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The Norwood procedure with a modified Blalock–Taussig (MBT) shunt, the first
palliative stage for single-ventricle lesions with systemic outflow obstruction, is
associated with high mortality. The right ventricle–pulmonary artery (RVPA) shunt
may improve coronary flow but requires a ventriculotomy. We compared the two
shunts in infants with hypoplastic heart syndrome or related anomalies.
Methods

Infants undergoing the Norwood procedure were randomly assigned to the MBT
shunt (275 infants) or the RVPA shunt (274 infants) at 15 North American centers.
The primary outcome was death or cardiac transplantation 12 months after randomization. Secondary outcomes included unintended cardiovascular interventions
and right ventricular size and function at 14 months and transplantation-free survival until the last subject reached 14 months of age.
Results

Transplantation-free survival 12 months after randomization was higher with the
RVPA shunt than with the MBT shunt (74% vs. 64%, P = 0.01). However, the RVPA
shunt group had more unintended interventions (P = 0.003) and complications
(P = 0.002). Right ventricular size and function at the age of 14 months and the rate
of nonfatal serious adverse events at the age of 12 months were similar in the two
groups. Data collected over a mean (±SD) follow-up period of 32±11 months showed
a nonsignificant difference in transplantation-free survival between the two groups
(P = 0.06). On nonproportional-hazards analysis, the size of the treatment effect differed before and after 12 months (P = 0.02).
Conclusions

In children undergoing the Norwood procedure, transplantation-free survival at 12
months was better with the RVPA shunt than with the MBT shunt. After 12 months,
available data showed no significant difference in transplantation-free survival between the two groups. (ClinicalTrials.gov number, NCT00115934.)
n engl j med 362;21
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ypoplastic left heart syndrome
and related anomalies involving a single
right ventricle are characterized by hypoplasia of the left heart and the aorta, with compromised systemic cardiac output (Fig. 1). Infants
with the syndrome generally undergo a three-stage
reconstruction culminating in the Fontan procedure. The first operation (stage I) is the Norwood
procedure, in which the right ventricle is connected to a reconstructed aorta with the use of the
proximal main pulmonary artery for systemic
outflow. Pulmonary blood flow is reestablished
by means of a shunt from the pulmonary artery
to the systemic circulation. In the second operation (stage II), which is generally performed at 3 to
6 months of age, the shunt is removed and pulmonary blood flow is supplied by an anastomosis between the superior vena cava and the pulmonary artery. The Fontan procedure (stage III)
is generally undertaken when the child is 18 to
48 months of age. In this operation, blood flow
through the inferior vena cava is directed to the
pulmonary artery, thus separating the pulmonary and systemic circulations.
Mortality associated with the Norwood procedure remains the highest among common congenital heart procedures, ranging from 7 to 19%.1-6
An analysis of resource utilization for the 35 most
common structural birth defects showed that the
Norwood procedure is associated with the highest cost and the third longest length of stay.7
Between discharge after hospitalization for the
Norwood procedure and the stage II procedure,
4 to 15% of infants die.8-10
In the classic Norwood procedure, pulmonary
blood flow is supplied by a modified Blalock–
Taussig (MBT) shunt, a tube graft connecting the
subclavian or innominate artery to the pulmonary
artery (Fig. 2). The MBT shunt provides continuous forward flow of blood into the pulmonary
artery during both systole and diastole, causing
diastolic retrograde flow in the descending aorta
and coronary arteries.11 Because coronary blood
flow occurs primarily during diastole, “coronary
steal” may cause myocardial ischemia and circulatory instability, which in turn may lead to death
in the hospital or during the period between the
Norwood procedure and stage II.9,12-14
Alternatively, a right ventricle–pulmonary artery (RVPA) shunt can be placed to provide pulmonary blood flow.15 A theoretical advantage of
the RVPA shunt is the elimination of diastolic
runoff, reducing the potential for coronary steal,
n engl j med 362;21

which may thus lead to a lower perioperative and
interstage mortality.4-6,11,16,17 Potential disadvantages include a negative effect on right ventricular function, arrhythmias or aneurysm formation
related to the ventriculotomy, additional volume
load due to regurgitation from the nonvalved
RVPA shunt, impaired growth of the pulmonary
artery, and the need for an earlier stage II procedure.17-20 To date, outcomes with the MBT shunt
and those with the RVPA shunt have been compared only in small, nonrandomized case series,
with limited follow-up and conflicting results.1-6,18
The Pediatric Heart Network21 conducted a randomized trial at 15 North American centers involving infants with hypoplastic left heart syndrome
or related single right ventricular anomalies who
were undergoing the Norwood procedure. (For a
list of the investigators and participating institutions, see the Supplementary Appendix, available
with the full text of this article at NEJM.org.)

Me thods
Study Patients

Details of the trial design have been published
previously.22 In brief, inclusion criteria consisted
of a diagnosis of hypoplastic left heart syndrome
or a related single, morphologic right ventricular
anomaly and a planned Norwood procedure. Exclusion criteria were the preoperative identification of cardiac anatomy that would render either
the MBT shunt or the RVPA shunt technically impossible and any major congenital or acquired
extracardiac abnormality that could independently
affect the likelihood of transplantation-free survival (the primary outcome).
Study Design and Outcomes

Infants were randomly assigned to either the MBT
shunt or the RVPA shunt within strata according
to the presence or absence of aortic atresia and
obstructed pulmonary venous return, with dynamic allocation by the surgeon.23 The primary outcome was the rate of death or cardiac transplantation 12 months after randomization. Secondary
outcomes included morbidity during the Norwood
and stage II hospitalizations; the incidence of
unintended cardiovascular interventions involving
the shunt, pulmonary arteries, or neoaorta by 12
months; right ventricular function, right ventricular volume, and the degree of tricuspid-valve regurgitation at discharge after the Norwood procedure, before stage II, and at the age of 14 months
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Safety during the first 12 months after randomization was monitored with the use of three
measurements: the rate of composite serious adverse events (death, acute shunt failure, cardiac
arrest, extracorporeal membrane oxygenation, unplanned cardiovascular reoperation, or necrotizing enterocolitis), the rate of composite serious
adverse events with death excluded, and the rate of
other complications. The prespecified subgroups
for analysis were as follows: birth weight (<2500
or ≥2500 g), preoperative tricuspid-valve regurgitation (proximal jet width, <2.5 or ≥2.5 mm), deep
hypothermic circulatory arrest versus regional cerebral perfusion, the surgeon’s annual experience
in performing Norwood procedures in infants
randomly assigned to this procedure (<6, 6 to 10,
11 to 15, or >15 procedures), and the annual volume of Norwood procedures at each center (<11,
11 to 25, 26 to 40, or >40 procedures). The protocol was approved by each center’s institutional
review board, and written informed consent was
obtained from a parent or guardian.
Statistical Analysis


 
   

Figure 1. Hypoplastic Left Heart Syndrome.
The hypoplastic left heart syndrome and related disorders involving the single right ventricle are characterized by a total admixture lesion. As in the
normal heart, deoxygenated blood returns to the right atrium. Oxygenated
blood returning from the left atrium crosses an atrial septal defect to join
the deoxygenated blood in the right atrium. This mixed blood is then ejected by the right ventricle into the pulmonary artery. A portion of the blood
in the pulmonary artery proceeds as normal to the lungs, as well as to the
aorta through a patent ductus arteriosus, to supply the systemic circulation.

on the basis of echocardiograms interpreted by
the core laboratory; and the core laboratory interpretation of pulmonary-artery size by angiography before stage II. The right ventricular volumes and ejection fractions were calculated with
the use of the biplane pyramidal method.24
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The intention-to-treat principle was applied to all
primary analyses. Five infants were excluded from
all analyses because they did not undergo a Norwood procedure. Fisher’s exact test was used to
compare the rates of death or transplantation 12
months after randomization. The rate of crossover from the assigned shunt was higher than
expected; therefore, the target sample size was
increased from 466 infants to 554 in December
2007 to avoid potential dilution of the treatment
effect. The critical P value for rejection of the null
hypothesis was 0.044 because four interim analyses were performed. The stopping boundary was
crossed at the fourth interim analysis (at the data
and safety monitoring board meeting in October
2008) (observed P value, 0.012 [below the nominal P value for rejection, 0.018]; group difference,
10.4%); however, since enrollment had already
been completed, the trial was not halted.
Overall transplantation-free survival was compared in the two shunt groups with the use of
log-rank and Gehan–Wilcoxon tests. Nonproportional hazards were assessed by means of a treatment-by-time interaction test (<12 or ≥12 months)
in a Cox regression model that included all available follow-up data. Total duration of ventilator
use and length of hospital and intensive care unit
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stays were compared by means of the Wilcoxon
rank-sum test. Length of hospital stay was also
compared with the use of the log-rank test. Student’s t-test or the Wilcoxon rank-sum test was
performed to compare echocardiographic variables
in the two shunt groups, depending on the degree
of skewness. Adverse-event rates were compared
with the use of a Poisson regression model, and
the proportions of infants with an adverse event
were compared by means of Fisher’s exact test.
Interactions between shunt type and the prespecified subgroup and stratification factors were evaluated. Two secondary analyses were performed
for all end points: an analysis according to the
actual shunt received at the end of the Norwood
procedure, and an analysis that excluded two infants who were randomly assigned to a shunt
group and were subsequently found to be ineligible because of cardiac anatomy. The results of
the second analysis were similar to those of the
primary analysis and are therefore not reported.
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Characteristics of the Patients

Of 921 infants with single ventricles who were
screened between May 2005 and July 2008, 664
(72%) met the eligibility criteria, 555 (84%) of
whom were enrolled in the study (Fig. 3). Baseline characteristics were similar between treatment groups and between subjects whose families declined enrollment and those whose families
consented (Table 1).



 
 

Transplantation-Free Survival

By 12 months after randomization, there were 72
events (68 deaths and 4 transplantations) among
the 274 infants assigned to the RVPA shunt group
as compared with 100 events (91 deaths and
9 transplantations) among the 275 infants assigned to the MBT shunt group (26.3% vs. 36.4%;
absolute reduction in the RVPA group, 10.1 percentage points; 95% confidence interval [CI], −17.8
to −2.4; P = 0.01) (Table 2). The relative risk of
death or transplantation with the RVPA shunt as
compared with the MBT shunt was 0.72 (95% CI,
0.56 to 0.93). Events occurred in 28 of 274 infants
in the RVPA shunt group (10%) and in 38 of 275
infants in the MBT shunt group (14%) from the
time of the Norwood procedure to 30 days after-
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Figure 2. The Norwood Procedure with a Modified Blalock–Taussig Shunt
and a Right Ventricle–Pulmonary Artery Shunt.
In the completed Norwood procedure, one can see the reconstructed aorta
(neoaorta) and the isolated pulmonary artery. Pulmonary blood flow is supplied by either a modified Blalock–Taussig shunt (top) or a right ventricle–
pulmonary artery shunt (bottom).
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Figure 3. Enrollment, Randomization, and Follow-up of Infants with Hypoplastic Left Heart Syndrome.
Five infants — two assigned to the right ventricle–pulmonary artery (RVPA) shunt group and three to the modified
Blalock–Taussig (MBT) shunt group — did not undergo surgery and were therefore excluded from the 1-year analysis; the decision not to perform surgery was determined to be independent of the shunt assignment. Patients in the
intraoperative primary category initially received a shunt that was not the one to which they were randomly assigned
owing to some anatomical contraindication; those in the intraoperative secondary category initially received the assigned shunt but were switched to the other shunt because the first shunt was unsuccessful. HLHS denotes hypoplastic left heart syndrome, and LV left ventricular.
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Table 1. Baseline Characteristics of Eligible Patients According to Enrollment Status and Shunt Assignment.*
Characteristic

Not Enrolled

No. of infants†

Enrolled
RVPA Shunt

MBT Shunt

109

274

275

3.1±2.9

3.1±3.2

3.2±3.8

Age — days
At screening
At randomization

—

5.0±4.0

5.1±4.1

64

63

61

White

83

79

79

Black

8

15

16

Asian

3

2

2

15

21

16

6

5

3

3.1±0.5

3.1±0.5

3.1±0.6

29

24

27

38 (37–39)

38 (38–39)

38 (37–39)

At 1 min

—

8 (8–9)

8 (7–9)

At 5 min

—

9 (8–9)

9 (8–9)

91

87

88

Critical aortic stenosis

0

<1

1

Single RV with systemic outflow obstruction

5

4

4

Right dominant AV canal with systemic outflow
obstruction

3

5

5

Straddling mitral valve with LV hypoplasia and outflow
obstruction

1

<1

0

Male sex — %
Race or ethnic group — %‡

Hispanic
Other
Birth weight — kg
Gestational age
<38 wk — %
Median — wk (interquartile range)§
Apgar score — median (interquartile range)

Anatomical diagnosis — %
Hypoplastic left heart syndrome

1

3

2

Any associated anatomical diagnosis — %

Other

25

32

34

Aortic atresia — %

63

62

63

4

3

4

Size of ascending aorta — cm

—

0.4±0.2

0.4±0.2

Moderate-to-severe tricuspid-valve regurgitation — %

—

10

14

Obstructed pulmonary venous return — %

* Plus–minus values are means ±SD. AV denotes atrioventricular, LV left ventricular, MBT modified Blalock–Taussig,
RV right ventricle, and RVPA right ventricle–pulmonary artery.
† Five infants who were randomly assigned to a shunt but did not undergo the Norwood procedure were excluded. There
were no significant differences in characteristics according to shunt assignment.
‡ Percentages may not add up to 100% because of rounding. Race and ethnic group were reported by study personnel;
Hispanic patients were also included in other groups.
§ Gestational age was imputed to be 40 weeks for 12 full-term infants.

ward; in 29 of 243 infants (12%) and 52 of 236
(22%), respectively, from 30 days after the Norwood procedure to stage II; and in 15 of 213 infants (7%) and 10 of 184 (5%), respectively, from
stage II to 12 months.
n engl j med 362;21

The mean (±SD) follow-up time for survivors
who did not undergo transplantation was 32±11
months (range, 12 to 52). On the basis of all follow-up data, the difference in transplantation-free
survival between the shunt groups was no longer
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16.5

0.19

P Value
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13 (4.7)
1 (0.4)
64 (23.4)

Balloon dilation, stent placement, or surgical
revision of neoaorta

PA reconstruction†

Total interventions
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98 (36)
72 (26)
68 (25)
52 (19)

Total events — no. (rate/100 infants)

Infants with ≥1 event — no. (%)

Events, death excluded — no. (rate/100 infants)

Infants with ≥1 event, death excluded — no. (%)

Composite of serious adverse events

14 (5.1)
24 (8.8)

Shunt crossover

8 (2.9)

Shunt revision

4 (1.5)

77 (28)

99 (36)

102 (37)

133 (48)

77 (28.0)

2 (0.7)

7 (2.5)

31 (11.3)

14 (5.1)

8 (2.9)

15 (5.5)

0.02

0.02

0.008

0.02

0.29

0.56

0.17

0.36

0.99

0.99

0.01

P Value

3

0

0

8.0

4.0

2

27 (12)

31 (13)

46 (20)

53 (23)

165 (70.8)

1 (0.4)

50 (21.5)

0

1 (0.4)

17 (7.3)

96 (41.2)

RVPA Shunt
(N = 233)

26 (12)

27 (12)

56 (26)

61 (28)

105 (47.9)

2 (0.9)

41 (18.7)

105 (47.9)

2 (0.9)

4 (1.8)

56 (25.6)

MBT Shunt
(N = 219)

1.00

0.96

0.15

0.16

0.008

0.49

0.72

—

0.49

0.008

0.01

P Value

Norwood Discharge to Stage II Discharge

3

0

0

8.0

4.0

2

5.3–33.8

2 (1)

3 (2)

4 (2)

5 (2)

22 (10.8)

1 (0.5)

14 (6.9)

0

0

2 (1.0)

5 (2.5)

RVPA Shunt
(N = 202)

0

0

2 (1)

2 (1)

10 (5.7)

0

7 (4.0)

0

0

0 (0.0)

3 (1.7)

MBT Stunt
(N = 176)

0.50

0.06

0.69

0.43

0.17

0.29

0.36

—

—

0.13

0.75

P Value

Stage II Discharge to 12 Months of Age

of

Stent placement in shunt or PA branch

MBT Shunt
(N = 275)

0.04

0.26

0.62

0.80

0.82

0.29

7.6–40.4

100

0.01

P Value

n e w e ng l a n d j o u r na l

Balloon dilation of shunt or PA branch

Unintended cardiovascular procedures — no. of
events (rate/100 infants)

20

12

76

24.0

14.0

7

91–219

Norwood Hospitalization
RVPA Shunt
(N = 274)

8
13

74

Open sternum — %

Cardiopulmonary resuscitation — %

24.0

Median length of postoperative hospital stay —
days

Extracorporeal membrane oxygenation — %

7
14.0

Median length of stay in intensive care unit — days

85−192

Median time on ventilator — days

Interquartile range

Median

Time to initial extubation — hr

Hospital morbidity

36.4

MBT Shunt
(N = 275)

From Randomization to 12 Months
RVPA Shunt
(N = 274)

72
0.41

MBT Shunt
(N = 184)

Stage II Hospitalization
RVPA Shunt
(N = 214)

No. of outcome events

126

P Value

26.3

126

MBT Shunt
(N = 275)

Norwood Hospitalization
RVPA Shunt
(N = 274)

Death or cardiac transplantation at 12 months
—%

Primary outcome

Outcome

Table 2. Outcomes and Adverse Events According to Shunt Assignment.*
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217 (79)

850 (309)

36

Right PA stenosis — % of infants

27

19

1.3±0.6

1.1±0.3

124–230

169

6.1±2.0

5.2±1.5

159

27.6

42.9±7.9

49.9–83.0

63.2

94.1–138.6

113.4

MBT Shunt
(N = 181)

0.08

0.16

0.83

0.003

0.009

<0.001

0.54

—

0.73

0.07

0.004

0.009

P Value

0.11

0.002

RVPA Shunt
(N = 179)

22.9

42.7±8.0

39.7–60.8

50.5

72.6– 104.7

88.9

50 (28)

81 (46)

20.8

42.7±7.4

38.5–56.6

45.4

69.4– 100.3

83.3

MBT Stunt
(N = 184)

At 14 Months of Age

79 (39)

145 (72)

0.69

0.97

0.10

0.07

P Value

0.03

0.03

* Plus–minus values are means ±SD. There were 274 infants in the right ventricle–pulmonary artery (RVPA) shunt group and 275 in the modified Blalock–Taussig (MBT) shunt group;
under Angiographic findings, the corresponding totals were 191 and 159. P values were calculated with the use of Fisher’s exact test for categorical outcomes, a Poisson regression
model was used for event rates, Student’s t-test was used to calculate means, and the Wilcoxon rank-sum test was used to determine medians. PA denotes pulmonary artery, and RV
right ventricular.
† These were pulmonary-artery reconstructions other than those undertaken as a standard component of the stage II procedure.
‡ Five infants did not undergo stage II surgery, but their echocardiographic data were included in the analysis; the mean age of these infants at the time of echocardiography was 3.9±1.2
months.
§ Values for the RV end-diastolic and end-systolic volumes were adjusted for body-surface area (BSA) by dividing the volume by BSA1.3; since BSA is measured in meters squared, this
unit is multiplied by 1.3, yielding m2.6.
¶ The Nakata index (also known as the pulmonary-artery index) is calculated by dividing the sum of the areas of the right PA and the left PA by body-surface area. The optimal value is
200 or higher.25

26

Left PA stenosis — % of infants

1.3±0.6

110–197

145

5.4±1.7

5.4±1.7

191

25.7

44.7±8.3

44.6–69.9

57.9

86.8–125.3

105.2

RVPA Shunt
(N = 214)

1.3±0.6

0.24

<0.001

0.001

0.09

P Value

137 (63)

367 (168)

Before Stage II Procedure‡

163 (70)

515 (221)

Ratio of distal to proximal right PA diameter

26.6

44.5±7.6

40.2–61.9

50.1

76.3–108.1

91.2

MBT Shunt
(N = 241)

0.84

0.20

Ratio of distal to proximal left PA diameter

Interquartile range

Median

Nakata index¶

Diameter of distal right PA — mm

Diameter of distal left PA — mm

No. of subjects

Angiographic findings

21.8

48.5±7.6

RV ejection fraction — %

Moderate-to-severe tricuspid-valve regurgitation
—%

36.6–57.1

44.2

73.8–104.3

86.5

RVPA Shunt
(N = 239)

Interquartile range

Median

RV end-systolic volume adjusted for BSA1.3 —
ml/m2.6§

Interquartile range

Median

RV end-diastolic volume adjusted for BSA1.3 —
ml/m2.6§

Echocardiographic findings

214 (78)

Infants with ≥1 complication — no. (%)
After Norwood Procedure

792 (289)

Total complications — no. (rate/100 infants)

Complications
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significant because the higher mortality in the
MBT shunt group primarily occurred early in the
follow-up period (P = 0.06 by the log-rank test)
(Fig. 4). The Wilcoxon–Gehan test, which gives
greater weight to early group differences, did
show a difference in transplantation-free survival
(P = 0.04). Nonproportional-hazards testing showed
that the treatment effect differed in the period
before and the period after 12 months (P = 0.02).
After 12 months, 10 deaths and 6 transplantations
occurred in the RVPA shunt group, as compared
with 7 deaths and 0 transplantations in the MBT
shunt group (8% vs. 4% of infants who survived
for more than 12 months).
There were 57 crossovers to the unassigned
shunt, for an overall crossover rate of 10%, and
the rates were similar in the two shunt groups
(Fig. 3); 48 of these crossovers (84%) occurred
during the Norwood procedure, and the remaining 9 (16%) occurred during a later, separate procedure. The primary reason for crossover was
cardiovascular anatomy that made it impossible
to use the assigned shunt. In analyses based on
the shunt actually received, the rate of death or
transplantation at 12 months remained significantly lower in the RVPA shunt group than in the
MBT shunt group (25.6% vs. 37.3%; absolute reduction of 11.7 percentage points; 95% CI, −19.4
to −4.0; P = 0.003). The overall transplantationfree survival rate based on all follow-up data was
higher in the RVPA shunt group (P = 0.02).
Secondary Outcomes

of

m e dic i n e

The ejection fraction was greater in the RVPA
shunt group after the Norwood procedure (P<0.001)
but was similar in the two groups at 14 months
(P = 0.97). The incidence of moderate-to-severe tricuspid-valve regurgitation was similar in the two
groups at 14 months (22% for the entire cohort).
On the basis of the Nakata index, the overall
size of the pulmonary artery on angiography before the stage II procedure was smaller in the RVPA
shunt group than in the MBT shunt group. When
the individual pulmonary-artery branches were
compared, the mean diameter of the distal right
branch was smaller in the RVPA shunt group,
whereas the mean diameters of the distal left
branches were similar in the two groups (Table 2).
Adverse Events and Complications

The rate of serious adverse events, including death,
for the entire trial period from randomization to
12 months was lower in the RVPA shunt group
than in the MBT shunt group (57 vs. 71 events
per 100 infants, P = 0.04). When death was excluded, the overall rates for the entire trial period
did not differ significantly between the RVPA
and MBT shunt groups (37 and 46 per 100 subjects, respectively; P = 0.13). The rates of serious
adverse events broken down into the various time
periods, from the time of the Norwood procedure to 12 months of age, are shown in Table 2.
During the period between discharge after the
Norwood procedure and the stage II procedure,
the complication rate was higher in the RVPA
shunt group than in the MBT shunt group (220 vs.
168 events per 100 infants, P = 0.003), although the
proportions of infants who had at least one complication were similar in the two groups (69% for
RVPA shunts vs. 63% for MBT shunts, P = 0.17)
(Table 2). After the stage II hospital discharge, the
overall complication rate was higher in the RVPA
shunt group, as was the proportion of infants
with at least one complication. During the period
between randomization and the age of 12 months,
the rate of complications was higher in the RVPA
shunt group than in the MBT shunt group (5.3 vs.
4.7 complications per infant, P = 0.002), although
the proportion of infants with at least one complication was the same in the two groups (91%,
P = 0.88). These events largely consisted of respiratory, neurologic, and infectious complications.

Morbidity during hospitalizations for the Norwood
and stage II procedures was similar for the two
groups, except that fewer infants in the RVPA
shunt group required cardiopulmonary resuscitation after the Norwood procedure (Table 2).
Conversely, infants in the RVPA shunt group underwent more unintended cardiovascular interventions from the time of randomization to 12
months (92 vs. 70 per 100 infants, P = 0.003). This
difference was largely attributable to the higher
rate of balloon dilation or stent placement in the
shunt or a branch of the pulmonary artery in the
RVPA shunt group, particularly after discharge
following the Norwood procedure (Table 2).
Median right ventricular end-diastolic and endsystolic volumes, adjusted for body-surface area,
were lower in the RVPA shunt group than in the
MBT shunt group on echocardiograms obtained Subgroup Analyses
before stage II procedures were performed, but In prespecified subgroup analyses (Fig. 5), the
there was no difference at 14 months (Table 2). effect of shunt type on the primary outcome did
1988
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not differ according to stratification or prespecified subgroup factors. However, when the site volume was calculated on the basis of all screened
infants (i.e., the total number of live births of infants with a single right ventricle per year) was
analyzed as a continuous variable, the benefit of
the RVPA shunt with respect to 12-month transplantation-free survival was inversely related to the
annual number of procedures performed at the
individual site (P = 0.04).

Discussion

n engl j med 362;21

#&7.938

!&7.938



4-6'30&
+.'3=$/1)4;43&










&%* )0)!%0%&$!/*!&%
&0*0!)"
#&7.938
!&7.938





















/(0&0 * 0&(0(%)'#%**!&%

The results of this multicenter, randomized trial
showed that in infants with hypoplastic left heart
syndrome or related single right ventricular anomalies, use of the Norwood procedure with an RVPA
shunt, as compared with an MBT shunt, was associated with a higher rate of transplantationfree survival 12 months after randomization (the
primary outcome). Secondary analyses of transplantation-free survival at 12 months, based on
the shunt that was actually used rather than on
the randomly assigned shunt, had similar results.
With longer follow-up, however, we observed only
a trend toward better outcomes with the RVPA
shunt. Using a test of interaction for nonproportional hazards, we found that the nature of the
treatment effect was different before and after 12
months. The reasons for the shift in the risk of
death or need for transplantation between the
early and intermediate periods are speculative. The
MBT shunt generates continuous forward flow
into the pulmonary arteries, leading to diastolic
runoff, coronary steal, and an increased ratio of
pulmonary blood flow to systemic blood flow.
This physiological response may cause hemodynamic instability early after the Norwood procedure, as well as during the interstage period. The
majority of deaths and transplantations occurred
during the period from 30 days after the Norwood procedure to the time of the stage II procedure. The MBT shunt is removed at stage II, potentially allowing some of the negative factors
related to use of the RVPA shunt to become evident. These factors may include damage to the
right ventricle from the ventriculotomy and smaller pulmonary arteries, both of which would be
potential disadvantages in infants with singleventricle anomalies.
The secondary outcomes also differed with respect to early and late risks. Echocardiograms obtained before the stage II procedure showed that
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Figure 4. Primary Outcome and the Hazard of Death or Transplantation
at 12 Months, According to Shunt Assignment.
Panel A shows the Kaplan–Meier curves for transplantation-free survival
among all infants who underwent the Norwood procedure, according to the
intention-to-treat analysis. Panel B shows the estimated hazard of death or
transplantation among all infants who underwent the Norwood procedure,
according to the assigned shunt. The hazard is an instantaneous rate representing the predicted number of deaths or transplantations per month at
a defined time point. P = 0.02 for the difference in the treatment effect for
the period before and the period after 12 months. MBT denotes modified
Blalock–Taussig, and RVPA right ventricle–pulmonary artery.
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Figure 5. Difference in Rate of Death or Transplantation at 12 Months in Prespecified Subgroups, According to Shunt
Assignment.
P values are from a logistic-regression test of the interaction between shunt assignment and treatment subgroup.
The strata for surgeon’s experience and site volume were defined according to the annual number of randomly assigned infants. Bars represent 95% confidence intervals. DHCA denotes deep hypothermic circulatory arrest during
the Norwood procedure, MBT modified Blalock–Taussig, PV pulmonary venous, RCP regional cerebral perfusion,
and RVPA right ventricle–pulmonary artery.

infants assigned to the RVPA shunt, as compared
with those assigned to the MBT shunt, had smaller right ventricular end-systolic and end-diastolic
volumes, when adjusted for body-surface area,
and a higher right ventricular ejection fraction.
However, by 14 months, the right ventricular enddiastolic volume was similar in the two groups,
and the ejection fraction was also similar. These
changes may continue over time. Tanoue and colleagues26 compared a group of subjects who underwent the Norwood procedure with an RVPA
shunt with a group of historical control subjects
who received an MBT shunt. The catheterization
data before and after the Fontan procedure showed
decreased right ventricular contractility in the
RVPA shunt group, with preserved ventricular ef1990

n engl j med 362;21

ficiency based on a lower systemic afterload. Furthermore, in our trial, the 12-month rate of unintended interventions was higher for the RVPA
shunt group, in which the interventions consisted
primarily of balloon dilation and stent placement.
Continued follow-up of trial subjects will be needed to assess the longer-term effects of these two
shunts on right ventricular function.
We explored whether the relative efficacy of
the two shunts varied in subgroups of infants. The
effect of shunt type on transplantation-free survival at 12 months was homogeneous across predetermined subgroups based on birth weight, the
presence or absence of aortic atresia or obstructed
pulmonary venous return, the degree of tricuspidvalve regurgitation before the Norwood procedure,
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use or nonuse of regional cerebral perfusion or
deep hypothermic circulatory arrest during the
Norwood procedure, and the surgeon’s experience.
Only site volume showed an interaction, with
higher volume negating the advantage of the
RVPA shunt with respect to transplantation-free
survival. This finding may reflect the expertise of
individual surgeons or greater institutional experience in the perioperative care of patients with
an MBT shunt. However, an analysis of multiple
measures of morbidity for the Norwood hospitalization did not suggest differences in hospital
course between groups, with the exception of a
lower incidence of cardiopulmonary resuscitation
in the RVPA shunt group after the Norwood procedure. In this regard, more extensive analyses of
variations in practice patterns may be enlightening.
This trial should be viewed in light of its limitations. As with all surgical trials that compare
two operations, it was not possible to keep the
personnel who were caring for these infants unaware of the specific intervention. However, the
components of the primary outcome (i.e., death
and transplantation) were discrete, objective events.
Echocardiographic and catheterization measurements were objectively defined and performed in
core laboratories. The trial may not have been
sufficiently powered to detect important differences in some of the secondary outcomes or interactions between shunt type and prespecified

subgroup factors. The results of the intermediate
follow-up represent the course of only a subgroup of all the enrolled infants, since not all of
them have completed longer-term follow-up. The
assessment of nonproportional hazards before and
after 1 year was exploratory, and additional follow-up will be important to quantify the relative
hazards associated with the two shunts. Using the
number of screened infants to define center volume, we found that the category of greatest experience included infants from only two centers.
In summary, among infants with hypoplastic
left heart syndrome and related single, right ventricular morphologic anomalies who underwent
the Norwood procedure, 12-month transplantation-free survival was higher with the use of an
RVPA shunt than with the use of an MBT shunt.
However, the RVPA shunt was associated with a
higher rate of unintended cardiovascular interventions and complications during the first 12 months
after randomization. On the basis of available
intermediate-term data, there was no significant
difference between the two groups with respect
to transplantation-free survival beyond 12 months.
Continued surveillance of this cohort is needed to
determine whether either of these shunts turns
out to be superior over the long term.
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