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Introduction

Background The aim of this study was to evaluate the long-term outcome and
freedom from pulmonary valve replacement (PVR) after initial repair of tetralogy of
Fallot (TOF).

Patients and Methods The cohort of 306 patients treated between 1980 and 2017
was divided into anatomical subgroups according to the diagnosis of TOF-pulmonary
stenosis, TOF-pulmonary atresia and TOF-double outlet right ventricle. Patients were
treated with transannular patch (TAP), valve sparing repair (VSR), or conduits from the
right ventricle to the pulmonary arteries (RVPA conduits).

Results There were 21 deaths (6.9%), 14 being hospital deaths (4.6%) after primary
correction and four deaths (1.3%) occurred after PVR. One patient died after a non-cardiac
operation (0.3%). There were two late deaths (0.7%). During the past 12 years no early
mortality has been observed. Ninety-one patients (30.4%) received PVR after a median of
12.1 4+ 7.0 years with an early mortality of 4.4% (n=4) and no late mortality. A significant
difference in freedom from reoperation after TAP, VSR, and RVPA-conduits could be
identified. Multivariate analysis displayed transannular repair (p = 0.016), primary palliation
(p <0.001), the presence of major aortopulmonary collateral arteries (MAPCA; p =0.023),
and pulmonary valve Zscores < — 4.0 (p = 0.040) as significant risk factors for PVR.
Conclusion TOF repair has a beneficial long-term prognosis with low morbidity and
mortality. Pulmonary valve Zscores < —4.0, transannular repair, and presence of
MAPCAs are associated with earlier PVR. Non-VSRs and TOF-pulmonary atresia lead to
earlier reoperation but have no negative impact on survival.

who described its morphology after performing autopsies
with right ventricular outflow tract obstruction (RVOTO),

Tetralogy of Fallot (TOF) is a cyanotic congenital cardiac
defect named after the French physician Etienne-Louis Fallot,
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ventricular septal defect (VSD), overriding aorta, and hyper-
trophy of the right ventricle.' Surgical treatment, however,
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was not possible until 1944 when Blalock and Taussig first
palliated patients with a systemic to pulmonary artery shunt
(Blalock-Taussig-Thomas-shunt).* Ten years later, Lillehei
performed the first successful surgical repair using cross-
circulation,” followed by Kirklin’s approach using a cardio-
pulmonary bypass circuit.® Before, survival rates were
around 50% over the first year of life and only few patients
reached adulthood.” TOF is the most common form of
cyanotic heart diseases, with a prevalence of approximately
3.9 cases per 10,000 live births.® Cyanosis and symptoms are
determined by the degree of RVOTO and can range from
asymptomatic patients to severe hypoxemia.? Surgical TOF
treatment has changed the prognosis of Fallot patients
positively toward survival into adulthood for the majority
of all repaired individuals. Several strategies and technical
impacts have changed over the course of more than 60 years
of surgical history.

The purpose of this retrospective study was to evaluate
the long-term results and freedom from pulmonary valve
replacement (PVR) from a large historical patient cohort after
the initial repair of TOF at our institution. PVR becomes
necessary when significant pulmonary regurgitation and
RV-dilatation occur.’ Extensive studies showed a higher
risk for PVR after transannular RVOT reconstruction. Howev-
er, long-term survival for any chosen type of repair is
described as excellent.'%"12

This report analyzes the influences of different surgical
techniques on the long-term need of PVR regarding the
implication of transannular patch repair (TAP), valve sparing
repair (VSR), and primary placement of valved right ventricle

Table 1 Patients characteristics by diagnosis

to the pulmonary artery conduit (RVPA conduit) with respect
to the anatomical variations of the disease, ranging from
tetralogy of Fallot-pulmonary stenosis (TOF-PS), TOF-pulmo-
nary atresia (TOF-PA) toward TOF-double outlet right ventri-
cle type (TOF-DORV).

Materials and Methods

Patients

Hospital records and operative protocols of all patients who
underwent complete TOF repair at our institution (Erlangen
University Hospital) between April 1980 and June 2017 were
reviewed. Patients with absent pulmonary valve syndrome
and pulmonary atresia-major aortopulmonary collateral ar-
teries (MAPCAs) with complete absence of central pulmo-
nary arteries were excluded. A total of 306 patients entered
the retrospective study and were analyzed. The patient
cohort was divided into anatomical subgroups according to
their pathologic features like TOF-PS (n=228), TOF-PA
(n=23), and TOF-DORV(n =55). There were 174 males and
132 females, median age and weight at the time of complete
repair were 13.5 months (range: 2.6-156.8 months) and
8.5 kg (range: 3.0-40.0 kg). Patient characteristics examined
included age at repair, weight, Z-scores of the pulmonary
valve, primary palliative shunt procedures, presence of
MAPCAs, time on cardiopulmonary bypass, aortic cross
clamping time, genetic disorder and coronary anomalies.
Patient’s characteristics for the subgroups are summarized
in =Table 1. Information was obtained from medical records
and direct contact to outpatient physicians. Late death was

TOF-PS Range TOF-PA Range TOF-DORV Range
N (%) 228 (74.5) 23 (7.5) 55 (18.0)
VSR (n, %) 138 (60.5) 6 (22.2)° 21 (38.2)
TAP (n, %) 87 (38.2) 8 (34.8) 30 (54.5)
RVPA-conduit (n, %) 3(1.3) 9 (39.1) 4(7.2)
Age (months +SD) 20.7 £1.7 2.7-156.8 35.4+6.6 3.9-97.8 17.4+3.1 2.7-141.2
Age <6 mo (months +SD) 444144 4413 16+5.2
Sex (male, %) 134 (58.8) 14 (60.9) 26 (47.3)
Weight (kg = SD) 9.6+0.3 33-400 |12+1.4 5.4-29.5 | 8.3+0.6 3.0-33.0
ZScore PV (+SD) —-2.2+0.2 -4.8+0.9 -3.20+0.4
Primary palliation (n, %) 56 (24.6) 20 (87.0) 25 (45.5)
Additional palliation (n, %) 11 (4.8) 4(17.4) 6 (10.9)
MAPCAS (n, %) 15 (6.6) 6 (22.2) 2 (3.6)
CPB (min £ SD) 136.0 £3.1 53 -347 192.4+13.4 123-386 184.94+9.3 80-344
ACC (min +SD) 70.6 £1.8 17-172 86.5+6.5 38-171 91.5+6.7 30-234
Chromosomal anomaly? (n, %) 30 (13.2) 4(17.4) 11 (20.0)
Coronary anomaly (n, %) 25 (11.0) 4(17.4) 10 (18.2)

Abbreviations: ACC, aortic cross clamping; CPB, cardiopulmonary bypass; MAPCAS, major aortopulmonary collateral arteries; PV, pulmonary valve;
RVPA-conduit, conduit from the right ventricle to the pulmonary arteries; TAP, transannular patch; VSR, valve saving repair.

4Chromosomal anomalies included Trisomy-21 (17), DiGeorge syndrome (5), VACTERL syndrome (9), six microdeletion 22q11 (6), and others (8)
RVOT muscle bundles (septal and parietal band) were divided. RVOT muscle resection was limited to the lowest possible extent.
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confirmed after contacting health insurances and govern-
mental registers. Institutional ethics board approval was
sought and a waiver of consent obtained.

Operative Technique

All patients underwent repair using hypothermic cardiopul-
monary bypass. Deep hypothermic circulatory arrest was
rarely needed for surgery (n=>5; 1.6%). Median cardiopul-
monary bypass time and median aortic cross clamping time
were 135.5minutes (range: 53-386minutes) and
69.0 minutes (range: 17-234 minutes), respectively. Surgical
anatomy and operative complexity, partly represented by
total time on bypass and aortic cross-clamping are listed
in =Table 1.

Surgical approaches were individually adopted to the
patient’s anatomy. Whenever possible, incisions did not
cross the pulmonary valve annulus. The pulmonary valve
orifice was always probed followed by a valvuloplasty to
maximize the aperture. Commonly a combination of com-
missurotomy and leaflet shaving was performed. Surgical
delamination of severely hypertrophic valves was adopted
late as additional valve sparing technique in 2016.

We aimed to achieve an annulus size close to the normal
Z-score larger than —2. Most VSDs were repaired from the
right atrium through the tricuspid valve. Decisions whether
to patch the infundibulum or not were based on the final
RVOT dimension. Patches were inserted through an infun-
dibular incision extending to the pulmonary annulus but not
crossing it whenever pulmonary valve dimensions were
adequate (Z-score larger than —2). In the presence of severe
pulmonary valve hypoplasia, a transannular patch recon-
struction became necessary. Different RVOT-patch materials

Table 2 Patients’ characteristics by type of RVOT repair
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were used according to surgeon’s personal preference. A
persistent foramen ovale was closed whenever necessary.
The RVOT was reconstructed with a transannular patch in
125 patients (40.9%), the pulmonary valve annulus was pre-
served in 165 patients (53.9%) and 16 patients (5.2%) were
treated primarily with a RVPA conduit. Patients characteristics
according to the type of RVOT repair are described in = Table 2.

Statistical Analysis

The research dataset was compiled during 2016 to 2018.
Patient research datasets were extracted from digital and
paper-based clinic information systems and patient records
and transferred to a prepared EXCEL 2016 (Microsoft, Red-
mond, Washington, United States) database. Group data are
presented as the mean and standard deviation for continu-
ous variables, and proportional data are presented with their
95% confidence interval. Descriptive statistics for compar-
isons between groups were made using the unpaired t-test,
Fisher’s exact test or univariate analysis of variance (ANOVA),
Kaplan-Meier methods with log-rank test and Cox propor-
tional hazards regression analysis were used to analyze long-
term survival and freedom from reoperation. Univariate and
multivariate regression analyses were used for risk-factor
analysis regarding mortality or later PVR. All statistical
analyses were undertaken using SPSS 21 statistical software
(IBM, Armonk, New York, United States).

Results

Mortality and Survival
Complete case notes of 306 patients were reviewed and
analyzed. Overall mean follow-up time was 16.9 9.7 years

VSR Range TAP Range RVPA- Conduit Range
N (%) 165 (53.9) 125 (40.9) 16 (5.2)
TOF-PS (n, %) 138 (83.6) 87 (69.6) 3(18.8)
TOF-PA (n, %) 6 (3.6)° 8 (6.4) 9 (56.3)
TOF-DORYV (n, %) 21(12.7) 30 (24.0) 4(25.0)
Age (months & SD) 20.9+2.0 2.6-156.8 18.6+1.8 2.8-143.1 44.8+11.7 5.3-154.7
Age <6 mo (months £ SD) 34£11.1 28+9.2 2+0.7
Sex (male, %) 104 (63.0) 63 (50.4) 7 (43.8)
Weight (kg +SD) 9.6+0.4 3.0-40.0 9.0+0.4 3.8-30.0 125+23 4.7-30.0
Z-score PV (+SD) —-1.6+0.2 —-3.64+0.2 —5.6+1.1
Primary palliation (n, %) 45 (27.2) 40 (32.0) 16 (100.0)
MAPCAS (n, %) 10 (6.1) 9(7.2) 4 (25.0)
CPB (min £ SD) 135.2+3.7 53-347 157.3+5.2 70-344 231.9+1.6 144-386
ACC (min +SD) 71.3+2.1 19-172 78.9+3.7 17-234 94.7+7.0 42-154
Chromosomal anomaly? (n, %) 15 (9.1) 26 (20.8) 4 (25.0)
Coronary anomaly (n, %) 20 (12.1) 14 (11.2) 5(31.2)

Abbreviations: ACC, aortic cross clamping;

CPB, cardiopulmonary bypass; MAPCAS, main aortopulmonary collateral arteries; PV, pulmonary valve; RVPA-

conduit, conduit from the right ventricle to the pulmonary arteries; TAP, transannular patch; VSR, valve saving repair.
4Chromosomal anomalies included Trisomy-21 (17), DiGeorge syndrome (5), VACTERL syndrome (9), six microdeletion 22q11 (6) and others (8).

®Membranous atresia. RVOT muscle bundles (septal and parietal band) were divided. RVOT muscle resection was limited to the lowest possible extent.
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Fig 1. Survival (A) Overall survival; (B) comparison between valve saving repair,
transannular patch and conduits from the right ventricke to the pulmonary arterys; (C)
comparison between TOF- pulmonary stenosis, TOF- pulmonary atresia and TOF- double
outlet right ventricle; (D) comparison between patients with chromosomal anomaly and

without

Fig.1 Survival. (A) Overall survival; (B) comparison between valve saving repair, transannular patch, and conduits from the right ventricle to the
pulmonary arteries: (C) comparison between TOF pulmonary stenosis, TOF-pulmonary atresia, and TOF-double outlet right ventricle; (D)
comparison between patients with chromosomal anomaly and without.
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(range: 40 days-38.3 years) and for patients with later PVR
19.7 £7.9 years (range: 15 months-38.3 years). There was a
total of 21 deaths (6.9%), 14 of them being hospital deaths
(4.6%) after primary correction, including 11 patients (3.6%)
before 30 days after repair. Additional four patients (1.3%)
died after PVR. One patient (0.3%) died after a non-cardiac
operation and there were two late deaths (0.7%) after 2.6 and
7.3 years with no previous PVR. Causes of late death were
sudden heart failure and intractable arrhythmia. However,
during the past 12 years, no early mortality following
primary repair has been observed. Primary palliation and
transannular repair were no risk factors for early death. On
univariate and multivariate analysis, only chromosomal
anomalies (p <0.001) were associated with a higher mortali-
ty, which in detail was related to the patients with Trisomy-
21 (p <0.001). VACTERL syndrome (p=0.592), DiGeorge
syndrome (p=0.981), and microdeletion 22q11 (p =0.199)
were not associated with a higher risk. The overall survival
rates stayed high even after 25 and 30 years after repair with
93.1, and 91.6%, respectively (=Fig. 1A). No differences in
survival distribution were observed for TOF-PS versus TOF-
PA and TOF-DORV (p =0.645) or TAP versus VSR and RVPA-
conduit (p=0.094) according to the log-rank test (~Fig. 1B,
C). Significant differences were only present for patients with
chromosomal anomalies with a 20- and 30-years survival of

Long-Term Results after Fallot Repair Kleindder et al.

82.0 and 72.9% versus 95.1 and 95.1% for patients without
chromosomal anomaly (p <0.001; ~Fig. 1D).

Freedom from Pulmonary Valve Replacement

PVR became necessary in 91 out of 306 patients (29.7%) after
a mean of 12.1 £7.0 years (range: 8 days-30.2 years) after
severe symptoms like arrythmia, significant reduced right
ventricular ejection fraction or QRS duration >160 milli-
seconds occurred. Hospital mortality was 4.4% (n=4), three
patients died early (3.3%) after PVR and one patient later
after 5 months, respectively. All censored patients were in
critical condition prior to PVR, which became urgently
necessary shortly after primary correction. No late mortality
after elective PVR was observed. Overall freedom from PVR
was 20.4 +1.8 years with 94.0, 83.9, 68.0, 52.8, 44.0, and
33.9% of the patients not needing PVR at 5, 10, 15, 20, 25, and
30 years, respectively (=Fig. 2A). The type of repair at the
time of complete correction showed a significant difference
in freedom from PVR (p <0.001). Median time for TAP was
17.0 £2.2 years, for VSR 25.7 £ 3.5 years and for RVPA con-
duits 10.9 + 1.0 years (p <0.001). VSR had the longest free-
dom from PVR with 94.3, 86.9, 77.2, 62.8, 54.8, and 43.7%
after 5, 10, 15, 20, 25, and 30 years, respectively as shown
in =Fig. 2B. Diagnosis significantly influenced freedom from
PVR, TOF-PS patients required surgery after a median of
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Fig. 2 Freedom from pulmonary valve replacement. (A) Overall freedom from PVR; (B) comparison between the types of diagnosis; (C)
comparison between the types of repair at primary correction; (D) comparison between the need of primary palliation and none; (E) comparison
between an age younger than 1 year and older age; (F) comparison between the presence of a chromosomal anomaly and none.
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253 4+3.1 years, compared with patients with TOF-PA
9.8 +1.5 years and TOF-DORV 13.7 +2.8 years (p <0.001).
Patients with TOF-PS had the longest freedom from PVR with
95.2, 88.6, 76.9, 60.1, 50.4, and 40.7% after 5, 10, 15, 20, 25,
and 30 years, respectively as shown in =Fig. 2C. Primary
palliation significantly influenced freedom from PVR (p
<0.001) being 13.7 +1.5 years compared with 26.9 +2.3
years for patients without palliation. Freedom from PVR
was 97.7, 93.6, 81.7, 64.4, 57.1, and 45.6% after 5, 10, 15,
20, 25, and 30 years, respectively as shown in =Fig. 2D.
Primary palliation was most common in patients with TOF-
PA (87.0%) followed by TOF-DORV (45.5%) and TOF-PS
(24.6%) (~Table 1). However, age at the time of repair below
1 year compared with the remaining patients (p =0.370) and
the presence of chromosomal anomalies (p = 0.546) were not
associated with a significant higher hazard for PVR (=~ Fig. 2E,
F). On univariate analysis, TOF-PA (p <0.001), transannular
repair (p =0.003), small Z-scores for the pulmonary valve (p
<0.001), the need of primary palliation prior to total repair (p
<0.001), presence of MAPCA (p <0.001), and longer time on
cardiopulmonary bypass (p <0.001) were risk factors asso-
ciated with PVR. Multivariate analysis displayed transannu-
lar repair (p=0.016), primary palliation (p <0.001) and the
presence of MAPCA (p =0.023) as significant risk factors for
PVR (=Table 3). Pulmonary valve Z-scores below —4.0 were a
significant risk factor (p =0.040) on multivariate analysis,
while significant differences already occurred at Z-scores
below —3.0 on univariate analysis (p=0.009). Pulmonary
valve Z-scores were significantly smaller in patients
who underwent TAP and repair with a conduit than
VSR (p <0.001) and a major risk factor for patients
diagnosed with TOF-PA requiring RVPA-conduit repair
(~Table 1, 2).

Table 3 Risk factors for PVR

Discussion

Since the first successful TOF-repair by Lillehei and col-
leagues in the 1950s, outcomes have significantly improved,
with excellent long-term survival and low risks for late
sudden death.'"'* However, long-term studies after TOF-
repair have all shown frequent need for PVR due to progres-
sive pulmonary valve regurgitation, right ventricular dys-
function, and decreased functional capacity.'>~"” There has
been a growing enthusiasm for TOF repair techniques imply-
ing preservation of the pulmonary valve and its annulus, thus
prolonging time until PVR.'? Historical series confirm that
late PVR is significantly less common whenever the annulus
remained intact. However, whether all forms of valve pres-
ervation translate into late clinical advantages is difficult to
prove.'18

Operative mortality has constantly decreased with rates
currently close to 0% even in neonates and young infants,'®
supporting our own surgical results with no early mortality
since 2004. Previous studies'®?? including patients who
underwent total repair of TOF in the earlier era of Fallot
repair report that younger age at the time of operation, lower
weight, and transannular patch reconstruction were risk
factors for death. Several improvements over time like
mechanical properties and materials used for cardiopulmo-
nary bypass, surgical timing, surgical indication, and the
surgical techniques itself have dramatically improved since
the early years of Fallot repair. These factors most certainly
became less relevant. Our series identified Trisomy-21 as an
independent risk factor with negative impact on survival,
despite the low number of only 16 cases (5.2%). This might be
explained by a potentially higher pulmonary vascular resis-
tance level and narrow airways commonly found in patients

Univariate Multivariate

p p OR Cl (95%)
PA 0.000 0.052 1.890 0.994-3.594
DORV 0.062
Transannular repair 0.003 0.016 1.732 1.106-2.711
Age <6 mo 0.860
Weight (kg) 0.062
Z-score PV 0.000 0.239 1.306 0.838-2.037
Z-score < —4.0 0.000 0.040 1.691 1.025-2.79
Primary palliation 0.000 0.000 2.434 1.534-3.862
Additional palliation 0.197
MAPCA 0.000 0.023 2.236 1.116-4.480
CPB (min) 0.000 0.187 1.003 0.998-1.009
ACC (min) 0.826
Chromosomal anomalies 0.547
Coronary anomaly 0.112

Abbreviations: ACC, aortic cross clamping; Cl, confidence interval; CPB, cardiopulmonary bypass; DORV, double outlet right ventricle; MAPCAS,
main aortopulmonary collateral arteries; OR, odds ratio; PA, pulmonary atresia; PV, pulmonary valve.
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with Trisomy-21, which possibly influences early and late
outcomes. In conjunction to this, some other series have been
showing that genetic syndromes are associated with poorer
survival.'?

The overall survival in our cohort was excellent despite
the long observational period. There were no significant
differences between the different observed groups TOF-PS,
TOF-PA, and TOF-DORV, discordant to the previous results of
other authors showing poorer late survival in the TOF-PA
group.'>'821 This might be partially explained by the
smaller number of patients in this cohort and the fact that
pulmonary atresia with absent central pulmonary arteries
and only MAPCAs were not included in this study. In addi-
tion, there was no significant differences between TAP, VSR,
and repair via RVPA-conduit for mortality. Therefore, it
seems that preserving the pulmonary annulus does not
improve late survival necessarily. These findings align with
previous studies.'>'* Also, no early mortality during the past
12 years of the study was observed, which predicts an even
better result if the series is repeated in the future.

Progressive pulmonary valve regurgitation is a frequent
indication for re-operation in this patient group after surgi-
cal reconstruction. Right ventricular enlargement and dis-
tension, further tricuspid regurgitation and later dysfunction
of both ventricles, ventricular arrhythmia including sudden
death are potential sequela and complications that need to
be addressed.'22-23 Despite several risk factors, reoperative
mortality rates stay constantly low.'” Historically, PVR has
been necessary in more than 50% of late survivors. Some
reports suggested poorer survival and an increased frequen-
cy of pulmonary regurgitation after total repair of TOF using
a transannular patch.?* In our series, 125 patients (40.9%)
received TAP and there was a significant difference in the
freedom from reoperation between the patients who under-
went VSR, TAP, and repair with a RVPA-conduit. Higher
reintervention rates for RVPA-conduits are a common fact,
as conduits get obstructed due to their limited growth
potential.>® Preoperatively, pulmonary valve Z-scores, intra-
operative pulmonary valve anatomy have been used to
determine whether the annulus could be preserved or not.
Z-scores of the pulmonary valve larger than —2 and non-
dysplastic pulmonary valve leaflets were considered factors
that made preservation of the pulmonary annulus possible.

In addition, anatomical variations have been reported to
be a significant risk factor for reintervention and later
PVR.">1® Our study included 23 patients with TOF-PA and
55 patients with TOF-DORV. Abovementioned subgroups
needed PVR much earlier in comparison to patients with
TOF-PS. These findings completely agree with previous
reports,'>'®21 although the small number of patients in
those subgroups must be considered. Overall freedom
from PVR rate was 94.0, 83.9, 68.0, 52.8, 44.0, and 33.9%
after 5, 10, 15, 20, 25, and 30 years, respectively. Initial
palliation prior to total repair is known to be associated
with earlier PVR,'%'42% which we could confirm in our study
data as well. Small diameters for the pulmonary valve and
RVOT are probably the underlying reason to explain this fact,
leading often to TAP in these patients.'®?’ In our study, Z-
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scores below —4.0, use of transannular patch, and presence of
MAPCAs affected the freedom from PVR significantly. Fur-
ther PVR was needed even after VSR, as the repaired valves
are probably far different from normal function. However, if
PVR becomes necessary, it will be after a longer period in
these patients. Small diameters of the pulmonary valve
annulus led to more frequent palliation and more frequent
need of TAP. Also, the presence of MAPCAs indicates higher
pulmonary resistance due to collateral flow, smaller pulmo-
nary arteries, and rather small pulmonary valve annulus due
to lesser antegrade RVOT-flow.

This study was limited by its retrospective nature and the
inclusion of patients operated during a wide-ranging period,
with an enormous technical and pathophysiological impact on
surgery and postoperative care. Only completely recovered
patients at our institution were included in this series. The
parameters used to evaluate surgical risk factors were subjective.
One important limitation is that the late sequela of TOF repair
typically take decades to manifest. It is therefore impossible to
draw firm conclusions regarding the very late risk of PVR so far.

Conclusion

TOF repair has up to date a completely beneficial long-term
prognosis with low morbidity and low mortality. Presence of
Down syndrome was negatively associated with survival.
PVR is a frequently needed second operation with a consid-
erable low risk, even in the setting with multiple previous
operations. Primary palliative procedures, pulmonary valve
Z-scores < — 4.0, transannular repair, and presence of MAP-
CAs are associated with earlier PVR. Non-VSRs and TOF-PA
lead to earlier reoperation but have no negative impact on
survival. In general, surgical preservation of the pulmonary
annulus with several current techniques like pulmonary
valve delamination can reduce reoperation rates.
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