because the evidence base is small.*?

Accordingly, investigating
Fontan patients at rest and during exercise at high altitude is neces-
sary to improve clinical counseling of Fontan patients for acute high-
altitude exposure for air travel (rest) and for sport activities (exercise).
Therefore, the aim of this study was to investigate the effects of acute
high-altitude exposure (2500 m) on resting and exercise parameters

in patients with a Fontan circulation compared to healthy controls.

2 | METHODS

2.1 | Study population

The participants in this study were 21 patients with a Fontan cir-
culation aged between 8 and 40 years and able to perform mod-
erate exercise. Participants were recruited at Wilhelmina Children's
Hospital, University Medical Centre Utrecht (UMCU) and several
patient associations. Additionally, 21 age-matched healthy controls
with no history of cardiovascular disorders were included.

Approval was obtained from the Medical Ethics Committee of
the UMCU and complied with the Declaration of Helsinki. All partici-
pants and parents of participants below 18 years, provided informed
written consent before participating the study. All data were col-
lected from September 2016 to February 2018.

2.2 | Design and protocol

To determine the hemodynamic and pulmonary effects of acute high-
altitude exposure at rest and during maximal exercise, participants per-
formed two Cardio Pulmonary Exercise Tests (CPETs). The CPETs were
performed, in random sequence, at sea level (+6 m) and at simulated high
altitude (2500 m). To simulate the partial pressure of oxygen at 2500 m
a hypoxic tent of 229 x 290 x 183 cm (CAT-430 Walk-In Tent, Boulder,
USA) was filled with a gas mixture of 15% oxygen and 85% nitrogen
using two generators (Hypoxico Everest Summit Il Generator, BLM
Altitude BV, Hoofddorp, The Netherlands). Oxygen levels were moni-
tored using an oxygen analyzer (Geisinger GOX100). Furthermore, a fan
was used to ensure that the gas mixture was evenly distributed in the
tent. Both tests were performed at the Wilhelmina Children's Hospital
(Utrecht, The Netherlands) within a time period of three months.
Before testing, using a case report form, the amount of exercise per
week (in hours), the New York Heart Association (NYHA) functional clas-
sification and medication use were noted. Furthermore, anthropometry
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(height, body mass) and lung function were performed in all participants.
Blood pressure at rest was obtained in a lying position using arteriog-
raphy (Arteriograph.nl, Amsterdam, The Netherlands). Furthermore,
body composition (eg fat percentage) of the participants was measured
using the Bodystat Quadscan 400 system (Bodystat Quadscan 400,
EuroMedix, Leuven, Belgium). Body composition was not measured in
patients with a pacemaker, due to safety guidelines of the system.

The CPET was performed on an electronically braked upright
cycle ergometer (Lode Corrival, Groningen, The Netherlands). Aramp
incremental exercise protocol was used, starting with 3 minutes of
warm-up cycling, without resistance, after which a ramp incremental
exercise protocol with increasing workload was performed until ex-
haustion.2° Participants were encouraged to continue exercise until
fatigue forced them to stop. Furthermore, participants were asked
to rate perceived exertion (RPE) according to the Borg CR-10 scale.

During the CPET, participants breathed through a face mask (Hans
Rudolph Inc, USA) connected to a calibrated metabolic cart (Ergostik,
Geratherm Respiratory, Bad Kissingen, Germany). Volume measure-
ments and breath-by-breath respiratory gas analyses were performed
using a flow meter, which measured the ventilation (VE), and gas ana-
lyzer for oxygen and carbon dioxide. The following pulmonary functions
were continuously measured: oxygen uptake (VO,), carbon dioxide
production (VCO,), and respiratory exchange ratio (RER = VCO,/VO,)
were automatically calculated. The hemodynamic parameters such as
stroke volume (SV) and cardiac output (CO) were measured contin-
uously using a noninvasive thoracic impedance system (Physioflow,
Accuramed bvba, Lummen, Belgium), which has been found reliable
in evaluating patients with congenital heart disorders.?1:?2 During the
cardiopulmonary exercise test a 10-lead electrocardiographic (ECG)
recording system was used to monitor the heart rate (HR) continu-
ously (AMEDTEC, AMEDTEC Medizintechnik Aue, GmbH, Germany).
Additionally, blood pressure was monitored every 2 minutes using an
automated cuff (Suntech Tango, Suntech Inc, USA). Oxygen satura-
tion was continuously measured using a pulse oximeter with forehead
probe (Masimo Rad 8, Masimo by, Tilburg, The Netherlands).2®

2.3 | Statistical analysis

Data were checked for normal distribution, using the Kolmogorov-
Smirnov test. First, descriptive analyses were performed to describe
the patients and healthy controls. Second, the hemodynamic and pul-
monary responses due to high altitude exposure in Fontan patients and
healthy controls was examined with a repeated measures analysis of
variance (ANOVA). One-way within—and between participants. A P
value <.05 was considered statistically significant. All statistical analyses
were performed using the SPSS statistical software (IBM SPSS 21.0).

3 | RESULTS

3.1 | Descriptive characteristics

There were 21 patients with Fontan circulation and 21 healthy con-
trols, between 8 and 40 years included in the analyses (22 children,
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20 adults). Characteristics of the participants are presented in
Table 1. Thirteen Fontan patients had NYHA class | (no limitation of
physical activity) and 8 had NYHA class Il (slight limitation of physical
activity). A total of eight Fontan patients had a pacemaker.

All patients completed the CPET at sea level and at simulated
altitude. Due to technical problems, the hemodynamic values were
unsuccessfully measured in two Fontan patients, one at sea level and
one at simulated altitude. Furthermore, also due to technical prob-
lems the pulmonary variables were unsuccessfully measured in one

healthy control at simulated altitude.

3.2 | Clinical outcome

All participants were able to perform CPET till exhaustion both at
sea level and at simulated high altitude. No severe arrhythmias were
detected on ECG in Fontan patients and healthy controls as well.
One Fontan patient collapsed because of a vasovagal reaction after
both exercise tests. Fontan patients nor healthy controls reported

other severe symptoms or complications of altitude exposure.

3.3 | Exercise testing

The results of the CPET test at sea level and simulated altitude in
rest and at peak exercise are presented in Table 2.

3.3.1 | Main effects of Fontan circulation

SV__., and CTI

In rest, saturation, ..., SV, rest

were significantly lower in
Fontan patients compared to healthy controls. However, arteriovenous

oxygen difference (AvO,-diff) did not differ between Fontan patients

TABLE 1 General characteristics of the participants

Fontan patients Healthy controls

Gender

Male 13 15

Female 8 6
Age (years) 19.8 [8:37] 20.8 [9:40]
Height (cm) 161.1+154 172.2+17.0
Body mass (kg) 54.0 +19.6 61.2+215
BMI (kg/m?) 20.3+54 19.9 £4.0
Activities (h/wk) 3.9 £2.4[1:10] 6.2 + 3.4 [2:13]
Fat percentage (%) 21.9+84 184+ 6.4
Resting blood pressure

Systolic (mm Hg) 129.9 + 15.8 131.2+14.4

Diastolic (mm Hg) 73.3+111 70.0+ 131
NYHA class

[ 13 NA

I 7 NA

Pacemaker 7 NA

Note: Data presented as number or mean + SD or range.
Abbreviation: NA, not applicable; NYHA, New York Heart Association.



TAKKEN ET AL.

WILEY— Mm Congenital Heart Discase

1008

656
V€0
x4
09¢"
119
v6¢’
[42%
8T,
«1T0°
690°

LYS
€C9
850"
«VE0
[47A

,onjead

vve
910
6EC
S¢c
«100™>
98’
«100™>
796
«100™>
«100™>

€86
088’
425
«100™>
¥0¢

genlend

xS00°
€81’
«100™>
«L00’
«100™>
«100™>
«100™>
«100™>
«100™>
«100™>

«100™>
+100™>
126
«100™>
619"

onjeAd

%9°6
%81~
%C'V
%69
%6'CT
%E €~
%C 8-
%0
%E VT~
%1~

%0'T-
%80
%8°€-
%L v~
%1€

(%)134 v

89T ¥ £'8LS 9'L81 ¥ 81TS %LET
LTFOTT LY FLYT %9'T-
TSFL6T vy F 68T %S~
862 F £L0T T'€Z ¥ 8°00T %C'T
TLF68C L'EF9°9C %1 ET
£6€ 78801 08y FSZIT %0t
TrFE06 STF¥'86 %69~
$'8 79681 T0T % 6787 %9°0-
60F 4T TT%8C %TL-
6'€6 F SLET $'Z0T ¥ 9'S5T %8'L-
TOST*LTLE TOST # 764 %'e
CLT¥/,08 S'91+108 %8'T-
SZFT0T TEFS0L %S'TT
SEF0G6 TCF¥T66 %EC-
LTTF9'68 86¥0'€8 %8'T
apnyife ysiH 193] €35 (%) 134 v

JuedIudis A||eoi3sijels oq o0} paJsapisuod ale GO° MO[q San|eA 4,
“(9pn3e y3iy,siusijed) 393449 Uol3dBIBIUI BN|EA d,

"apnHI|e Y31y 103449 UlEW BNEA d

‘sjuaiied 109443 Ulew anjeA 4,

*ds F uesw se pajuasaid ejeq 20N

8'78€ ¥ 8'E0Y 6T8T FTLSE K Tho!
9YFHTT TYF92CI (1w 00T/Tw) **'1p-Cony
98'ZF0TT 6TFTT (uw/7) ™00
6TEFLT8 9'vZ ¥ £ 08 (W) *As
06708 ¥ F9ee adojs-0DA/3A
0'9Z ¥ €19 0TTFLY9 (1) %37
TYrFTLs 6TFLE6 (%) "**‘uoneinses
€62 F0'9KT SLTF 69VT (wdq) %y
POFET S0FYT (urw/7) o
STV ¥ 96IT Shy ¥ L6TT (s17eM) M
9S1219X9 X ead
L'T0T ¥ £°0T2 §'T6 7 £'€02 faTlo)
TLT %8S T'vT 865 (Tw) **As
6T 7801 zT79%6 (1 **3A
SEFETH 6TF 96 (%) **'uoneinyes
YT 598 £2I7058 (wdq) **"yH
1S9y
apnje ysiH [2A3] €3S

s|013u0d Ayjjeaq

sjuapjed uejuo4

s|0J3u0d Ay3jeay pue sjuajed ueuo4 Jo apn}i3e YSiy pue [9A3] BSS 3 3SI24aXa [ewixew Sulnp pue 3sal ul asuodsas Adeuow|nd pue djweuApowsH g 3749V1



TAKKEN ET AL.

and healthy controls in rest and during peak exercise. Furthermore,
VO HR VE

and contractility index (CTI) peak were significantly

during peak exercise, W saturation
SV CcoO

lower in Fontan patients compared to healthy controls, and the ef-

peak’ 2peak’ peak’ peak’ peak’

peak’ peak’

ficiency of gas exchange during exercise (VE/VCO, slope) was signifi-
cantly higher in Fontan patients compared to healthy controls.

3.3.2 | Main effects of high altitude exposure

During peak exercise, W VO saturation and AvO,-

diffpeak were significantly lower at high altitude compared to sea

peak’ 2peak’ peak’

level, and VE/VCO, slope was significantly higher at high altitude
compared to sea level. However, in rest only saturation was signifi-
cantly lower at high altitude compared to sea level. Moreover, there
was no significant main effect of high-altitude exposure on SV
SV estr CTl g and CTI ., (P> .01).

peak’

rest’ rest’

3.3.3 | Interaction effects of high-altitude exposure
between Fontan patients and healthy controls

The effect of altitude exposure was significantly different on VOzpeak
between Fontan patients and healthy controls. In Fontan patients,
the VO2peak

compared to sea level, whereas in healthy controls the VO

during maximal exercise was 7.1% lower at high altitude
2peak de-
creased 14.3% from sea level to high altitude. In addition, the effect
of altitude exposure was significantly different between Fontan pa-
tients and healthy controls on AvOz—diffp
AvO,-diff ..,
to high altitude, whereas in healthy controls the AvO,-diff

.ok In Fontan patients, the
during peak exercise decreased 1.6% from sea level
peak de-
creased 18.4% from sea level to high altitude. There was a signifi-
cantly lower decrease in resting saturation during altitude in Fontan
patients (-2.3%) compared to healthy controls (-4.1%), but not at

peak exercise (P = .16).

3.4 | Individual results

To get a better insight into differences between low and high alti-
tudes and the performance of both groups, individual values of the
W ea0 VO and AvO,-diff
are visually shown in Figure 1. Despite the significant differences

primary outcomes, saturation

rest’ 2peak’ peak

in mean W the effect of altitude exposure was not significantly

peak’
different between Fontan patients and healthy controls. The same
pattern of decline was present in both groups. Healthy controls were
vozpeak, and AvO,-diff

acute altitude exposure. Comparison of the patterns showed a big-

more affected in saturation due to

rest’ peak

ger decline in the healthy controls compared to the Fontan patients.

4 | DISCUSSION

This study investigated the effects of acute high-altitude exposure
(£2500 m) on resting and exercise parameters in patients with a
Fontan circulation compared to healthy controls.

1009
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We found a significant reduction in peak exercise capacity in
both Fontan patients (7.8%) and healthy controls (7.1%) at simu-
lated high altitude compared to sea level. The effect of high altitude
was not significantly different between both groups. Garcia et al®*
performed a maximal exercise test in Fontan patients at simulated
altitude of 3048 m and they reported a reduction of 22% in peak
exercise capacity. Staempfli et al'® determined the effect of high alti-
tude exposure at high altitude (3454 m) in Fontan patients compared
to healthy controls and also reported a significant lower peak exer-
cise capacity due to altitude exposure, 16% and 12.9%, respectively.
These higher proportions of reduced exercise capacity could be at-
tributed to the higher testing altitude (3048 m vs 3454 m vs 2438 m)
and/or differences between hypobaric hypoxia and normobaric hy-
poxia (this study). Taking into account the higher altitude of Garcia
et al** and Steampfli et al,’® the reduction in peak exercise capacity
in the current study is somewhat smaller compared to Garcia et al
and Steampfli et al.

In healthy participants, a decrease of +10% in oxygen uptake
for every additional 1000 m ascended above 1500-m altitude is
expected in maximal exercise.?® In our study, healthy controls and
Fontan patients had as expected, both a significant reduction of
14.3% and 7.1% in peak oxygen uptake from sea level to simulated
high altitude which is in line with Buskirk et al?® Surprisingly, high
altitude had a significantly lower impact on peak oxygen uptake in
Fontan patients compared to healthy controls.

At high altitude, the partial pressure of oxygen declines, which
leads to a fall in arterial oxygen pressure, regardless of having
congenital heart diseases.”?® At rest, Fontan patients and healthy
controls desaturated significantly from sea level to simulated high
altitude. Moreover, further desaturation was observed during peak
exercise in Fontan patients (6.9%) and healthy controls (8.2%).
Remarkably, this indicates that high altitude had less impact on sat-
uration during resting conditions in Fontan patients compared to
healthy controls. During peak exercise at high altitude, the satura-
tion was comparable between Fontan patients and healthy controls.
The study by Staempfli et al'® supports our findings; they reported
significant lower saturations in Fontan patients (-11%) and healthy
controls (-14%) at high altitude, without any symptoms. This might
be explained by Fontan patients being accustomed to lower oxygen

saturation. Garcia et al®*

reported that Fontan patients have in-
creased hemoglobin, hematocrit, and red blood cells, and therefore
they may have become more efficient in oxygen transportation and
delivery. Overall, acute normobaric hypoxia exposure seem to be
quite well tolerated, and seems to have less effect in Fontan patients
compared to healthy controls.

In this study, we found a higher trend in cardiac output in Fontan
patients at high altitude compared to healthy controls, but this did
not reach statistical significance. In addition, stroke volume and
contractility index did not change significantly during acute high-
altitude exposure. However, the peak oxygen uptake and exercise
capacity was significantly lower at high altitude in Fontan patients
and healthy controls. Therefore, peak oxygen uptake might be af-
fected by a change in arteriovenous oxygen difference.
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FIGURE 1 Theindividual values of the peak oxygen uptake (A) peak work load (B) saturation in rest (C) and at peak exercise (D), peak
cardiac output (E) and peak arteriovenous oxygen difference (F) at sea level and high altitude for Fontan patients and healthy controls

During physical exercise there is an increase in the arteriove-
nous oxygen difference.?’ At sea level, the arteriovenous oxygen
difference was lower in Fontan patients (12.6 + 4.1 mL/100 mL)
compared to healthy controls (14.7 £+ 4.7 mL/100 mL), due to the
significantly lower saturation in Fontan patients. Moreover, Fontan
patients already reached their maximal arteriovenous oxygen differ-
ence during exercise at sea level. They might have reached their limit
of the arteriovenous oxygen difference at sea level. At high altitude,
the arteriovenous oxygen difference decreased in both groups to
approximately equal values. Despite of the low saturation and low
arteriovenous oxygen difference in rest, the arteriovenous oxygen
difference decreased less in Fontan patients during exercise at high
altitude. Therefore, in hypoxic circumstances like altitude, Fontan

patients seem to be well adapted.

When Fontan patients ascend to high altitude, a decrease in car-
diac output due to hypoxia-related pulmonary vasoconstriction was
expected, since cardiac output in Fontan patients mainly depend on
the transpulmonary gradient.12 Moreover, hypoxia=related pulmo-
nary vasoconstriction occurs within minutes of exposure and a sig-
nificant rise in the pulmonary artery pressure is reported at altitudes
between 2000 and 3000 m.* However, in this study, there were no
significant differences between sea level and simulated high alti-

I'® who concluded the

tude. This is in agreement with Staempfli et a
same, since they found no significant decrease in pulmonary blood
flow at high altitude among Fontan patients. Therefore, we can pre-
sume that the pulmonary vasculature of Fontan patients did not
react to hypoxia with vasoconstriction. It is hypothesized that the

unexpected response to alveolar hypoxia could be the consequence
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of remodeling of the pulmonary vasculature as seen in adults with

long-standing Fontan circulation.?2?

4.1 | Limitations

Some limitations should be taken into account while interpreting
the results of our study. First, the included Fontan patients had a
maximum of NYHA class Il. The included Fontan patients with NYHA
class | and Il experienced no limitations or slight limitations during
physical activity, respectively. Therefore, the results of this study are
difficult to be generalized to, for instance, Fontan patients with more
severe symptoms and older Fontan patients. Clinicians should take
individual differences between patients into account and evaluate
Fontan patients carefully, where possible, measure patients indi-
vidually at high and low altitude. For instance, in one patient a satu-
ration of 84% in rest and 76% was observed at altitude in rest and
during maximal exercise. In addition, in both study groups no symp-
toms or complications were reported during and after high-altitude
exposure, regardless of these low levels of saturation.

Moreover, CPETs were performed at minimally allowed oxygen
levels in commercial air travel. Thereby, the amount of exercise ex-
ecuted by the participants was without doubt far more intense than
they will perform during traveling to and during exercise at high alti-
tude. There are two types of hypoxia known in altitude studies, hy-
pobaric hypoxia (caused by reducing the barometric pressure while
maintaining a constant level of the inspired fraction of oxygen) and
normobaric hypoxia (caused by reducing the inspired fraction of ox-
ygen while maintaining a constant level of the barometric pressure).
Even though, Woods et al*° concluded that hypobaric hypoxia and
normobaric hypoxia responses are broadly similar, it should be taken
into account that in this study we only used simulated normobaric
hypoxia. Last, this study design only measured acute high-altitude
exposure effects. Therefore, this study cannot conclude whether
Fontan patients do also tolerate chronic long-term altitude expo-

13! identified the risk factors for adverse outcome

sure. Johnson et a
in Fontan patients living at altitude and advised patients to consider
of living at sea level.

Fontan patients should be carefully evaluated with respect to
high-altitude exposure. For instance, all participants desaturated
and may develop symptoms of hypoxemia. This proceeds differ-
ently in individual patients. Therefore, it is advised that patients
with a Fontan circulation should undergo a hypoxic challenge
test before going to high altitude. The current study investigated
only acute high-altitude exposure, future research should focus
on chronic exposure to high altitude, whether or not Fontan pa-
tients can also tolerate high-altitude exposure for days to weeks.

I°2 showed that exercise capacity of Fontan

Previously, Darst et a
patients decreased with increasing residential altitude. Also a
lower transplant-free survival was observed in Fontan patient liv-
ing at high altitude.3! An increased pulmonary resistance might
be detrimental for the cardiac function of these patients because
it might predispose patients to both myocardial dysfunction and

Fontan failure. A recent ESC statement recommends patients with
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cyanotic congenital heart disease associated with right to left
shunt not to live at altitude, and recommends that patients with
left to right shunt to stay at low altitude (<1500 m) to avoid the risk

of pulmonary hypertension.33

5 | CONCLUSION

Although, acute high-altitude exposure has a detrimental effect on
exercise capacity, the impact on pulmonary and hemodynamic re-
sponses of high-altitude exposure is comparable between Fontan
patients and healthy controls. However, it is advised that patients
with a Fontan circulation should undergo a hypoxic challenge test

before going to high altitude.

6 | INFORMED CONSENT

All the included participants of the study gave informed consent.
When participants were under 18 years of age, their parents or car-

egivers gave informed consent.
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