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Background. The polytetrafluoroethylene tube used as
right ventricle to pulmonary artery conduit in the stage 1
Norwood operation is associated with risks of suboptimal
branch pulmonary artery growth, thrombosis, free
insufficiency, and long-term right ventricular dysfunc-
tion. Our experience with use of valved femoral vein
homograft as right ventricle to pulmonary artery conduit
is described.

Methods. Between June 2012 and December 2015, 15
neonates with hypoplastic left heart syndrome or com-
plex single ventricle underwent stage 1 Norwood opera-
tion with valved segment of femoral vein homograft as
right ventricle to pulmonary artery conduit. The median
age at surgery was 3 days and the mean weight was 3 kg.
The size of the femoral vein homograft was 5 mm in 8
patients and 6 mm in 7 patients.

Results. There was no hospital or interstage mortality.
Fourteen patients underwent Glenn operation, and 6
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have undergone Fontan operation to date. The median
Nakata index at pre-Glenn catheterization was 262 mm2/
m2 (interquartile range: 121 to 422 mm2/m2). No patient
had thrombosis of conduit. Most femoral vein conduits
remained competent in the first month after stage 1
Norwood operation, although most became incompetent
by 3 months. Catheter intervention on the conduit was
necessary in 7 patients. Right ventricular function was
preserved in most patients at follow-up.
Conclusions. The use of femoral vein homograft as

right ventricle to pulmonary artery conduit in the Nor-
wood operation is safe and associated with good pul-
monary artery growth and preserved ventricular function.
Balloon dilation of the conduit may be necessary during
the interstage period.

(Ann Thorac Surg 2017;103:1969–75)
� 2017 by The Society of Thoracic Surgeons
ince the first description of the Norwood operation in
S1983, the survival of infants with hypoplastic left heart
syndrome (HLHS) has continued to steadily improve [1].
The introduction of the right ventricle (RV) to pulmonary
artery (PA) conduit by Sano in 2003 in the form of a
valveless polytetrafluoroethylene (PTFE) tube graft as a
source of pulmonary blood flow was a milestone in the
achievement of stable postoperative hemodynamics and
better interstage survival [2]. The Single Ventricle
Reconstruction (SVR) trial demonstrated improvement in
interstage mortality with use of RV to PA conduit [3].
Although the RV to PA conduit confers improved he-
modynamic stability, the PTFE tube is associated with
suboptimal branch pulmonary growth and thrombosis
[2, 4]. Moreover, the effects of pulmonary insufficiency
over the function of the single ventricle can be detri-
mental in the long run [4, 5].
The femoral vein homograft (FVH) is being increas-
ingly used as an interposition graft in vascular surgery
and also for neoaortic reconstruction in the stage 1 Nor-
wood operation [6]. We describe our experience with the
use of FVH as RV to PA conduit during stage 1 Norwood
operation to overcome the limitations associated with the
use of PTFE. Early to midterm results associated with this
novel approach are described.

Patients and Methods

All patients who underwent a Norwood-Sano procedure
for single ventricle anatomy between June 2012 and
December 2015 were included in the study. Neonates
who received a Blalock-Taussig shunt as part of the
Norwood stage 1 procedure or patients who received the
Norwood-Sano procedure as staged operation toward
biventricular repair were excluded. The Institutional
Review Board approved this study. Fourteen infants with
a diagnosis of HLHS and 1 infant with a complex hypo-
plastic right ventricle underwent stage 1 Norwood oper-
ation using FVH as RV to PA conduit (n ¼ 15). After birth,
all infants were medically optimized, including initiation
of prostaglandins. A balloon atrial septostomy was per-
formed for restrictive atrial septum.
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Fig 2. Distal anastomosis of right ventricle to pulmonary artery
conduit.
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Operative Procedure
All patients underwent a standard stage 1 Norwood
operation. After a median sternotomy, a subtotal resec-
tion of thymus was performed. The innominate artery
was then dissected out, and a 3.5 mm PTFE graft (Gore-
Tex; W. L. Gore & Associates, Flagstaff, AZ) was sewn to
this in an end to side manner to create a chimney graft
(Fig 1). After systemic heparinization therapy, cardio-
pulmonary bypass was instituted through an 8F arterial
cannula in the chimney graft and a 14F venous cannula in
the right atrium. Flows of 175 to 200 cc $ kg�1 $ min�1

were achieved. A pH strategy was used during cooling to
deep hypothermia. The ductus arteriosus was ligated
using 6.0 polypropylene suture. The main PA was trans-
ected and the distal PA segment was closed using a patch
of pulmonary homograft. A FVH (Cryolife, Kennesaw,
GA) was introduced into the field. The FVH is supplied as
a 16- to 18-cm long tapering vein. The diameter at the
narrowest end measures approximately 5 mm and then
gradually increases to a maximum dimension of 9 to 11
mm. We usually chose a valved segment measuring 5 to 6
mm in diameter. The distal end of this segment was then
anastomosed to the opening in the main PA using
continuous 7.0 polypropylene (Fig 2). The anterior aspect
of the FVH was marked to avoid twisting and distortion.

After myocardial arrest, the ascending aorta was
opened along its lesser curvature, and the proximal aor-
topulmonary anastomosis was constructed. Circulatory
arrest was initiated at a nasopharyngeal temperature of
15�C. The head and neck branches were snared, the
ductus was transected, and the resulting aortotomy was
carried distally well beyond the segment of coarctation.
The aortotomy was then joined to the proximal incision.
The neoaortic arch was then constructed with a pulmo-
nary homograft patch using 7.0 continuous poly-
propylene (Fig 3). An atrial septectomy was performed.
Fig 1. Setup for stage I Norwood. Note the chimney graft over
innominate artery.
Cardiopulmonary bypass was then reinitiated, and the
aortic arch deaired. During rewarming, the FVH was
tailored and the proximal end beveled. That was anasto-
mosed directly to a circular 5-mm incision over the RV
using 6.0 continuous polypropylene (Fig 4). An intracar-
diac line was placed in the right atrium, and the patient
was weaned off cardiopulmonary bypass in a standard
manner. Although we did not band any of the FVH
shunts in this study group, we have subsequently occa-
sionally placed a sleeve of 5 mm or 6 mm PTFE graft
around the shunt, especially on small babies when the
chest is closed 24 hours later.
Postoperative Management
Routine inotropes used postoperatively were dopamine (3
to 5 mg $ kg�1 $ min�1) and calcium (5 to 10 mg $ kg�1 $
h�1). Epinephrine at a dose of 0.03 mg $ kg�1 $ min�1 was
used occasionally. Delayed chest closure was performed
on all patients 24 to 48 hours later. This delay provides a
second opportunity to place or adjust a band if the
FVH appears large and the patient shows signs of
Fig 3. Neoaortic arch reconstruction.



Fig 4. Completed stage I Norwood procedure with right ventricle to
pulmonary artery conduit.

Table 1. Demographics of Study Patients

Demographics Values

Gestational age, weeks 39 (38–40)
Fetal diagnosis 8/15 (53)
Balloon atrial septostomy 4/15 (27)
Preoperative intubation 7/15 (47)
Age at Norwood-Sano operation, days 3 (2–5)
Range, days 1–7
Weight at Norwood-Sano operation, kg 3.12 � 0.57
Weight less than 2.5 kg 3/15 (20)
Diagnosis
MS-AS 7/15 (47)
MS-AA 3/15 (20)
MA-AA 4/15 (27)
Other 1/15 (6)

Size of ascending aorta, mm 3.35 � 1.1

Values are median (interquartile range) n/N (%), or mean � SD.

AA ¼ aortic atresia; AS ¼ aortic stenosis; MA ¼ mitral atresia;
MS ¼ mitral stenosis.

Table 2. Perioperative Data

Perioperative Data Values
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overcirculation, although none of the patients in the
present series needed it.

Follow-Up
All patients were either monitored in the hospital or dis-
charged home under a home monitoring program. Peri-
odic echocardiography was performed on all patients to
evaluate function of the right ventricle, tricuspid regurgi-
tation, anddegree of pulmonary regurgitation and stenosis
at different timepoints [7]. All patients underwent an
elective cardiac catheterization at 3 to 4 months of age. We
didnot face any challenges from theFVHitself during chest
reentry at the time of Glenn operation. The RV to PA
conduit was always leftward away from the midline and
was divided between ligatures after institution of cardio-
pulmonary bypass. A nonfenestrated extracardiac Fontan
operation was performed between 2 and 3 years of age.
Cardiopulmonary bypass time, minutes 156 � 15
Cross-clamp time, minutes 57 � 15
DHCA time, minutes 39 � 6
Femoral vein homograft
5 mm 8/15 (53)
6 mm 7/15 (47)

Open chest 14/15 (93)
Delayed sternal closure, days 1 (1–3)
Chest tube duration, days postoperative 3.6 � 2.4
Chest tube output first day, cc $ kg�1 $ h�1 1 � 0.4
Inotrope scorea within first 24 hours 7.7 � 2.3
Postoperative anticoagulation, within 7 days
None 5/15 (33)
Heparin 5/15 (33)
ASA 4/15 (27)
Heparin þ ASA 1/15 (7)
ASA at discharge 15/15

Values are mean � SD, n/N (%), or median (interquartile range). aInotrope
score was calculated as dopamine dose (mg $ kg�1 $ min�1)þ dobutamine
dose (mg $ kg�1 $ min�1)þ epinephrine dose (mg $ kg�1 $ min�1)þ 100�
milrinone dose (mg $ kg�1 $ min�1) � 10.

ASA ¼ acetylsalicylic acid; DHCA ¼ deep hypothermic circulatory
arrest.
Results

Our patient population consisted of 15 neonates born at
full term (median gestational age 39 weeks; interquartile
range: 38 to 40). Fourteen had a diagnosis of HLHS, and 1
patient had a complex single ventricle requiring staged
surgical palliation (Table 1). None of the patients had a
confirmed chromosomal anomaly; however, extracardiac
anomalies included left PA sling and hydrocephalus in a
patient and microcephaly in another patient. The diam-
eter of the ascending aorta ranged from 1.5 mm to 5 mm
(mean 3.35 � 1.1 mm), and in 3 patients, it measured 2
mm or less. All of them underwent a Norwood-Sano
operation within the first week of life, with median age
at surgery being 3 days (interquartile range: 2 to 5). The
mean weight at time of surgery was 3 kg (3.12 � 0.57),
with 3 patients (20%) weighing less than 2.5 kg. All 15
patients underwent Norwood-Sano operation with a FVH
as RV to PA conduit. The size of the conduit varied
depending on availability (8 of 15 received 5 mm; 7 of 15
received 6 mm; Table 2). Postoperative hemodynamics
were stable in all patients, except for a patient who had a
preexisting tricuspid valve insufficiency and required
extracorporeal membrane oxygenation for 36 hours.
Inotrope score during the first 24 hours after Norwood-
Sano operation was 7.7 � 2.3. Chest tube output in the
first 24 hours after the operation was 1 � 0.4 cc $ kg�1 $
h�1. No patient required chest exploration for bleeding.
During the first week after surgery, 67% of patients (10 of
15) were under anticoagulation therapy with either hep-
arin or aspirin. All patients were receiving aspirin at time
of discharge.
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Serial echocardiographic assessment of the FVH as RV
to PA conduit showed that femoral valve function was
preserved in most patients as long as 1 month after
Norwood-Sano operation; by 3 months, however, fewer
than half the valves remained competent. Intervention on
the RV to PA conduit in the catheterization laboratory
was necessary on 7 patients, with stent placement in 4
patients and only balloon angioplasty in 3. Of the
required stent placements, two were placed proximally,
one at the pulmonary end and one in the center of the
femoral vein conduit.

Fourteen patients proceeded to bidirectional Glenn
procedure. Mean age at bidirectional Glenn operation
was 5.1 � 1.1 months and mean weight was 5.8 � 0.9 kg.
One patient was not considered for bidirectional Glenn
operation because of other major comorbidities that
included progressive hydrocephalus. All patients under-
went cardiac catheterization as part of pre-Glenn evalu-
ation. The mean age at pre-Glenn evaluation was 3.9� 0.7
months. The hemodynamic data were as follows: mean
PA pressure of 15.9 � 4.9 mm Hg, pulmonary vascular
resistance of 1.8 � 0.8 WU/m2, Qp:Qs of 1.3� 0.8, RV end-
diastolic pressure of 9.3 � 2.4 mm Hg, and cardiac index
of 3.5 � 1.1 L $ min�1 $ m�2. The median value of
calculated Nakata index, a surrogate of branch PA size,
was 262 mm2/m2 (interquartile range: 121 to 422 mm2/
m2). None of the patients required surgical intervention
on the branch PAs at time of Glenn operation. At present,
6 of 14 patients (43%) have had a Fontan completion. Age
at time of pre-Fontan evaluation was 2.3 � 0.4 years.
Pre-Fontan evaluation in the cardiac catheterization lab-
oratory revealed the following: mean PA pressure of
13.5 � 2.6 mm Hg, pulmonary vascular resistance of
1.5 � 0.31 WU/m2, Qp:Qs of 0.56 � 0.05, RV end-diastolic
pressure of 10.3 � 1.9 mm Hg, cardiac index of 4.48 �
0.8 L $ min�1 $ m�2, and mean oxygen saturation of 84%
on room air.

Right ventricular function was preserved in most pa-
tients after stage 1 Norwood-Sano operation and through
Table 3. Echocardiographic Data (n ¼ 15)

Echocardiographic
Data

Within 2 Days
of Birth

1 Week After
NSO

1

RV function
Normal 14 14
Mildly depressed 1 .

Moderately depressed . 1
TR gradient

None 2 2
Mild 13 12
Moderate . 1

Sano insufficiency
None . 7
Mild . 8
Moderate . .

Severe . .

NSO ¼ Norwood-Sano operation; RV ¼ right ventricle; TR ¼ tricusp
bidirectional Glenn procedure. At last follow-up, most
patients continued to have good ventricular function
(Table 3). One patient had preexistent tricuspid regurgi-
tation, which continued to progress. This patient was
diagnosed with severe RV noncompaction cardiomyopa-
thy. Similarly, the tricuspid valve function was preserved
in most patients through bidirectional Glenn operation
and at last follow-up.
Comment

Multistage reconstructive approach for HLHS was first
described by Norwood and colleagues [1] in 1983. Inter-
estingly, the source of pulmonary blood flow was an RV
to PA conduit in the form of a valveless PTFE tube graft.
However, oversized conduits (8 to 12 mm) resulted in
pulmonary overcirculation and early postoperative mor-
tality [1]. That led to adoption of Blalock-Taussig shunt as
the source of pulmonary blood flow by other groups.
Although increasing patient survival was reported, the
early postoperative and interstage mortality continued to
be substantial [8–11]. That was related to the inherent
instability of a parallel circulation through a systemic
pulmonary connection and related thrombosis of an
artificial conduit. Kishimoto and associates [12] revived
interest in the RV to PA conduit as source of pulmonary
blood flow by usage of a xenopericardial valved conduit
and demonstration of stable postoperative hemody-
namics. Sano and colleagues [2] subsequently described
improved results with use of RV to PA conduit in a series
of 19 patients in 2003. After this, the use of the RV to PA
conduit became more widespread [4, 13, 14]. That
prompted a national trial by the Pediatric Heart Network
to compare the two types of shunt. The SVR trial
demonstrated improved survival of RV to PA conduit
over Blalock-Taussig shunt as part of stage 1 Norwood
procedure (74% versus 64%, p < 0.01) [3]. Although the
Sano shunt offers hemodynamic stability and improved
interstage survival issues related to pulmonary artery
Month After
NSO

3 Months After
NSO

Before
Glenn

Last Follow-
Up

11 9 10 10
3 5 5 4
1 1 . 1

2 2 2 2
11 9 10 11
2 4 3 2

5 3 2 .

5 4 3 .

4 4 5 .

1 4 5 .

id regurgitation.



Fig 5. Angiogram of right ventricle to pulmonary artery shunt in
lateral projection during pre-Glenn catheterization. Note the valve in
the femoral vein homograft shunt (arrow).
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growth, compromised RV function and thrombosis of the
graft remain [2, 4]. In addition, mechanical kinking of the
graft and perioperative bleeding continue to be trouble-
some issues.

In their study, Sano and colleagues [2] reported
diminished or poorer growth of the branch pulmonary
arteries in spite of better survival of patients with use of
the RV to PA conduit. The SVR trial showed that children
palliated with an RV to PA conduit had an increased need
for unplanned cardiovascular interventions. Most of these
interventions were related to the need for balloon dilation
or stent placement in the shunt or branch pulmonary
arteries [3]. Gist and associates [15], in their study of more
than 100 patients, confirmed that patients who received a
RV to PA conduit versus a Blalock-Taussig shunt have a
greater risk of requiring pulmonary artery interventions,
irrespective of the position of the conduit with respect to
the neoaorta.

Hypoplasia of the branch PA can have deleterious
effects on a circulation that will ultimately be dependent
on passive venous return. In an effort to address this
issue, Bentham and associates [5] described the use of a
ring-reinforced conduit with proximal “dunking” into the
RV. They noted an increase in the branch PA dimensions
and a reduction in the number of reinterventions with use
of ring-reinforced conduit. However, merely limiting RV
incision in the form of “dunking” without any removal of
muscle did not translate into improved RV function.
Indeed, the investigators admit that a greater volume load
from shunt regurgitation could have deleterious effects
on long-term function of the ventricle.

Although the SVR trial demonstrated improved
transplant-free survival at 12 months with the use of RV
to PA conduit [16], a more recent report showed near
equivalence when patients reached 3 years of age, with
lower RV function on echocardiography. That could be
related either to the need for an incision on the RV or
effects of conduit insufficiency. In addition to the con-
cerns of PA growth and RV function, thrombosis of the
PTFE graft may be catastrophic, especially with the
smaller size in low birth weight patients where RV to PA
conduit is most useful [2]. That concern mandates the use
of an antiplatelet agent such as aspirin, which can
sometimes pose problems of bleeding in small babies.
Furthermore, suturing a rigid PTFE graft to the friable
myocardium or PAs can be challenging and associated
with significant bleeding, necessitating transfusion of
blood products during the perioperative period.

At our own institution, the surgical approach toward
stage 1 palliation has evolved over the years. We prefer to
do an RV to PA conduit over Blalock-Taussig shunt for
stage 1 procedures. However, to overcome the limitations
associated with use of PTFE, we have advocated the use of
a valved segment of cryopreserved FVH as RV to PA
conduit. The FVH offers theoretic advantages over PTFE.
Cryopreserved FVH is harvested from adult donors and is
therefore widely available. The FVH has an endothelial
lining that makes it potentially less thrombogenic, resis-
tant to infection, and hemostatic [6, 17, 18]. The thin tissue
is ideally suited for anastomosis to the delicate distal PA
bifurcation in neonates and can be directly anastomosed
to the RV incision without the necessity of a hood,
simplifying the technical aspects of the operation. The
natural pliability of the tissue makes it less prone to
kinking and mechanical obstruction [18]. A significant
advantage of the FVH as a conduit is that it is valved
(multiple valves along the length; Fig 5) [18], potentially
minimizing the risks of insufficiency associated with use
of PTFE as conduit.
The use of FVH in congenital heart surgery is not new.

Seery and colleagues [17] reported the use of FVH for
neoaortic arch reconstruction during stage 1 Norwood
operation in a series of patients. There were no reports of
aneurysm and growth commensurate to somatic growth
of the patient was observed. Schiller and colleagues [18]
reported on the use of valved segment of FVH as RV to
PA conduit in biventricular repairs on neonates. The
performance of the FVH was better than aortic or pul-
monary homografts in terms of rates of conduit reinter-
ventions. Kishimoto and colleagues [12] described the
first use of a valved RV to PA conduit during stage 1
Norwood operation in the form of a valved xenoper-
icardial conduit. Later, Murakami and associates [19]
described the use of a valved 4-mm saphenous vein in a
small infant for the Norwood procedure. Reinhartz and
colleagues [20] reported the use of valved RV to PA
conduits during stage 1 Norwood operation with good
results. Composite grafts consisting of aortic or pulmo-
nary homograft with interposed PTFE tube were used.
The shortcomings of the described technique were the
scant availability of small aortic or pulmonary conduits,
the complexity of creating composite grafts, and the
disadvantages of anastomosing PTFE graft to the deli-
cate PAs.
This is the first series of neonates with use of cry-

opreserved FVH as RV to PA conduit. The PA growth was
much better than reported in other studies [3, 5, 20]. In
addition, single ventricular function was well preserved
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in most of the patients. There were no instances of
conduit thrombosis. We had no issues with perioperative
bleeding; none of the patients needed surgical reentry or
clotting factors during the perioperative period. The
hourly chest tube output in the first 24 hours after oper-
ation was no more than 1 cc/kg. There was no thrombosis
of any conduit despite the inconsistent use of aspirin. We
had no issues with bleeding or aneurysm formation. Most
valves in the FVH remained competent in the first month
after stage 1 procedure. By 3 months, however, only a
third of these remained competent, with some valves
developing stenosis requiring balloon dilation or stent-
ing. We believe that most femoral vein valves undergo
attrition over a period of 3 months. However, the early
period of competence, although limited, provides an op-
portunity for the PAs to grow. The competence of the
valves may also be crucial during the early postoperative
period when free conduit insufficiency may be detri-
mental to the heart.

There are some technical aspects worth emphasizing
when using FVH for the RV-PA conduit during stage 1
Norwood operation. The FVH tends to stretch lengthwise
when pressurized, and therefore needs to be cut shorter
than one would initially anticipate. The FVH diameter is
sometimes larger than advertised. Hence, the very most
proximal portion of the FVH is often the most suitable,
and occasionally an external sleeve of 6-mm PTFE tube
graft may need to be placed around the proximal portion
of FVH to downsize the diameter. That may easily be
adjusted at the time of delayed chest closure the next day.
The need for and the degree of banding are based on
surgical clinical judgment rather than objective criteria.
Although that was not necessary in the study population,
we have done this on 2 subsequent small neonates with
HLHS. In addition, the proximal and distal anastomoses
may undergo narrowing with time. However, these sites
respond well to balloon dilation. As with any new tech-
nique, there is a short learning curve with use of FVH as
RV to PA conduit during stage 1 Norwood operation.

In conclusion, the use of femoral vein homograft as RV
to PA conduit in Norwood operation is safe and associ-
ated with good PA growth and preserved ventricular
function. Balloon dilation of the conduit may be necessary
in the interstage period.

The authors appreciate the collective efforts of their entire car-
diovascular team, including cardiologists, anesthesiologists,
perfusionists, and intensive care medical and nursing staff, who
took care of these critical patients.
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