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Abstract Conventionally, scuba diving has been discouraged for adult patients with congenital
heart disease (ACHD). This restrictive sports advice is based on expert opinion in the absence of
high-quality diving-specific studies. However, as survival and quality of life in congenital heart
disease (CHD) patients have dramatically improved in the last decades, a critical appraisal whether
such restrictive sports advice is still applicable is warranted. In this review, the cardiovascular ef-
fects of diving are described and a framework for work-up for ACHD patients wishing to engage
in scuba diving is provided. In addition, diving recommendations for specific CHD diagnostic
groups are proposed.

Keywords Scuba diving; Congenital heart disease; Fitness to dive

1. Introduction

Scuba diving is an increasingly popular activity. The Professional Association of Div-
ing instructions (PADI) which covers 60% to 70% of the global scuba diving market, has
issued more than 28 million diver certifications globally since 1976 [']. Because of this in-
creased popularity, there has also been an increase in people with cardiovascular disease
who wish to start diving, including patients with (repaired) congenital heart disease
(CHD). This topic has become more relevant as the number of adults with CHD (ACHD)
are expanding, with more than 90% of children born with CHD reaching adulthood now-
adays [>*]. Most of these patients experience a good quality of life, and want to live a
normal life, including sports-participation, and a growing number of ACHD patients con-
sider scuba diving [56]. As such, cardiologists are frequently confronted with ACHD pa-
tients seeking advice whether they are fit to dive.

Recently, the Task Force on Sports Cardiology and exercise in patients with cardio-
vascular disease of the European Society of Cardiology published updated guidelines re-
garding the participation in competitive sports of patients with cardiovascular disease [7].
Although some general contra-indications for diving are included in this guideline, eligi-
bility for scuba diving is only mentioned shortly. More specific recommendations regard-
ing participation in competitive sports in ACHD patients were recently published in a
position paper by the Working Group on Adult Congenital Heart Disease and on Sports
Cardiology [®]. In this document, scuba diving has been classified as a “skill sports disci-
pline”, due to its presumed limited effects on heart rate and blood pressure, but with an
intrinsic risk of serious harm or death for the athlete in the event of syncope.
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The classification of scuba diving as a skills sport has profound implications for the 49
evaluation of fitness-to-dive in patients with ACHD. The spectrum of ACHD and its as- 50
sociated complications range from conditions conventionally considered as incompatible 51
to scuba diving (e.g. pulmonary hypertension, cyanosis and ventricular hypertrophy) to 52
other conditions which may be compatible with recreational scuba diving. Severity of 53
ACHD differs substantially amongst and within different diagnosis groups. As such, cur- 54
rent recommendations may seem arbitrary and lack room for individual considerations. 55
There is currently no ACHD-specific framework on how to assess this patient group spe- 56
cifically for fitness-to-dive, and practical recommendations as to the ACHD patient and 57
diving are lacking. In this review, we therefore discuss the general physiology of diving, 58
and provide tools for the work-up and evaluation of fitness to dive in patients with ACHD 59
and provide decisive elements to advise for or against starting this activity. 60

2. Diving physiology: cardiovascular and general aspects. 61

Immersion (head above water) and submersion (head under water) have profound 62
effects on the cardiovascular, respiratory, endocrinal, renal system and central nervous 63
systems. In healthy individuals, immersion leads to an increase in hydrostatic pressure, 64
resulting in a fluid-shift towards the central circulation, consequently increasing the pre- 65
load of the left ventricle augmenting cardiac output via the Frank-Starling mechanism. 66
This volume loading of the ventricles leads to right atrial and ventricular dilatation, with 67
a compensatory increase in the secretion of natriuretic peptide. Throughout the dive, this 68
will gradually increase diuresis (“diver’s pee”), resulting in a relative hypovolemic state 69
at the end of the dive [°]. Secondly, even in tropical waters, immersion of the trunk under 70
water will induce peripheral vasoconstriction, resulting in a rise of systolic blood pressure 71
and ventricular afterload. 72

Finally, exposure of the trigeminus nerve to cold water will stimulate the diving re- 73
flex. This will induce inhibition of the cardio-respiratory center in the medulla oblongata, 74
resulting in bradycardia (decrease of the heart rate up to 60%), QT interval prolongation 75
and vasoconstriction ['°]. The combination of sympathetic and parasympathetic stimula- 76
tion may in rare cases lead to an “autonomic conflict”, which has been associated with the 77
onset of ventricular arrhythmias [']. This might lead to life threatening arrhythmias in 78
vulnerable hearts, for instance with hypertrophy, ischemia, pre-existing arrhythmias and 79
channelopathies [!1]. 80

In patients with cardiovascular disease, diving associated hemodynamic alterations 81
potentially disturb a previously well-tolerated cardiac condition. Especially in patients 82
with diminished right or left ventricular systolic function, restrictive diastolic function, or 83
patients with moderate to severe valvular disease, these volume shifts might lead to car- 84
diac decompensation, and pulmonary oedema may develop (immersion pulmonary oe- 85
dema, IPE) ['2]. The development of a bradycardia by the diving reflex might be especially 86
relevant in patients with depressed systolic left or right ventricular function, resulting in 87
a decrease of cardiac output. In addition, peripheral vasoconstriction will result in an in- 88
crease of systemic afterload and may challenge divers with a left ventricular outflow tract 89
(LVOT) obstruction or depressed left ventricular function. 90

In addition to these cardiovascular effects, several general aspects are important in 91
all divers. Water is in principle an unforgiving environment. To survive, one needs an air 92
supply, whether from the surface (with an “umbilical”), or from a carried tank filled with 93
air (or another gas mixture). In the water there are hyperbaric conditions. At every 10 94
meters of increasing depth, the ambient pressure increases 1 atmosphere. As a result, in- 95
halation gases become denser, increasing the respiratory work ["%]. Also, the solubility of 96
the gases increases. This results in storage of especially nitrogen from the air in the blood 97
and tissues. 98

Main factors for this build-up are Nitrogen content of the inhaled gas, depth of the 99
dive and duration of the dive. One can calculate how much nitrogen is being stored in the 100
tissues during the dive, and how long and how deep one can dive without extra stops to 101
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wash out the nitrogen from the tissues. These calculations are available as “no decompres- 102
sion dive tables” (no-deco dives). When exceeding the limits as to depth and time indi- 103
cated by these tables, chances of DCS increase. All patients are advised to remain within 104
the limits of these decompression tables. 105

After the dive, when ambient pressure has been reduced to normal (1 atmosphere), 106
this nitrogen is released form the tissues. This may cause local bubble formation, resulting 107
in local decompression sickness (for instance in joints, “the bends”.) The nitrogen may 108
also be transported through the blood to the lungs, where it is exhaled. When there is too 109
much nitrogen in the blood, bubble formation may result. These bubbles cause a tempo- 110
rary increase in pulmonary artery pressure [*]. When there is a connection between the 111
pulmonic and systemic circulation, for instance by means of a patent foramen ovale (PFO), 112
these bubbles may enter the systemic circulation and cause decompression sickness 113
(DCS). The symptoms of shunt related DCS are dependent on the organ involved, for in- 114
stance neurological syndromes, unconsciousness, vertigo, or cutis marmorata. DCS 115
should be differentiated from Arterial Gas Embolism (AGE), which occurs when expand- 116
ing gas stretches and ruptures alveolar capillaries (pulmonary barotrauma) allowing al- 117
veolar gas to enter the arterial circulation ['5]. 118

3. Exercise capacity and diving,. 119

Diving exercise intensity was recently reported to be 5+ 2 METs in 139 experienced 120
recreational divers (age 42+ 10 years, total 959 dives), leading to the suggestion that main- 121
taining an exercise capacity of >7 METs (peak VO2 24.5 ml/kg/min in men and 22.4 122
ml/kg/min in women) would generally be adequate for uncomplicated recreational diving 123
['¢]. However, in some circumstances a higher energy expenditure is required, for instance 124
in case of a difficult entry or exit from the diving place (long walk with the equipment that = 125
may weight up to 20 - 30 kg), waves or currents. Of particular importance is that a diver 126
should be able to rescue his or her buddy diver, which may require a substantially higher 127
exercise capacity. Professional diving organizations (military, police, fire brigade) usually = 128
require an exercise capacity of 13 METs (peak VO2 40 ml/kg/min) ['’]. Patients (whether = 129
with ACHD) who do not meet an exercise capacity of 25 ml/min/kg are conventionally 130
advised not to dive, while patients with a VO2 max between 25 and 40 (men) or 25 and 35 131
(women) are being advised to engage in non-strenuous diving or fitness optimization 132
prior to commencing diving ['8]. 133

4. Evaluating fitness to dive in patients with ACHD 134

Many patients with ACHD will be under regular follow-up by their own congenital 135
cardiologist. Medical Examiners of Divers (MED) should obtain information from the 136
treating physician during the evaluation process. Topics that should be discussed are the 137
medical history, current cardiovascular status (including exercise capacity and echocardi- 138
ography), medication use and any cardiovascular complications disqualifying the candi- 139
date for diving. The focus of this information should be on how diving physiology po- 140
tentially leads to a deterioration of cardiac function and thus threaten the patient or his/her 141
diving-buddy. Patients with ACDH who are approved fit-to-dive after thorough evalu- 142
ation should have annual reassessment by their MED, to rule out any onset of new symp- 143
toms or signs of cardiac deterioration. 144

Comparable to a general cardiovascular diving evaluation, a detailed history taking, 145
and physical examination should be performed. Chest pain, dyspnea, or palpitations, es- 146
pecially during exercise, disqualify candidate-divers pending further evaluation. 147

Many ACHD patients have undergone one or more surgical procedures involving a 148
sternal and/or lateral thoracotomy. If the surgery involved the pleura, the risk of persist- 149
ing pleural adhesions remains. It is therefore prudent to refer such patients to a pul- 150
monologist with diving medicine experience to rule out any residual pleural or paren- 151
chymatous abnormalities [1920]. Patients after thoracotomy without involvement of the 152
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pleural space should undergo pulmonary function testing and when abnormal should
also be referred to a pulmonologist [1%2].

Physical examination should include at least office blood-pressure and cardiac exam-
ination, focusing on signs of heart failure and the presence of (new) cardiac murmurs. As
hypertension is associated with IPE, patients with a blood pressure exceeding 160/100
mmHg at rest should be advised against diving until adequate treatment of blood pres-
sure has been achieved [*?]. Any signs of heart failure or the presence of previously un-
known cardiac murmurs should prompt further evaluation before certification.

A recent 12-lead electrocardiogram is mandatory. New onset supraventricular ar-
rhythmia temporally disqualifies a patient for diving pending further analysis and ade-
quate treatment. If the ECG shows new signs of left or right ventricular hypertrophy, es-
pecially in patients known with abnormal loading conditions, echocardiographic evalua-
tion is indicated to rule out any progression in valvular abnormalities or the development
of hypertrophic cardiomyopathy. Also new onset AV block or bundle branch block war-
rants further analysis with advanced AV block being a contra-indication for diving [%].

Specific recommendations in patients with cardiac arrhythmias are provided in the
section below (specific conditions).

Transthoracic echocardiography is essential in the evaluation of candidate-divers
with ACHD, and a recent (<12 months) echo study should be available in all patients. Basic
chamber quantification with assessment of left and right ventricular dimensions and func-
tion, aortic dimensions, valvular function, and estimation of the pulmonary pressures
should be performed [*?]. Echocardiography of the right ventricle in ACHD patients can
be challenging. The right ventricle’s unique crescent shape complicates quantification of
its size and function by echocardiography. By using multiple acoustic windows, both
qualitative and quantitative parameters could be examined [*]. Specific considerations
with respect to echocardiographic assessment of several common forms of congenital
heart disease are discussed separately in the specific conditions section. Echocardio-
graphic aspects and cut-offs that are important in all ACHD patients are summarized in
table 1.

In all patients with suspected aortic dilatation, we recommend performing CT or MR
angiography to determine exact aortic dimensions and evaluate parts of the thoracic aorta
that are poorly visualized by echocardiography.

Table 1. assessment of nine parameters at rest [7826-28]

Parameter

Ventricular  dys-
function

Ventricular hyper-
trophy

Ventricular pres-
sure overload

Ventricular  vol-
ume overload

Definitions
Mild dysfunction:
45% 2 EF <55% (or normal
sRV function)

Mild hypertrophy:
Wall thickness (cm): 1.1-1.3
(male) or 1.0-1.2 (female)

Mild pressure overload:

2.6 m/s < PSV <3 m/s for
LVOT and RVOT obstruc-
tions and PPS; for CA, peak
arm-leg gradient <20 mmHg

Mild volume overload:

Mild to moderate valve regurgi-
tation with mild LV/RV dilata-
tion (LVEDD <61 mm/

153
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180
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Pulmonary artery
pressure

Aorta (non-syn-
dromic)

Arrhythmia

Arterial  oxygen
saturation at rest/
during exercise

Shunts

RVEDD <42 mm with pre-
served systolic function

Mild dilatation:
Aorta size <45 mm, z-score <4

Mild arrhythmia:

Frequent PVC not worsening
during exercise

Controlled AF/AFl or other
SVT without incapacitating
symptoms

Shunt:

Small, restrictive VSD with-
out LV dilatation

PFO

Abbreviations: LVEF: left ventricular ejection fraction, RV: right ventricle, TAPSE: tricuspid annular
plane systolic excursion, FAC: fractional area change, EF: ejection fraction, sRV: systemic right
ventricle, LVOT: left ventricular outflow tract, RVOT: right ventricular outflow tract, PPS: periph-
eral pulmonary stenosis, CA: aortic coarctation, LVEDD: left ventricular end-diastolic diameter,
RVEDD: right ventricular end-diastolic diameter, TVRVc: tricuspid valve regurgitation velocity,
PH: pulmonary hypertension, mPAP: mean pulmonary artery pressure, PVC: premature ventricu-
lar complex, AF: atrial fibrillation, AFl: atrial flutter, SVT: supraventricular tachycardia, EP: electro-
physiology, ASD: atrial septal defect, VSD: ventricular septal defect, PFO: persistent foramen ovale.

Cardiopulmonary exercise testing is recommended in all patients with ACHD, with
a recommended minimum functional capacity of 8 METs to allow diving. In general, most
ACHD patients report normal or only mild limitations in self-reported exercise capacity
[2931]. However, self-reported exercise capacity is unreliable in ACHD patients, because
patients are used to this situation and judge their exercise as normal, while in fact being
suboptimal to poor, depending on the diagnosis [2%3°3234]. In general, ACHD patients
demonstrate a lower peak VO2 compared with the predicted peak VO2 for sedentary in-
dividuals of the same age and gender, ranging from 12.2+3.8 ml/min/kg in patients with
Eisenmenger syndrome to 31.9+9.2 ml/min/kg in transposition of the great arteries (TGA)
after arterial switch [3]. Interestingly, even adults with CHD in New York Heart Associa-
tion (NYHA) class 1 showed an impaired exercise capacity compared with healthy sub-
jects of similar age (peak VO2 21.7+8.5 versus 45.1+8.6 ml/min/kg) [*]. General disqualify-
ing features for diving during exercise testing, such as rhythm or conduction disorders,
insufficient increase in blood pressure and ischemic changes also apply for patients with
ACHD. Specific attention should be paid to an abnormal (hypertensive) blood pressure
response, which disqualifies for diving. A drop in transcutaneous arterial oxygen satura-
tions during exercise below 95% should prompt attention to previously unknown cardiac
shunts or relevant pulmonary disease and disqualifies a patient for diving.

ACHD patients with a reduced exercise capacity should realize that they are not suit-
able for participating in all types of diving at all places. They should be advised to avoid
diving in circumstances requiring strenuous exercise, like when there are strong currents,
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cold water, difficult entry into and exit from the water, carrying heavy equipment like
twinsets and decompression cylinders, stress dives, cave and wreck diving, technical div-
ing and being an instructor for other divers ['8].

In accordance with the recently published ESC guidelines on sports cardiology and
recommendations of the working group of Adult Congenital Heart Disease, candidate-
divers should be evaluated according to a stepwise approach [78]. In concordance with
this approach, in figure 1 a flow-chart is provided describing our framework for evalua-
tion of a candidate-diver with ACHD.

CHD diagnosis incompatible with diving (table 2)?

No Yes

Physical exam: Sp0O2 < 85% andfor BP 2 160/100 mmHg despite treatment
and/or new cardiac murmur*?

9 step assessment table 1

All green or s1 orange >1 orange or any red

>40 mifminkg (3 2540 mi/min/kg (3
235 miiminkg ((9)) 2535 nﬂm Ese; DRI

Figure 1. evaluating fitness-to-dive in ACHD patients.

* Reassessment after clinical work-up
+ Conditional, non-strenuous diving
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218
219
220
221
222
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5. Specific conditions

In the upcoming section, specific CHD diagnoses in relation to diving are discussed.
An overview of conditions that are incompatible with diving are provided in table 2.

Table 2. CHD diagnoses incompatible with SCUBA diving.

Unrepaired Atrial septal defect R-L shunting, volume overload

Moderate and severe RVOT and LVOT obstruc- Pressure overload, subendocardial ischemia

tion
Severe valvular regurgitation Volume overload, ventricular dysfunction
Moderate or severe mitral valve stenosis Impaired cardiac output, pulmonary hypertension, thrombosis
Ebstein anomaly TR regurgitation, RV dysfunction, ASD, accessory pathway
Unrepaired ToF R-L shunting, RVOT obstruction, RV disfunction
Pulmonary regurgitation, RV dysfunction, arrhythmia
TGA atrial switch (Mustard/ Senning) SRV dysfunction, arrhythmia, baffle leak
ccTGA SRV dysfunction, AV conduction disorders
Fontan circulation and cyanotic heart disease Impaired cardiac output, R-L shunt, arrhythmia, increase pulmonary
artery pressure
Unrepaired aortic coarctation Arterial hypertension

or significant re-coarctation

Marfan syndrome or other syndromal aortopathy  Aorta dilatation, increased risk pneumothorax

Non syndromal aortic dilatation Aorta dilatation

with moderate aorta dilatation

(aorta > 45mm, z-score >4)
Abbreviations: RVOT: right ventricular outflow tract, LVOT: left ventricular outflow tract, TR: tri-
cuspid valve regurgitation, RV: right ventricle, ASD: atrial septal defect, ToF: tetralogy of Fallot,
TGA: transposition of the great arteries, sRV: systemic right ventricle, ccTGA: congenitally corrected
transposition of the great arteries, AV: atrioventricular.

5.1. Atrial septal defect (ASD)

Patients with an uncorrected ASD or residual ASD should be counselled against div-
ing because of the increased risk of right to left shunting and hence development of neu-
rological complications due to DCS. The exact incidence of DCS in ASD patients is un-
known. However, the risk of suffering a DCS is related to the size of the atrial shunt rather
than just the presence of the defect itself [35]. This poses the question if selected patients,
after extensive consultation, with only a small defect are allowed to dive. Currently there
are no prospective studies evaluating diving safety in ASD patients available. It seems
reasonable that conditional approval of such patients, with conservative (“low bubble div-
ing”) could be considered, to minimize the build-up of Nitrogen in the tissues (box 1).

228
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Patients after previous successful ASD closure (surgically or percutaneously) are al- 247
lowed to dive provided that residual shunting is ruled out with an echocardiographic 248
evaluation, including bubble contrast. After recent surgical or percutaneous closure, pa- 249
tients should not dive for 12 and 6 months respectively, with careful evaluation of residual 250
shunting and cardiopulmonary status before starting diving. Although pulmonary hyper- 251
tension after successful ASD closure (with normal pulmonary pressures before closure) is 252
rare, an elevated pulmonary pressure should be ruled out [*¢]. In ASD patients with pal- 253
pitations, there should be a low threshold for ambulant 24-hour Holter monitoring, since 254
there is a high incidence of atrial arrhythmias in ASD patients during long term follow- 255
up [*']. Cardiopulmonary exercise testing is indicated, although in general, exercise capac- 256
ity in patients after ASD closure is adequate [3%7]. 257

258

(o Use of nitrox gas (higher oxygen, lower nitrogen \
content), with decompression times calculated

on air tables

No deep dives (>25meters)

No repetitive dives

Minimization of Valsalva maneuvers

No decompression dives

e Depth of 15-meter breathing air or equivalent:
o 19 msw with nitrox 32
\ o 23 msw with nitrox 40 /

Box 1: conservative diving (low-bubble diving) [****]

259

5.2. Persistent foramen ovale (PFO) 260

The prevalence of a PFO in the normal population is estimated to be around 25% and 261
is of potential clinical relevance since the right to left shunt predisposes to the entrance of 262
nitrogen bubbles to the systemic circulation, leading to a DCS [%]. 263

In many patients with CHD, the presence of a PFO is already known or is coinci- 264
dentally observed during routine echocardiography. In general, the risk of DCS per dive 265
is low in recreational divers (0.01 —0.03%). In patients with a PFO, this risk is 4.9-12.9 times 266
higher (5,1 per 10,000 dives) than in divers without a PFO and is related with the size of 267
the shunt [35%4]. Currently, there is insufficient evidence to recommend screening ona 268
routine basis in recreational divers or to consider preventive closure of a PFO [4]. Patients 269
with a known PFO could either decide not to start diving or advised only to participatein 270
conservative diving (box 1). 271

After PFO-related DCS, there are three options: discontinuation of diving, conserva- 272
tive diving (box 1) or unrestricted diving after PFO closure [##]. Although beyond the 273
scope of this review, PFO closure after DCS with high probability of a causal relation with 274
the PFO can be considered [*]. PFO closure in these patients is safe with a low burden of 275
recurrent episodes of DCS [##]. Patients who suffered from DCS should be counselled 276
against diving until adequate sealing of the PFO has been confirmed [*!]. 277

5.3. Ventricular septal defect (VSD) 278

Patients after previous VSD repair without residual shunt, no or mild dilatation of 279
the left ventricle and preserved left ventricular function are fit to dive. Symptomatic ar- 280
rhythmia is present in 13% to up to 33%, although clinically relevant ventricular tachycar- 281
dia is rare [*%2]. Most patients after VSD closure during childhood have an adequate sys- 282
tolic left ventricular function, although an abnormal LV function can be found in up to 283
24% during long-term follow-up [?’]. Pulmonary hypertension after VSD closure at young 284
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age is rare, although the prevalence of elevated pulmonary artery pressure is increasing 285
with age [##7]. In case of pulmonary hypertension, abnormal LV function or relevant ven- 286
tricular arrhythmias, patients should be counselled against diving. Patients with an unre- 287
paired small, restrictive VSD, or with a small residual shunt after repair, without any signs 288
of substantial volume loading, are allowed to dive. Patients with a large, non-restrictive 289
VSD are advised against diving. These patients have a substantial left ventricular volume 290
loading and hence are at an increased risk of IPE during diving. Furthermore, pulmonary 291
artery pressure is often elevated in these patients. Patients after recent successful VSD 292
closure are advised not to dive up to six (percutaneous closure) or 12 months (surgical 293
closure), with careful evaluation of cardiopulmonary status before starting diving. 294

5.4. Right ventricular outflow tract (RVOT) obstruction 295

RVOT obstruction can occur at several levels. Valvular stenosis is most common and 296
is usually isolated. Sub-infundibular stenosis is rare (double chambered right ventricle) 297
and commonly associated with VSD, while infundibular stenosis is typically seen in te- 298
tralogy of Fallot (ToF) [#]. Supravalvular stenosis is extremely rare and often seen in pa- 299
tients with a specific syndrome such as Williams’ syndrome or in patients with congenital 300
Rubella syndrome. Mild RVOT obstruction is usually well tolerated during exercise and 301
is not a contraindication for diving [#]. In patients with moderate or severe RVOT obstruc- 302
tion (meanPG >20 mmHg or peakPG >36 mmHg) the additional increase in pulmonary 303
vascular resistance during diving will lead to an increase in pressure loading of the right 304
ventricle; these patients should be advised against diving ["4]. 305

5.5. Left ventricular outflow tract (LVOT) obstruction 306

LVOT obstruction can be either subvalvular, valvular or supravalvular. In patients 307
under 50 years of age, bicuspid aortic valve (BAV) is the most common cause of LVOT 308
obstruction, with a reported birth prevalence of around 1% [#%]. Many patients with BAV 309
develop aortic stenosis or regurgitation, requiring surgical intervention in up to 50% dur- 310
ing their lifespan [*!]. Patients with moderate or severe LVOT obstruction (meanPG >20 311
mmHg or peakPG >36 mmHg) should be advised against diving [7#]. In patients with 312
BAYV, specific attention is needed for associated lesions like aortic dilatation and coarcta- 313
tion. Aortic dilatation is present in up to 80% [*]. 314

5.6. Valvular regurgitation 315

Valvular regurgitation is a volume loading condition for the left or right ventricle. In 316
general, mild to moderate regurgitation without signs of remodeling is well tolerated dur- 317
ing exercise. In general, patients with no or mild to moderate regurgitation of atrioven- 318
tricular, aortic, or pulmonary valve, with no or mild dilatation of the left or right ventricle 319
are allowed to dive [7#]. Patients with severe valvular regurgitation are advised against 320
diving. 321

5.7. Mitral valve stenosis 322

Congenital mitral valve stenosis is rare and consists of a spectrum of defects that will 323
result in obstruction of left ventricular inflow [%2]. The fixed mitral valve area hampers 324
increase in cardiac output and will increase left atrial pressure and eventually pulmonary 325
artery pressure. In addition, there is an increased risk of development of atrial fibrillation = 326
and thromboembolic events. Patients with moderate or severe mitral valve stenosis are 327
therefore considered unfit to dive. Only in selected cases with mild mitral valve stenosis 328
with a normal pulmonary artery pressure diving could be considered. In all cases we rec- 329
ommend prior cardiopulmonary exercise testing and in selected cases stress echocardiog- 330
raphy to evaluate the mitral valve pressure gradients and pulmonary artery pressure dur- 331
ing exercise. 332
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5.8. Aortic coarctation 333

Patients with uncorrected coarctation or significant re-coarctation after prior coarcta- 334
tion repair, are unfit to dive. The markedly increased blood pressure in the upper body 335
will be increased further by immersion of the body, increasing arterial blood pressure. 336
This is further potentiated by the vasoconstrictive effects of cold-water during diving. This 337
uncontrolled hypertension is a risk factor for both the development of immersion pulmo- 338
nary oedema and DCS [%354]. 339

After successful aortic coarctation repair numerous patients remain hypertensive, 340
with the associated long-term detrimental cardiac effects, such as diastolic dysfunction 341
and left ventricular hypertrophy [%]. These factors should be considered when evaluating 342
a coarctation patient. Only patients with successfully repaired aortic coarctation with an 343
adequately (medically controlled) blood pressure, and in the absence of a hypertensive 344
blood pressure response during exercise testing, are allowed to dive. 345

Specific attention should be paid to patients who underwent surgical correction by 346
lateral thoracotomy, due to the risk of persisting pleural adhesions exists. In these patients, 347
only after careful evaluation including lung function tests and CT thorax to rule out any 348
pathology of the lung parenchyma or pleural adhesion, diving could be allowed [®?]. In 349
patients with abnormal test-results, consultation of a pulmonologist is advised. 350

5.9. Aortic dilatation 351

Most cases of thoracic aortic dilatation are caused by degenerative atherosclerotic 352
processes, although, especially in younger patients, many forms of syndromic and famil- 353
ial aorta pathology are increasingly being recognized [*]. Because of the increase in blood 354
pressure during diving and heavy diving equipment, diving is not recommended in pa- 355
tients with moderate (aorta size > 45mm, z-score >4) or severe aortic dilatation. Patients 356
with syndromic aorta pathology such as Marfan syndrome, Loeys-Dietz syndrome or vas- 357
cular Ehlers Danlos have an increased risk of dissection and are advised not to dive, re- 358
gardless of aortic dimensions [*’] In addition, Marfan syndrome patients have an addi- 359
tional increased risk of spontaneous pneumothorax and the development of bronchiecta- 360
sis or pulmonary bullae, which make these patients unfit to dive [*]. 361

5.10. Tetralogy of Fallot (ToF) 362

In the rare patient with un-operated ToF, the obligate right to left shunting with hy- 363
poxemia, poor exercise capacity, increased right ventricular pressure and impaired right 364
ventricular function, renders them unfit to dive. 365

There is a wide spectrum of sequalae in patients after surgical correction of ToF. Es- 366
pecially during adulthood, many patients develop arrhythmias, most often supraventric- 367
ular, and/or have an impaired exercise capacity, although right ventricular function is pre- 368
served or only slightly impaired in most patients [¥]. Significant pulmonary regurgitation 369
is common, and many patients will undergo one or more surgical or percutaneous pul- 370
monary valve implantations during their lifespan. In selected cases, operated ToF patients 371
with mild to moderate pulmonary regurgitation, no or mild right ventricular dilatation, 372
preserved right and left ventricular function and adequate exercise capacity, can be con- 373
sidered fit to dive. In patients with pulmonary stenosis, the recommendations discussed 374
in the RVOT obstruction section apply. Specific attention should be paid to aortic dilata- 375
tion because aortic aneurysms can be found in ToF patients, although significant progres- 376
sion is rare [*°]. Patients with moderate or severe aortic dilatation (table 2) are advised not 377
to dive. A residual VSD, especially in the presence of pulmonary stenosis, with subse- 378
quently elevated right ventricular pressure should be ruled out to prevent right to left 379
shunting. Finally, patients should be free of incapacitating arrhythmias. 380

5.11. Ebstein’s anomaly 381
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In general, patients with Ebstein’s anomaly are advised no to dive. In these patients, 382
there is a varying degree of tricuspid valve regurgitation and atrialisation of the right ven- 383
tricle with impaired right ventricular function. In addition, patients are prone for the de- 384
velopment of arrhythmias, the majority based on accessory pathways [®]. An intra-atrial 385
connection is present in 80% to 94% of all patients, and many have an impaired exercise 386
capacity [162]. These considerations disqualify most patients with Ebstein’s anomaly for 387
diving. Only in selected cases (forme fruste) without an intra-atrial connection, no ar- 388
rhythmias, no more than mild to moderate tricuspid regurgitation and a normal right 389
ventricular volume and function, diving could be considered. 390

5.12. Fontan circulation 391

All patients with Fontan circulation should be counselled against diving, since, in 392
general, they have a clearly impaired exercise capacity, are prone for the development of = 393
poorly tolerated supraventricular arrhythmia and have a high occurrence of right to left 394
shunting, either at atrial level or by the development of veno-venous collaterals. In addi- 395
tion, many patients develop systemic AV valve regurgitation or have a diminished sys- 39
temic ventricular function [63-6°]. Because heart rate is essential to increase cardiac output 397
in Fontan patients, the bradycardia induced by the diving reflex will be poorly tolerated 398
and limits their ability to adequately increase cardiac output in an aqueous environment. 399
These considerations make people after Fontan palliation unsuitable for diving. 400

5.13. Transposition of the great arteries (TGA) 401

Patients with TGA after atrial switch procedure (Mustard or Senning) have a high 402
risk for developing systemic right ventricle dysfunction, development of heart failure and 403
are prone for atrial arrhythmias [®]. In some patients, significant obstruction of the left 404
ventricular outflow tract (sub-pulmonary ventricle) is present. Furthermore, baffle leaks 405
are common and are a potential risk for right to left shunting. In addition, in many pa- 406
tients, exercise capacity is diminished [66¢7]. Patients with congenital corrected transposi- 407
tion of the great arteries (ccTGA) also show a severely diminished aerobic exercise capac- 408
ity and frequently present with AV block, necessitating the implantation of an endovas- 409
cular pacemaker [%]. These considerations make patients with a systemic right ventricle 410
unfit for diving. 411

Most patients with TGA after arterial switch have an adequate exercise capacity and 412
are fit-to-dive [**]. Specific attention should be paid to rule out supravalvular pulmonary 413
stenosis, although only 6% of patients have a more than mild supravalvular pulmonary 414
stenosis [¢]. 415

5.14. Cyanotic CHD 416

Adults with cyanotic CHD are a heterogeneous group and can be divided in either 417
patients with shunts with normal or restricted pulmonary blood flow, patients with pul- 418
monary vascular disease secondary to a non-restrictive shunt or patients with aortopul- 419
monary connections []. Currently, Eisenmenger syndrome is the most severe form with 420
irreversible pulmonary hypertension. Patients with cyanotic heart disease are unfit to 421
dive. In general patients have a poor exercise capacity and the right to left shunt make 422
these patients prone for the development of DCS. 423

5.15. Left and right ventricular dysfunction 424

Patients with impaired left or right ventricular systolic function are at increased risk 425
of deterioration of a previously well tolerated condition by the combined increase in pre- 426
load and afterload that will occur during diving [7']. Because of the already impaired ex- 427
ercise capacity in ACHD patients, it is questionable whether patients with impaired ven- 428
tricular function can fulfil cardiopulmonary demands in case of a diving emergency [*]. 429
Patients with a more than mildly impaired left ventricular function (left ventricular 430
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ejection fraction <45% or any impaired systemic right ventricular function) should there- 431
fore be counselled against diving [312?4]. Patients with mild right ventricular dilatation (ba- 432
sal diameter <42 mm) with preserved systolic function (TAPSE >17 mm, FAC >35%) are = 433
considered fit to dive. 434

5.16. Arrhythmia and conduction disturbances 435

Arrhythmia is common in patients with congenital heart disease with atrial arrhyth- 436
mias complicating 15% of all cases [>7%]. Ventricular tachycardia is less prevalent, espe- 437
cially in the more recently operated patients [7]. Patients who develop supraventricular 438
arrhythmias have an increased risk of adverse events with a 50% increase in mortality risk 439
and more than double the risk of stroke or heart failure, warranting thorough examination 440
and a conservative approach in candidate-divers [*®]. Several risk factors such as complex- 441
ity of the defect (double outlet right ventricle, atrioventricular septal defect, transposition 442
of the great arteries and ToF) but also other factors, such as increasing age, male gender, 443
heart failure and obstructive sleep apnea, have been identified as independent risk factors = 444
for arrhythmias [75]. 445

Ventricular tachycardia is incompatible with diving [7%]. Patients with an ICD for 446
primary or secondary prevention by convention will have underlying diseases that make 447
them unfit to dive. Non-incapacitating premature ventricular complexes with low burden 448
and no disqualifying underlying structural heart disease are no reason to advice against 449
diving. 450

Patients with supraventricular arrhythmias should be free from episodes for at least 451
6 to 12 months before initiating diving. If there have been prior episodes of incapacitating 452
arrhythmias, candidate-divers should be counselled against diving. Patients with perma- 453
nent atrial fibrillation with adequate rate control and preserved left ventricular function 454
could be allowed to dive, although restrictions might apply. If there is an indication for 455
anticoagulation, the usual precautions and considerations should be considered [7]. In 456
patients with pre-excitation ECG pattern, an EP study is indicated to rule out any malig- 457
nant behavior of the accessory pathway [*]. In case of malignant behavior and successful ~ 458
ablation, there is a negative diving advice for at least 3 and up to 6 months. During this = 459
period, the candidate-diver must be without any recurrent complaints or episodes. 460

Patients with first-degree AV block and Second-degree AV block type Wenckebach 461
allowed to dive. Patients with high-grade AV block, Second-degree AV block type Mobitz 462
2 and total AV block should not dive. 463

A pacemaker is by itself is compatible with diving if the patient is not pacemaker 464
dependent and the pacemaker has been approved for use under hyperbaric circumstances 465
[77]. 466

5.17. Prosthetic valves 467

In all patients with prosthetic valves, the condition for which the valve was im- 468
planted should not be incompatible with diving. It is essential to rule out any complica- 469
tions after surgery and the valve should function satisfactorily for at least 12 months prior 470
to evaluating the subject’s fitness to dive. 471

Patients with a well-functioning biological heart valve prosthesis, homograft, or xen- 472
ografts without any other substantial cardiac abnormalities and preserved left and right 473
ventricular function, are fit to dive. An annual check-up is indicated to rule out any val- 474
vular degeneration. 475

In general, a mechanical heart valve is compatible with diving, however careful eval- 476
uation of additional cardiac pathology is warranted and specific precautions and consid- 477
erations regarding diving with anticoagulants should be considered (box 2) []. After im- 478
plantation of a mechanical heart valve, patients are advised not to dive for 12 months as 479
the risk of acute mechanical valve dysfunction and mechanical prosthetic valve throm- 480
bosis is the highest in the first three months post-operatively [7]. In addition, patients 481
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should be completely recovered from the thoracotomy. Patients should only (re)start div- 482
ing after complete evaluation past this period. 483
484

No INR out of range in past 3 months
No combination of two anticoagulatory drugs
No simultaneous use of NSAIDs
No major bleeding in the last year
No additional factors increasing risk of pulmonary
barotrauma (e.q. asthma, smoking)
No hazardous diving locations
Conservative diving profile
o No decompression dives
o No dives >20 meters
o No >2 dives per day (>4 hours interval)
o No dives without possibility direct ascent

\ (no cave/wreck diving)

Box 2: diving with anticoagulation

485

5.18. Pulmonary hypertension 486

All patients with pulmonary hypertension should be counselled against diving [78%7]. 487
In patients with pulmonary hypertension there is an increased risk of right to left shunting 488
(both intracardiac as intrapulmonary) which increases the risk of the development of DCS 489
[?]. In addition, during diving, pulmonary arterial pressure will increase caused by the 490
translocation of blood to the central circulation induced by the increase in hydrostatic =~ 491
pressure, which is a hemodynamic challenge for the right ventricle. Secondly, the pulmo- 492
nary artery pressure may rise further during after the dive because of the formation of 493
circulating nitrogen bubbles. Recently, in healthy persons, an increase in systolic pulmo- 494
nary pressure of 18% was observed after recreational scuba diving [*]. 495

6. Cardiac medication 496

The use of (cardiac) medications may impact the ability of divers to adapt to hyper- 497
baric conditions. Recently, Hoenecamp and colleagues systematically reviewed the inter- 498
action of hyperbaric conditions and medication [*]. In the upcoming section, the most 499
important aspects of cardiovascular medication in diving are discussed. 500

6.1. ACE inhibitors and angiotensin Il inhibitors 501

ACE inhibitors and angiotensin II inhibitors are well tolerated during diving. Spe- 502
cific diving related risks are not expected. A common side effect of ACE inhibitors is the 503
development of a dry cough, which can be problematic during diving. In general, these 504
drugs are considered safe to use during diving [¢']. 505

6.2. Beta-blockers 506

Beta-blockers are not favorable in diving. The induction of bradycardia, augmented 507

by the diving reflex, and reduction of myocardial contractility might hamper the required 508
increase in cardiac output. Furthermore, the reduction of contractility and peripheral vas- 509
oconstriction increases the risk of immersion pulmonary edema ['254]. 510
Beta-blockers might also have pulmonary effect by inhibition of bronchial beta-2 re- 511
ceptors in susceptible individuals [#']. All patients on beta-blocker should undergo both 512
pulmonary function and cardiopulmonary exercise testing during their evaluation [$%]. 513
514
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6.3. Calcium antagonists 515

The dihydropyridine calcium channel blockers are more vascular selective compared 516
to the non- dihydropyridine calcium channel blockers [#]. Divers using dihydropyridine 517
calcium channel blockers should be aware of the development of orthostatic hypotension 518
when leaving the water. Otherwise, there are no other specific diving related risks [5']. 519

In divers using non-dihydropyridine calcium channel blockers, the indication for us- 520
ing these drugs mostly is more important. These drugs are more myocardium selective 521
and have a more negative dromotropic and chronotropic effect [¢?]. Caution should be 522
paid to the development of bradycardia induced by the diving reflex. 523

6.4. Other anti-arrhythmic drugs 524

Little is known about the effects of a hyperbaric environment on class 1, 3 and 5 anti- 525
arrhythmic drugs. In general, again, the underlying diagnosis for using these drugs and 526
the symptoms during supraventricular tachycardia should be decisive during the evalu- 527
ation of a candidate-diver. In general, ACHD patients with not-optimally controlled ar- 528
rhythmia should be counselled against diving. 529

6.5. Diuretics 530

Several classes of diuretics are in use, including thiazide diuretics, loop-diuretics, and 531
potassium-sparing diuretics. these drugs are usually not prescribed because they potenti- 532
ate the development of hypovolemia during diving [¢.%2]. More importantly, ACHD pa- 533
tients who use diuretics because of heart failure disqualify for diving. 534

6.6. Anti-thrombotic drugs 535

During diving, there is an increased risk for the development of bleeding complica- 536
tions, mainly related to barotrauma, although several cases of spontaneous bleeding have 537
been described [76]. Antithrombotic drugs comprise vitamin-K antagonists (acenocouma- 538
rin, warfarin, etc.), antiplatelet drugs (COX inhibitors, P2Y12 inhibitors and phos- 539
phodiesterase inhibitors) and direct anti-coagulants (DOACs like apixaban). The indica- 540
tion for the use of anti-thrombotic drugs should not be incompatible with diving. Cur- 541
rently, there is no consensus regarding the risks of anti-thrombotic drugs in diving [7684]. 542
Patients on vitamin K antagonists should have a stable INR for at least 3 months with the 543
strong recommendation to measure INR prior to the dive by using point-of-care equip- 544
ment. Specific recommendations apply to minimize the nitrogen (over) saturation to limit 545
the risk for the development of DCS and minimize the time needed for a safe resurface 546
(box 2) [7¢]. 547

7. Ethical considerations 548

Scuba diving can be a wonderful experience, but it also may have a fatal outcome. 549
Adequate training and the use of the proper equipment is of the greatest importance to 550
avoid diving fatalities. If an ACHD patient wishes to engage in scuba diving, evaluation 551
should also include the risk for his/her diving-buddy. The risk of a fatal diving accident 552
due to a cardiac event in non-ACHD divers <50 years is low. Although studies are lacking, 553
ACHD patients are at increased risk of a (fatal) diving accident due to their underlying 554
condition and the cardiovascular effects of diving. This is especially true for patients with 555
ACHD with moderate and severe complexity. During the evaluation process, these po- 556
tentially fatal risks should be weighed against the personal motivation to engage in div- 557
ing. 558

8. Future directions 559

Due to the great diversity in anatomy, surgical history, and residual abnormalities, 560
evaluating fitness to dive in ACHD patients is complex and most recommendations are 561
based on expert opinion. Therefore, evaluating fitness to dive in ACHD patients should 562
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be centered in expert centers with adequate diagnostic tools and knowledge of both diving 563
physiology and congenital heart disease. We advocate the start of a prospective interna- 564
tional registry to gain more knowledge about diving and diving related complications to 565
establish more evidence-based recommendations in the future. 566

9. Conclusion 567

Although current ESC guidelines on sports clearly advocate a more liberal stand- 568
point regarding sports participation in general, diving is not considered safe in specific 569
conditions. Since more patients with ACDH wish to start diving, there is an unmet need 570
for clear recommendations how to evaluate these patients and when to declare them fit- 571
to-dive. A thorough evaluation including at least an ECG, echocardiography and exer- 572
cise test is essential and should be performed by physicians with experience in both diving 573
physiology and the unique considerations and residual abnormalities of congenital heart 574
disease. A stepwise approach is advised to consider possible contraindications for div- 575
ing such as aortic dilatation, cyanosis and severe ventricular dysfunction. There is a strong 576
need for more data to come to more robust recommendations to support the diving eval- 577
uation process in ACHD patients. This paper is a first attempt to set the stage. 578

10. Limitations 579

This review is limited to recreational open-circuit scuba diving using compressed air 580
or nitrox and not intended for professional diving or for diving with advanced gaseous 581
mixtures, such as trimix or with the use of closed-circuit (“rebreather”) systems. 582
Since studies evaluating safety of diving in ACHD patients are lacking, all advice is 583
based on the personal knowledge and experience of the authors with ACHD, diving med- 584
icine and sports cardiology. 585
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