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Objectives: To describe the characteristics and long-term outcome of a large adult cohort with pulmonary atresia.
Background: Patients with pulmonary atresia (PA) are a heterogeneous population in terms of anatomy,
physiology and surgical history, and their management during adulthood remains challenging.
Methods: Data on all patients with PA followed in our center between January 2000 and March 2015 were
recorded. Patients were classified into the following groups: PA with ventricular septal defect (PA-VSD, 1), PA
with intact ventricular septum (PA-IVS, 2) and other miscellaneous PA (PA-other, 3).
Results: Two-hundred twenty-seven patients with PA were identified, 66.1% female, mean age 25.5 ± 8.7 years.
Over a median follow-up of 8.8 years, 49 (21.6%) patients had died: heart failure (n = 21, 42.8%) and sudden
cardiac death (n = 8, 16.3%) were the main causes. There was no significant difference in mortality between
the 3Groups (p=0.12) or between repaired and unrepaired patients inGroup 1 (p=0.16). Systemic ventricular
dysfunction and resting oxygen saturations were the strongest predictors of mortality. Additionally, 116 (51%)
patients were hospitalized, driven mainly by the need for invasive procedures, heart failure and arrhythmias.
Conclusions: Adult survivors with pulmonary atresia have a high morbidity and mortality irrespective of
underlying cardiac anatomy and previous reparative or palliative surgery. We present herewith predictors of
outcome in adult life that may assist with their tertiary adult congenital care.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Pulmonary atresia is defined as the absence of direct communication
between the ventricular chamber/s and the pulmonary vascular bed.
The traditional classification of PA divides patients into 2 groups,
based on the presence or the absence of a VSD [1]. However, this defect
can be present at birth in the context of a variety of cardiac morphol-
ogies and the pathophysiology cannot be fully described by this simple
dichotomy. There is a third group of patients with PA, VSD and complex
univentricular type of anatomywhoare not suitable for biventricular re-
pair. The resulting spectrumof anatomy is, therefore, broad and, despite
major progress in surgical techniques and the ever expanding use of
cular septal defect; RV, right
, New York Heart Association;
ulmonary hypertension; PPM,
Cardioverter-Defibrillator; AF,
erial.
Centre, Royal Brompton and
London, UK.
poulos).
percutaneous interventions, morbidity and mortality for patients with
PA remains high.

Themanagement of PA in adult life is particularly challenging. One of
themain difficulties lies precisely in themorphological heterogeneity of
this population. Other variables, such as previous surgical management
or individual medical history also influence patient outcome [2].
Previous studies mostly focused on a single type of anatomical defect
or analyzed data only from pediatric patients [3–6]. In this study,
we describe a large population of adults born with PA, inclusive of the
full spectrum of cardiac defects and all past surgical history. Our aim
was to define the spectrum of PA encountered in an adult congenital
heart disease (ACHD) service and assess the morbidity and mortality
associated with PA in adulthood.

2. Methods

All adult patients (age ≥ 15 years)with a diagnosis of PA followed at our tertiary ACHD
center in the period between January 2000 and March 2015 were identified from the
hospital Electronic Patient Records. Medical records were retrospectively reviewed to
obtain demographic information (gender, age at first assessment in the ACHD service),
complete anatomic description of the original cardiac diagnosis (as extracted fromoriginal
pediatric records or imaging assessments) and surgical/interventional history for each
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patient. According to this data, patients were grouped into the following diagnostic
anatomic groups (Fig. 1):

– Group1, PAwith VSD (PA-VSD): this Group comprises of all patientswith PA andVSD,
with two atrio-ventricular (AV) valves and concordant AV connections, with
intracardiac anatomy of tetralogy of Fallot (TOF), including patients with double
outlet RV (i.e. DORV). Pulmonary arterial supply varies in this Group, ranging from
well-developed confluent native pulmonary arteries supplied by a patent arterial
duct (PDA), to absent or greatly diminished central pulmonary arteries, in the
presence of MAPCAs, supplying segments of the lungs. According to the surgical
history, Group 1 was divided into two further subgroups: Group 1a (previous
biventricular repair) including patients who on entry to our study had undergone
Fig. 1. Diagnostic Groups of pulmonary atresia. Group 1: PA with a VSD, divided into patients w
(Group 1b, Figure b). Repair involves VSD closure and implantation of a RV-to-pulmonary arter
cases (Figure b), non-confluent pulmonary arteries may be supplied by an arterial shunt (thin
Group 2: PAwith intact ventricular septum,without orwith significant hypoplasia of the RV (Fig
not bepossible and a Fontan circulation is established: in Figure d, TCPC,with aGlenn shunt i.e. s
the inferior vena cava to the RPA. Group 3: Miscellaneous “complex” PA. An example of trans
Rastelli-type repair involving VSD closure with a long patch channeling the aorta to the left
atresia, atrial and VSDs and a hypoplastic RV is shown. Many patients in this Group undergo a
complete repair (defined as restoration of biventricular circulation, closure of VSD
and connection of the RV with the pulmonary arterial bed with a conduit) and
Group 1b (no biventricular repair) including patients in whom complete repair had
not been attempted or was not feasible; these patients either never had any interven-
tion or had undergone one or more palliative procedures (i.e. arterial shunts) by the
time of their inclusion in the study.

– Group 2, PA with intact ventricular septum (PA-IVS): this Group includes patients
without VSD or with a restrictive VSD. These patients have confluent, sizable central
pulmonary arteries. Obstacle to biventricular repair may be the size of the RV,
which can be hypoplastic.

– Group 3, miscellaneous “complex” PA (PA-other): this Group comprises of
patients with PA and complex anatomy, including atrial isomerism, anomalies
ith previous biventricular repair (Group 1a, Figure a), and those without previous repair
y conduit (Figure a, in transparent green) with ligation of collateral vessels. In unrepaired
long arrow), a patent ductus arteriosus (thick short arrow) or MAPCAs (thick long arrow).
ures c and d, respectively).When hypoplasia to the RV is present, biventricular repairmay
uperior vena cava-to-right pulmonary artery connection, plus an extracardiac conduit from
position of great arteries, with a VSD and pulmonary atresia is shown in Figure e, with a
ventricle and a RV-to-pulmonary artery conduit (green). In figure f, PA with tricuspid
Fontan-type operation. A TCPC repair is shown.
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of the AV connection (AV valve atresia or common AV valve), VA discordance
(transposition of the great arteries, TGA), or double outlet VA connection with a
hypoplastic ventricle and a VSD.

Mortality data were retrieved from national databases. Predictors of outcome were
assessed for the entire population and for the 3 Groups: cardiac diagnosis including
situs, presence of right aortic arch, presence of MAPCAs, previous surgical procedures
(type and number, i.e. palliation, repair, etc.), number of sternotomies and/or thoracoto-
mies, presence of segmental PH (confirmed at cardiac catheterization), baseline cardiac
rhythm, QRS duration, resting oxygen saturation (O2), baseline functional class according
to the New York Heart Association (NYHA), cardiothoracic ratio (CTR), systemic ventricu-
lar systolic function, hemoglobin (Hb) and creatinine levels and heart failure therapy.

Outcome endpoints included: all-cause mortality, death from arrhythmia/sudden
cardiac death (SCD), the composite endpoint of death or cardiac-hospitalization for inter-
vention (surgical or percutaneous), sustained arrhythmia or decompensated heart failure.
Admissions for diagnostic assessment and non-cardiac causes were excluded from the
analysis.

2.1. Statistical analysis

Data were summarized as mean ± SD for continuous variables and number (%) for
categorical variables. Comparison of continuous variables betweenGroupswas performed
using non-parametric Wilcoxon rank sum test or Kruskal-Wallis test and categorical
variables were compared using Fisher's exact test. The relation between clinical
parameters and outcome measures was assessed using univariable and multivariable
Cox proportional hazard regression analysis, using the date of the oldest full assessment
within the ACHD unit as start date. For all analyses, a two-tailed p-value b 0.05 was used
as the criterion for statistical significance. Statistical analyses were performed using R
version 3.0.1 (The R Foundation for Statistical Computing).

3. Results

3.1. Patient characteristics

A total of 227 adult patients fulfilled entry criteria andwere included
in the study. Baseline characteristics of the entire cohort and of the 3
individual Groups are summarized in Table 1. Mean age at first
assessmentwas 25.5± 8.7 years: patients in Group 2were significantly
younger while those in Group 1 were older (p b 0.001). Female gender
wasprevalent (66.1%). Onefifth of patients had a right aortic arch (22%),
mostly in Group 1 (26.3%); 6.2% of patients had a situs abnormality,
all in Group 3. Approximately half of our adult PA patients (53.7%)
had undergone complete anatomical repair, mainly in Groups 1 and 2
(p b 0.001), while 39.6% had received definitive palliation, mainly in
Group 3 (p b 0.001, Fontan-type operation 54.3%).

The vast majority (88.1%) were in NYHA class ≤ II. Group 3 patients
had a lower NYHA class, more impaired systemic ventricle function
and were more likely to be on heart failure medication at baseline.
The vast majority of patients were in sinus rhythm at first presentation
(94.3%) and the QRS interval was longer in Group 1 (p b 0.001); 7 pa-
tients (3.1%) had paced rhythm and 2 an Automatic Implantable
Cardioverter Defibrillator (AICD). In the overall population, a significant
proportion of patients had a diagnosis of PH at baseline assessment
(8.4%), and this doubled by the end of follow-up (16%). Segmental PH
was themost common form (11% at the end of follow-up), often related
to the presence of large aortopulmonary collaterals. Pulmonary arterial
hypertension therapies were used by 7.4% of patients over the entire
study period.

Significant differences were observed between Groups 1a and 1b
(Table 2); out of 59 patients with no biventricular repair (Group 1b),
14 were in natural history. Group 1b also had lower resting oxygen
saturations (p b 0.001) and higher hemoglobin (p b 0.001). No difference
in the prevalence of ventricular dysfunction was observed.

3.2. All-cause mortality

Over a median follow-up of 8.8 years [IQR 4.3–13.2], death from any
cause occurred in 49 (21.6%) patients: 32 patients belonged to Group 1
(65.3%, equally split between Groups 1a and 1b), 2 to Group 2 (4.1%)
and 15 to Group 3 (30.6%). The most common overall cause of
death was heart failure (42.8%), followed by arrhythmia/SCD (16.3%),
hemoptysis (12.2%), brain hemorrhage (6.1%), ischemic heart disease
(2%), renal failure (2%), other non-cardiac causes (12.2%); in 6.1% of
cases the precise cause of death was unknown. There was no significant
difference in mortality between the 3 Groups (p = 0.12, Fig. 2a) and,
there was no significant difference in survival between Group 1a and
1b within the PA-VSD Group (p = 0.16, Fig. 2b).

Surgical history for the total cohort was associated with survival:
patients with definitive palliative procedures had the worst survival
compared to patients with biventricular repair following earlier
palliation (HR 5.77, 95%CI: 1.38–24.16, p = 0.02) and to those with
primary repair without previous palliation (HR 2.05, 95%CI:1.10–3.82,
p = 0.02). Patients who had undergone Fontan (atriopulmonary or
TCPC) or Glenn operation (31% in Group 2, 54.3% in Group 3) had a
highmortality (21% died during follow-up), but thiswas not statistically
different to the remainder (Logrank p = 0.98).

Systemic ventricular dysfunction was associated to mortality:
patients with mild (HR 2.67, 95CI: 1.37–5.19, p = 0.004) or moderate-
severe impairment (HR 2.94, 95%CI: 1.04–8.33, p = 0.04) had a higher
mortality risk compared to the remainder. Patients in NYHA class II
(HR 1.96, 95%CI: 1.02–3.76, p = 0.04) and III (HR 4.28, 95%CI: 2.02–
9.07, p b 0.001) had a higher mortality compared to asymptomatic
patients. Patients with PH had a higher mortality compared to those
without (HR 2.50, 95%CI: 1.12–5.59, p = 0.03). There was also higher
mortality in patients with lower resting oxygen saturations (HR 1.70
per 10% decrease in saturation, 95%CI: 1.25–2.3, p b 0.001, Fig. 2c) and
higher hemoglobin levels (HR 1.11, 95%CI: 1.01–1.21, p = 0.03).

Multivariate Cox analysis, including the presence of PH, oxygen
saturation and hemoglobin levels, resulted in only oxygen saturation
being predictive of death. Functional class was the only predictor of
mortality in a model including previous repair and previous palliation.
Finally, in a model including NYHA, ventricular function and oxygen
saturation, only the latter two remained in the model and were the
strongest predictors of mortality (HR 1.72 per 10% decrease in satura-
tion, 95%CI: 1.28–2.33, p b 0.001; HR 2.84 for impaired systemic systolic
ventricular function, 95%CI: 1.56–5.17, p b 0.001).

3.3. Sudden cardiac death/resuscitated cardiac arrest

Resuscitated cardiac arrest (RCA) or SCD occurred in 9 patients
(8 deaths, 1 RCA, 3.96% of the total population) with an incidence of
0.4/100 person-year: 5 from Group 1a, 2 from Group 1b and 2 from
Group3. Kaplan–Meier analysis did not demonstrate a significant differ-
ence in arrhythmic/SCD amongst the 3 Groups (Log-rank p = 0.61).
In univariate Cox analysis, QRS duration and systemic ventricular sys-
tolic dysfunction did not predict SCD/RCA. Of the 152 patients with
PA-VSD, 8 (5.2%) had an ICD implanted at the time of last follow-up: 3
for secondary prevention and 5 for primary prevention following risk
stratification with or without electrophysiological studies in the
remaining. None had received appropriate device therapy by the study
end (median follow-up 8.8 years).

3.4. Hospitalization for cardiac causes

During the median of 8.8 years of follow-up, 116 (51%) patients
required hospitalization for cardiac causes, for a total number of 262 ad-
missions. The most common causes for the first hospitalization were
percutaneous or surgical cardiac intervention (51.7%), arrhythmias
(13.8%), heart failure (8.6%) and initiation of PAH therapy (7.8%).
Less common causes for admission were endocarditis (6.9%), bleeding
(5.2%), arrhythmia ablation (3.4%), ICD implantation (0.9%), thrombosis
(0.9%) and venesection (0.9%). Group 1 had the highest number of
hospitalizations (75.9%), reaching an incidence of 13/100 person-year,
followed by Group 3 (19%) with an incidence of 11/100 person-years,
while Group 2 (5.2%) had the lowest rate of admission (incidence
5/100 person-years, Log-rank p = 0.05). There was no difference
in the hospitalization-free survival rates between Groups 1a and 1b



Table 1
Patient characteristics.

Characteristics Overall population
N = 227

Group 1
N = 152

Group 2
N = 29

Group 3
N = 46

p-Value

Age (y) 25.5 ± 8.7 27.1 ± 9.0 19.9 ± 3.7 23.9 ± 8.7 b0.001
Born before 1980 105 (46.3%) 83 (54.6%) 3 (10.3%) 19 (41.3%) b0.001
Female gender 150 (66.1%) 105 (69.1%) 18 (62.1%) 27 (58.7%) 0.4
Right aortic arch 50 (22%) 40 (26.3%) 1 (3.4%) 9 (19.6%) 0.02
Situs

Solitus 213 (93.8%) 152 (100%) 29 (100%) 32 (69.6%) b0.001
Inversus 6 (2.6%) 0 0 6 (13%)
Right isomerism 3 (1.3%) 0 0 3 (6.5%)
Left isomerism 5 (2.2%) 0 0 5 (10.9%)

Complete repair 122 (53.7%) 93 (61.2%) 20 (69%) 9 (19.6%) b0.001
Definitive palliation⁎ 90 (39.6%) 45 (29.6%) 9 (31%) 36 (78.3%) b0.001
Fontan/TCPC/Glenn 38 (16.7%) 4 (2.6%) 9 (31%) 25 (54.3%) b0.001
Natural history 15 (6.6%) 14 (9.2%) 0 1 (2.2%) b0.001
Previous central shunt† 41 (18.1%) 28 (18.4%) 3 (10.3%) 10 (21.7%) 0.45
Number of shunts ≥ 2 80 (35.2%) 47 (30.9%) 7 (24.1%) 26 (56.5%) 0.003
Number of palliations ≥ 2 95 (41.9%) 49 (32.2%) 11 (37.9%) 35 (76.1%) b0.001
Number of thoracotomies ≥ 2 89 (39.2%) 57 (37.5%) 6 (20.7%) 26 (56.6%) 0.006
Number of sternotomies ≥ 2 68 (30%) 40 (26.3%) 11 (37.9%) 17 (37%) 0.2
Hemodynamic procedures‡ 63 (27.8%) 36 (23.7%) 14 (48.3%) 13 (28.3%) 0.02
NYHA class

I 120 (52.9%) 81 (53.3%) 21 (72.4%) 18 (39.1%) 0.03
II 80 (35.2%) 56 (36.8%) 6 (20.7%) 18 (39.1%)
III 27 (11.9%) 15 (9.9%) 2 (6.9%) 10 (21.7%)

Heart failure medications 38 (16.7%) 15 (9.9%) 2 (6.9%) 21 (45.7%) b0.001
Rhythm

Sinus 214 (94.3%) 148 (97.4%) 28 (96.6%) 38 (82.6%) 0.02
AF 3 (1.3%) 1 (0.7%) 0 2 (4.3%)
Atrial Flutter 1 (0.4%) 1 (0.7%) 0 0
Paced 7 (3.1) 1 (0.7%) 1 (3.4%) 5 (10.9%)
Complete heart block 2 (0.9%) 1 (0.7%) 0 1 (2.2%)

Cardio-thoracic ratio 0.55 ± 0.07 (n. 183) 0.57 ± 0.07 (n. 120) 0.5 ± 0.07 (n. 26) 0.53 ± 0.08 (n. 37) b0.001
Systemic ventricle SF
Good 189 (83.3%) 131 (86.2%) 27 (93.1%) 31 (67.4%) 0.005
Mildly impaired 28 (12.4%) 17 (11.2%) 2 (6.9%) 9 (19.6%)
Moderately or severely impaired 10 (4.4%) 4 (2.6%) 0 6 (13%)
PH at inclusion 19 (8.4%) 14 (9.2%) 1 (3.4%) 4 (8.7%) 0.6
Segmental PH 14 (6.2%) 11 (7.2%) 0 3 (6.5%) 0.3
PAH Therapy 2 (0.9%) 1 (0.7%) 1 (3.4%) 0 0.3
AICD 2 (0.9%) 1 (0.7%) 0 1 (2.2%) 0.5
PPM 9 (4%) 2 (1.3%) 1 (3.4%) 6 (13%) 0.002
QRS duration (msec) 130 ± 32 (n. 174) 137 ± 31(n 124) 101 ± 26 (n. 18) 119 ± 32 (n. 32) b0.001
Hemoglobin (g/dl) 16 ± 3 (n. 213) 16.1 ± 3.2 (n. 145) 16 ± 2.5 (n. 25) 15.9 ± 3.1 (n. 43) 0.9
Creatinine (umol/L) 73.3 ± 18.4 (n. 206) 74.7 ± 19 (n. 141) 72.4 ± 17.2 (n. 25) 69.1 ± 14.4 (n. 40) 0.3
O2 Saturation (%) 91.7 ± 8.5 91.4 ± 9 95.2 ± 5.8 90.5 ± 7.8 0.01

AICD: Automated Implantable Cardioverter-Defibrillator. AF: atrial fibrillation. NYHA: New York Heart association. MAPCAs: major aortopulmonary collateral arteries. PAH: pulmonary
arterial hypertension. PH pulmonary hypertension. PPM: permanent pacemaker. SF: systolic function. TCPC: total cavo-pulmonary connection. VSD: ventricular septal defect.
⁎ Palliation includes: central shunt (Potts, Waterston), Blalock-Taussig (BT) modified or classical shunt, Glenn shunt, classic and modified Fontan circulation, TCPC, RV to pulmonary

arteries conduit without closure of the VSD, unifocalization, atrial septectomy.
† Any time before the inclusion, irrespectively of the final surgery.
‡ At any point before the inclusion.
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(Log-rank p = 0.23). However, hospitalization for heart failure was
more common in Group 1b (n = 14, 70%, Log-rank p = 0.003) and
hospitalization for reintervention was more frequent in Group 1a
(n = 46, 86.8%, Log-rank p b 0.001).

4. Discussion

Adult patients with PA are a heterogeneous population in terms of
underlying anatomy, physiology and previous interventions. We have
shown herewith that PA is associated with significant morbidity and
mortality amongst adult survivors, not only in unrepaired or palliated
patients, but also in those with previous biventricular repair [2,3].
Systemic ventricular dysfunction and resting oxygen saturations were
predictive of all-cause mortality. In the current era of early repair and
specialist ACHD care, the management of adult patients with PA
remains challenging, and requires high levels of expertise and further
efforts to identify patients at highest risk of adverse events.

The clinical classification of PA remains somewhat elusive with dif-
ferent versions having been proposed [7,8]. The presence or absence
of a VSD defines both natural history and surgical approach. Within
the Group of patients with a VSD (Group 1), themajority is represented
by those who can be classified as TOF-PA with overriding of the aorta
and anterocephalad deviation of the outlet septum, i.e. within the spec-
trum of tetralogy of Fallot. There are also patients with DORV in this
Group who are grouped with TOF patients.

Unrepaired individuals in Group 1 (1b) were likely to have more
complex extracardiac anatomy in terms of their pulmonary vascular
bed. Such patients typically have MAPCAs supplying their small
central pulmonary arteries, which may or may not be confluent.
Many of these patients may not be amenable to repair, the main
limiting factor being the absence of sizable, confluent central pulmo-
nary arteries to anastomose to the RV and close the VSD. A subset
of this Group may have been considered or indeed been subjected
to a unifocalization protocol, which involves a staged approach of re-
construction of the left and right pulmonary arteries and arterial
shunting, eventually bringing them in continuity and anastomosing
them to the RV with a conduit-type of repair. The complexity of
this route, the level of expertise and resources required and, for



Table 2
Baseline characteristic of the two subgroups of PA-VSD (Group 1a versus Group 1b).

Complete
repair (n 93)
Group 1a

Unrepaired
(n 59)
Group 1b

p

Age (y) 25.4 ± 8.6 29.8 ± 9.0 0.002
Born before 1980 40 (43%) 43 (72.9%) b0.001
MAPCAs 36 (38.7%) 52 (88.1%) b0.001
Right aortic arch 22 (23.6%) 18 (30.5%) 0.2
Fontan/TCPC/Glenn 0 4 (6.8%) 0.02
Cardiothoracic ratio 0.56 ± 0.06 (n. 79) 0.58 ± 0.07 (n. 41) 0.08
NYHA class

I 66 (71%) 15 (25.4%) b0.001
II 25 (26.9%) 31 (52.5%)
III 2 (2.2%) 13 (22%)

Hemoglobin (g/dl) 14.3 ± 1.7 (n.86) 18.7 ± 3 (n. 59) b0.001
O2 saturation, resting (%) 97.4 ± 4.4 82.1 ± 6.0 b0.001
PH 4 (4.3%) 10 (16.9%) 0.02
Systemic ventricular SF

Normal 79 (84.9%) 52 (88.1%) 0.1
Mildly impaired 13 (14%) 4 (6.8%)
Moderately-severely impaired 1 (1.1%) 3 (5.1%)

NYHA: New York Heart Association. MAPCAs: major aortopulmonary collateral arteries.
PH pulmonary hypertension. PPM: permanent pacemaker. SF: systolic function. TCPC:
total cavo-pulmonary connection.
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some patients, a well-balanced circulation with MAPCAs accounts
for a select subgroup that make it to adulthood without repair
(unoperated or with palliative arterial shunts). It is, indeed, only rel-
atively recently that the survival of children with intact ventricular
septum PA and complex-PA has improved, and this is reflected in
the age composition of our patient population [9–11].
Fig. 2.Mortality. Cumulativemortality comparison between the 3 PAGroups (a), repaired (Grou
resting cyanosis (c) and according to the systemic ventricular function (d).
Despite substantial differences between the 4 Groups (1a, 1b, 2 and
3), little difference inmorbidity andmortalitywas observed in adult life.
Thismay appear surprising, as unoperated and palliated patients are ex-
pected to have a significantly higher event rate compared to patients
who were suitable and received biventricular repair, in view of the
complex pulmonary and intracardiac anatomy of the former Group,
coupled with chronic cyanosis in some [12–14]. This paradox is
explained by the design of this study, focusing on adults with PA and
their outcome once they have reached adult life and are under the
care of ACHD services; a natural selection process, “allowing” for
patients with best anatomy or most balanced pulmonary circulations
to survive into adulthood without repair may explain the lack of
difference in outcome between repaired and unrepaired adult patients.
Our survival analysis accounted for this study design and the data
presented here are important for adult cardiologists, as they portray
and analyze the PA population as it is encountered in adult life, with a
natural history and complications that differ from those observed in
the pediatric population.

Our data suggest that late onset heart failure drives mortality in
patients with repaired PA (Group 1a); this is likely to relate to both
left and right ventricular dysfunction secondary to early cyanosis and
RVhypertension, previousmultiple interventions, RV-PA conduit steno-
sis and/or regurgitation. Patients in Group 1a also had significant mor-
bidity related to the need for reintervention, mostly for RV-PA conduit
failure and residual peripheral pulmonary artery stenosis. Arrhythmias
in this Group were also common relating to previous surgical scars
and right ventricular dysfunction, both systolic and diastolic, and sec-
ondary RA dilatation and stretch. Although the documented arrhythmia
burden is at 13.8% in this study, we expect paroxysmal events to be
more common. We are confident that in the future, modern devices,
p 1a) and unrepaired patients (Group 1b) in PA-VSD Group (b), patients with andwithout
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such as loop recorders or wearable monitors, will give usmore accurate
information on the exact incidence of arrhythmias in patients with
congenital heart disease, allowing better risk stratification and earlier
management.

Morbidity was substantial over the follow-up period in the overall
population. One half (51%) of the patients were admitted at least once
for investigations/intervention or as a cardiac emergency. The majority
of admissionswere related to the need for a reintervention, heart failure
and/or arrhythmia. Patients with more advanced disease who have
developed chronic heart failure are clearly prone to arrhythmic events.
Moreover, PA patients were prone to repeat admissions. Little is
known regarding the optimal management of heart failure in PA, with
a minority treated with traditional heart failure medication in our
cohort. Further studies are required to determine the optimal manage-
ment of heart failure in patients with PA.

Sudden cardiac death/resuscitated cardiac arrests were less
common in our adult population of adult PA patients when compared
to previous studies, and the majority of cases were seen in Group 1
[6]. Many patients can indeed be classified as having TOF, with a well-
established associated risk of malignant arrhythmias [15–18]. Previous
papers have not focused on patients with PA and it is not clear whether
established risk factors for TOF can be applied to the PA population.
We found no correlation between SCD and QRS duration or previous
palliative shunts. Systolic dysfunction of the systemic ventricle (not
common in our population) was mostly encountered in Groups 1a and
3 and was predictive of SCD [19]. Further work is clearly required to
develop and validate a risk stratification score for PA patients.

PHwas common in this cohort, commonly described as “segmental”
characterized by both hypertensive and hypoperfused regions of the
lung, depending on the distribution of collateral circulation and periph-
eral pulmonary stenoses. Indications for the use of advanced (PAH)
therapies in this population remain unclear. Small intention-to-treat
case series have reported an, overall, favorable outcome on functional
class and exercise tolerance [20,21].

5. Limitations

This is a retrospective study from a single tertiary center on a fairly
heterogeneous population. Patients of various ages and anatomies,
who represent different eras of management, were included and, there-
fore, may not be directly comparable. However, the purpose of this
study was to describe all PA patients seen and followed in a contempo-
rary adult cardiology centers, irrespective of age or anatomy, and iden-
tify predictors of outcome for such an adult cohort, guiding modern
ACHD management. The limited sample size and number of events
did not allow us to account for time-varying covariates, and a limited
the number of variables could be included in multivariate models. Im-
mortal time bias may account, at least in part for the lack of difference
in the outcome between unrepaired and repaired patients in Group 1,
as adult survivors with PA in their 20s or 30s and beyond almost cer-
tainly represent the best end of the spectrum. However, our study was
not aimed at assessing the natural history of PA from birth, but rather
the survival prospects of contemporary adult PA patients followed in a
tertiary ACHD center or other adult Cardiology service, and our survival
analysis followed this study design.

6. Conclusion

Pulmonary atresia is associated with significant morbidity and
mortality amongst adult survivors, affecting unrepaired, palliated and
patients who underwent biventricular repair. Adult patients with
pulmonary atresia are a heterogeneous patient population in terms
of underlying anatomy, physiology and previous intervention/s and
warrant life-long expert tertiary care.
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