
E
a
a
P
S
a

Surgery for Congenital Heart Disease Gruber et al

2

CH
D

arly results of single-stage biventricular repair of severe
ortic hypoplasia or atresia with ventricular septal defect
nd normal left ventricle

eter J. Gruber, MD, PhD,a Stephanie Fuller, MD,a Kathryn M. Cleaver, BS,b Ibrahim Abdullah, MD,c

tephen B. Gruber, MD, PhD,d Susan C. Nicolson, MD,a J. William Gaynor, MD,a Gil Wernovsky, MD,a
nd Thomas L. Spray, MDa

O
p
c
e

M
b
a
f

R
p
k
a
M
m
P
t
h

C
c

A
a
e
(

v
p
o
p
p
a
b
b
F
p

From The Children’s Hospital of Philadel-
phia, Philadelphia, Pa,a Vanderbilt Uni-
versity School of Medicine, Nashville,
Tenn,b Hospital of the University of Penn-
sylvania, Philadelphia, Pa,c and University
of Michigan, Ann Arbor, Mich.d

Read at the Thirty-first Annual Meeting
of the Western Thoracic Surgical Associa-
tion, Victoria, BC, Canada, June 22-25,
2005.

Received for publication June 17, 2005;
revisions received Feb 13, 2006; accepted
for publication Feb 16, 2006.

Address for reprints: Peter J. Gruber, MD,
PhD, Pediatric Cardiothoracic Surgery, The
Children’s Hospital of Philadelphia, Suite
8527, 34th St and Civic Center Blvd, Phil-
adelphia, PA 19104 (E-mail: gruber@email.
chop.edu).

J Thorac Cardiovasc Surg 2006;132:260-3

0022-5223/$32.00

Copyright © 2006 by The American Asso-
ciation for Thoracic Surgery

Earn CME credits at
http://cme.
v
doi:10.1016/j.jtcvs.2006.02.050

60 The Journal of Thoracic and Cardio
bjective: Biventricular repair of aortic atresia (or severe aortic hypoplasia) is
ossible in the presence of a ventricular septal defect and normal left ventricle. We
onsidered whether primary biventricular repair was a safe alternative in all cases,
ven in the presence of interrupted aortic arch.

ethods: This was a retrospective analysis of patients who underwent primary
iventricular repair consisting of a combination Norwood-type reconstruction of the
ortic arch, baffle of the left ventricle to both semilunar roots, and conduit placement
rom the right ventricle to pulmonary arteries.

esults: Between January 1995 and January 2005, a total of 21 patients underwent
rimary biventricular repair at a median age of 5 days and a median weight of 3.0
g. Aortic atresia was present in 7 and aortic stenosis in 14; 6 had interrupted aortic
rch. All patients with aortic stenosis had annular diameters 3 mm or smaller.
edian circulatory arrest time was 55 minutes, aortic crossclamp time was 56
inutes, and total support time was 99 minutes. In-hospital survival was 100%.
ostoperative echocardiography in 19 patients demonstrated no significant outflow

ract obstruction. Total stay was a median of 17 days. At midterm follow-up, there
as been 1 late death, and reoperation has been necessary in 10 cases.

onclusion: Primary biventricular repair is a safe alternative to staged repair in all
ases of aortic hypoplasia with ventricular septal defect and normal left ventricle.

ortic atresia or severe aortic stenosis is usually associated with left ventric-
ular hypoplasia. However, autopsy series reveal that in 4% to 7% of
patients with aortic atresia, a ventricular septal defect (VSD) may exist,

llowing an appropriate outflow for the ventricular chamber.1-3 Through undefined
mbryologic mechanisms, this provides the left ventricle an opportunity for normal
or nearly normal) growth.

In the vast majority of cases of aortic atresia or severe aortic stenosis, the left
entricle does not form substantially, requiring the conversion to single-ventricle
hysiology for survival. Staged single-ventricle repair, though by now a standard
peration, is associated with significant morbidity. Thus we have been motivated to
reserve biventricular physiology when possible. Biventricular repair for selected
atients with aortic atresia or severe aortic stenosis and a VSD is possible, thus
verting staged single-ventricle repair. Early palliation for this disease was reported
y Freedom and colleagues4 in 1977; a Potts shunt and bilateral pulmonary arterial
ands were used.4 In 1983, Duffy and associates5 reported a variation of the
reedom procedure, constructing a polytetrafluoroethylene shunt between the main
ulmonary artery and the aorta.5 Norwood and Stellin6 used a conduit between the

entricular apex and descending thoracic aorta. Yasui and colleagues’ reports7,8 in

vascular Surgery ● August 2006
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987 of 12 patients were the first to address a combined
epair with a Rastelli-type reconstruction of the outflow
ract and VSD closure with an interposition polytetra-
uoroethylene graft reconstruction of the aortic arch.
even patients, all with interrupted aortic arch, underwent
rimary biventricular repair with no operative mortality.
ustin and coworkers9 in 1989 reported a further modifi-

ation; their 4 cases of primary repair resemble the opera-
ion most commonly used by our group today. This encom-
asses a Norwood-type reconstruction of the aortic arch
ith Damus-Kaye-Stansel anastomosis, followed by a
astelli-type left ventricular baffle and right ventricular–
ulmonary arterial conduit. During the past 15 years, further
odifications by Bogers and associates,10 Serraf and co-
orkers,11 Bové and colleagues,12-15 and others16-18 have

mproved the understanding of operative issues on the man-
gement of these complex cases. This study summarizes our
0-year experience with the primary biventricular repair,
xamining midterm results.

ethods
etween January 1995 and January 2005, a total of 21 infants with
ither severe aortic stenosis (annulus �3.0 mm) or aortic atresia, a
SD, and a normal left ventricle underwent primary repair at the
hildren’s Hospital of Philadelphia. We defined a normal left
entricle as an apex-reaching left ventricle with a mitral valve
-score greater than �2.0. Six patients had interrupted aortic arch,
type A and 5 type B. Patients with other complex anatomic

efects were excluded from our study. Median gestational age at
irth was 37.5 weeks (range 32-40 weeks), with a median opera-
ive age of 9.6 days (range 1-59 days). Patient characteristics are
eported in Table 1 and are notable for a balanced mix of male
n � 11) and female (n � 10) infants and a high frequency of
ither documented genetic syndromes (n � 7) or other noncardiac
nomalies (n � 6). These genetic syndromes included either com-
lete or microdeletions of 22q11 (n � 3), 4q32 (n � 1), trisomy 5q
n � 1), chromosome 9 partial inversion (n � 1), and G6PD
eficiency (n � 1). All patients were supported preoperatively with
rostaglandin E to maintain ductal patency and proceeded to
peration as soon as was feasible in an elective fashion.

perative Procedure
ll patients were nasotracheally intubated and monitored with a

adial arterial line. Surgery was tailored to individual anatomic
ariations, although the general procedure is as follows. Surgery
as performed through a full midline sternotomy, and patients
ere cannulated in a standard fashion. Cardiopulmonary bypass
as begun, and tapes were brought down around the branch
ulmonary arteries. The patient’s head was packed in ice, and the

Abbreviations and Acronyms
VSD � ventricular septal defect
atient was cooled to 18°C through 15 minutes with alpha-stat o

The Journal of Thoracic
lood gas management. During this period of cooling, the aortic
rch was extensively mobilized and a homograft patch and a
alved homograft conduit were thawed. The median conduit size
as 12.0 mm (range 8-14 mm). Ramel tourniquets were placed

oosely around the brachiocephalic vessels. A period of circulatory
rrest began, cardioplegia (50 mL/kg) was infused through a side
ort of the aortic cannula, and cannulas were then removed. The
atent foramen ovale was narrowed to between 2 and 4 mm. The
uctus arteriosus was excised from the pulmonary bifurcation, and
he distal aorta redundant ductal tissue was débrided. The inferior
spect of the aortic arch was then augmented with an arrowhead-
haped homograft patch, and the aortic and pulmonary roots were
rought together in a Damus-Kaye-Stansel anastomosis. In cases
f interrupted aortic arch, we usually anastomosed the lateral aspect
f the right carotid and the medial aspect of the left subclavian
rtery to reconstruct the superior portion of the aortic arch. The
nferior aspect of the aortic arch was reconstructed in an identical
ashion. The right ventricular infundibulum was incised, and the
entricles were inspected. We generally did not resect the infun-
ibular septum, although we enlarged the VSD in 11 cases. A
acron polyester fabric patch baffled the left ventricular outflow

ract to both the aortic and pulmonary valves. A valved homograft
onduit was used to reconstruct the right ventricular outflow tract.
annulas were replaced and perfusion begun, and the patient was
armed to 37°C through 23 minutes. All patients underwent a
eriod of modified ultrafiltration after weaning from cardiopulmo-
ary bypass. Total support time was a median of 99.0 minutes
range 77-141 minutes), with an aortic crossclamp time of 56.0
inutes (44-85 minutes) and a circulatory arrest time of 55.0
inutes (44-77 minutes). All patients underwent intraoperative

ransesophageal echocardiography for evaluation of the repair
Table 2).

tatistical Analysis
ll statistical analyses were performed with SAS version 8.02

SAS Institute, Inc, Cary, NC). Descriptive statistics were per-
ormed with PROC UNIVARIATE and PROC FREQ for contin-
ous and categoric variables, respectively. Pearson correlation
oefficients between continuous variables and measures of length

ABLE 1. Patient population (n � 21)
emographic data
Patients (No.) 21
Age at operation (d, median � SD) 9.6 � 13.2
Gestational age (wk, median � SD) 37.5 � 2.2
Sex (male/female) 11:10
Weight at operation (kg, median � SD) 3.1 � 0.8
Genetic syndrome (No.) 7
Noncardiac anomaly (No.) 6

natomy
Aortic stenosis (No.) 14
Aortic atresia (No.) 7
Interrupted aortic arch (A/B) 1:5
Maximum aortic annular diameter (patients with

aortic stenosis; mm)
3

f stay were calculated with the CORR procedure, and reported

and Cardiovascular Surgery ● Volume 132, Number 2 261
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values test the null hypothesis that the correlation is zero. To
ssess differences in length of stay by categoric variables, such as
he presence or absence of a genetic syndrome, unpaired t tests
ere performed as implemented in PROC T-TEST to test the null
ypothesis that the difference between the two groups in mean
ength of stay was zero. The Satterthwaite method was used to
alculate P values when there was evidence that the variances in
he two groups were not equal.

esults
here were no operative or in-hospital deaths. No patients

equired extracorporeal membrane oxygenation support at
ny point during the hospital course. Median intensive care
nit stay was 15.0 days (range 4-126 days). Complete
ollow-up was available for 16 of 21 patients, with a median
ollow-up of 34.2 months (range 0.5-81.9 months). Results
re summarized in Table 3. Only gestational age predicted
ength of stay (P � .02). There were no important correla-
ions between total support time (P � .23), circulatory arrest
ime (P � .42), and aortic crossclamp time (P � .24) and
ither length of stay or mortality. Interestingly, there was
lso no correlation between the presence of a genetic syn-
rome (P � .24) or noncardiac abnormality (P � .24) and
ength of stay.

There was 1 late death, from an unrelated event at an
utside hospital, resulting in a 100% in-hospital survival
nd a 95.2% midterm survival. Significant complications
ccurred in 12 patients, with 10 reoperations. Eleven pa-
ients had baffle leaks, 4 of which required reoperation.
here was 1 patch dehiscence at the tricuspid annulus and 3
oderate peripatch leaks. There were 7 trivial residual

affle leaks not requiring operative repair and 1 separate
esidual muscular VSD. Conduit intervention has been re-
uired in 11 patients to date, though all will require this at
ome point in the future. Conduit replacement has been
equired in 5 patients, all during separate hospital admis-
ions, with no mortality and no significant morbidity. Con-
uit dilatation has been performed in 6 patients as a tem-
orizing measure. Catheter balloon aortic arch dilatation has
een required in 4 patients, although none have required
urther operative intervention. One patient required place-
ent of an epicardial pacemaker for complete heart block.
alvular dysfunction occurred in 3 patients, with 1 requir-

ABLE 2. Perioperative data
perative data
Total support time (min, median � SD) 99.0 � 24.0
Circulatory arrest time (min, median � SD) 55.0 � 8.0
Aortic crossclamp time (min, median � SD) 56.0 � 10.2
Conduit size (mm, median � SD) 12.0 � 1.7

xtracorporeal membrane oxygenation (No.) 0
ntensive care unit stay (d, median � SD) 15.0 � 30.0
ng reoperation for severe tricuspid insufficiency. One ad- r

62 The Journal of Thoracic and Cardiovascular Surgery ● Augu
itional patient had moderate tricuspid insufficiency, and 1
ad moderate neoaortic insufficiency. No patients had left
entricular outflow tract obstruction. Median total stay was
7.0 days (range 8-154); 75% of patients had a total stay
horter than 24 days, and 90% had a total stay shorter than
9 days.

onclusions
his retrospective analysis of 21 patients undergoing the
rimary biventricular repair of aortic atresia or aortic ste-
osis between 1995 and 2005 shows acceptable midterm
esults. Primary biventricular repair is now our procedure of
hoice for patients with either aortic atresia or severe aortic
tenosis with a normal left ventricle and VSD. The presence
f interrupted aortic arch does not influence our decision; in
act, there are no instances in which we preferentially un-
ertake a staged repair. Residual or developing subaortic
tenosis has not been a problem in our patient population.
einterventions are a necessity; all patients will eventually

eturn for conduit revisions.
The most troublesome problem was baffle leak, which

ecessitated reoperation in 4 cases. This consistent problem
mphasizes the need for close attention to this technical
spect of the intracardiac repair. We could not identify a
onsistent location of these defects, nor was there a consis-
ent correlation with VSD enlargement. We therefore rec-
mmend careful examination of the patch before comple-
ion of the proximal conduit anastomosis. Of note, all our
atches were completed in a running fashion; we therefore
annot exclude the possibility that an interrupted approach
ay be more secure in this situation.
Considerations for repair are determined by the spectrum

f disease. One issue that remains is the consideration of
ingle-stage versus staged repair. Ohye and coworkers13

ompared primary versus staged repair in 20 patients, 11 of
hom underwent a single-stage repair. There were no sig-
ificant differences in morbidity or mortality between the
roups with staged and unstaged repair, suggesting no clear
uperiority of either staged or primary repair. A recent

ABLE 3. Postoperative data
esidual baffle leak or VSD (No.) 11

Baffle leak necessitating operation 4
rch balloon dilatation (No.) 4
onduit revision (No.) 5

Conduit dilatation 6
Epicardial pacemaker 1
Tricuspid insufficiency 2
Neoaortic insufficiency 1

otal reoperations (No.) 10
ate deaths (No.) 1
ength of stay to discharge (d, median � SD) 17 � 31.7
eport by Pearl and associates19 on a staged approach in 8

st 2006
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atients had no mortality, suggesting that this continues to
e safe approach. Arguments for primary repair include the
ossible reduction in number of operations, early relief of
elative cyanosis, and reduction in ventricular volume load.
roponents of a staged approach argue that a reduction in
eonatal ischemic myocardium or removal of a neonatal
entriculotomy may improve outcome. Our data set cannot
ddress the superiority of primary versus staged biventricu-
ar repair, because all patients underwent primary repair.
imilarly, we cannot address the important question, espe-
ially in cases of marginal left ventricular size, of whether
staged single-ventricle palliation leading to a Fontan pro-

edure would be superior to primary biventricular repair.
This study has limitations and cannot address a number

f important questions. For example, who is suitable for
ingle-ventricle versus biventricular repair? We did not ex-
mine this issue because all ventricles were deemed ade-
uate, with an apex-forming left ventricle and a mitral valve
-score greater than �2.0. Although we cannot support the
tatement with data, the good intermediate outcome of our
atients suggests that outcome may not be improved by a
taged repair. Overall, we suggest that primary biventricular
epair of aortic atresia or severe aortic stenosis with a good
eft ventricle is safe at intermediate follow-up and should be
onsidered for this complex set of patients.
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