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A B S T R A C T

Objective. The hybrid stage I procedure is an alternative palliative strategy for patients with hypoplastic left
heart syndrome who traditionally have undergone the Norwood operation. At our institution, the hybrid stage I
procedure is employed only for patients with high operative risk. Our objective was to describe our use of
a pressure guidewire during the hybrid stage I procedure to assess quantitatively pulmonary artery band
adequacy.
Design. After reviewing the charts on all high-risk patients who underwent a hybrid stage I procedure at our
institution, we compared two groups of patients: those who underwent the standard hybrid stage I palliation
(standard cohort) and those with pressure wire-facilitated assessment of distal branch pulmonary artery pressure
(pressure wire cohort) to evaluate the impact of pressure guidewire use on procedural risk, radiation time, patient
outcomes, and need for reoperation for pulmonary artery band adjustment.
Results. The pressure guidewire was used in 8 of 14 patients at the time of hybrid stage I procedure and was
successful and without complication in all attempts. In the standard cohort, 67% of patients needed reoperation for
pulmonary artery band adjustment, compared to 12.5% of patients in the pressure wire cohort (P = .09). Procedure
time, radiation exposure, and survival to hospital discharge were not different between groups.
Conclusions. This novel use of a pressure guidewire to assess quantitatively pulmonary artery band adequacy
at the time of placement is feasible, safe and may decrease the need for reoperation for pulmonary artery band
adjustment.
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Introduction

Patients with hypoplastic left heart syndrome
(HLHS) and HLHS variants have tradition-

ally been palliated to Fontan physiology via a
series of staged cardiac surgeries, the first of
which is the Norwood procedure. Recently, a
hybrid strategy combining transcatheter and sur-
gical techniques has been developed as an alter-
native to the Norwood operation.1–6 This less

invasive procedure that does not require cardiop-
ulmonary bypass may decrease perioperative and
postoperative morbidity and mortality.1–6 While
the hybrid stage I procedure may be performed as
an alternative to the Norwood operation for stan-
dard risk patients, our institution has adopted a
strategy of utilizing hybrid stage I palliation only
for patients with high operative risk, defined as
those with two or more risk factors for poor
outcome after the Norwood operation.1,3,4,7–10

These high operative risk factors include low birth
weight (less than 2.5 kg), prematurity, an intact
or highly restrictive atrial septum (IAS), severe
tricuspid regurgitation, severely depressed right
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ventricular function, severe ascending aortic hypo-
plasia (less than 2 mm), severe noncardiac medical
or genetic abnormalities, including renal dysfunc-
tion and intracranial hemorrhage/neurologic
injury, or postnatal cardiovascular collapse.1,7–10

The hybrid stage I approach may help to lessen the
risk to this subset of critically ill newborns, but it
presents new challenges to operators and clinicians
who take care of these patients in the perioperative
period.

Placement of bilateral branch pulmonary artery
(PA) bands, to balance the pulmonary and systemic
circulations, is one such challenge of the hybrid
stage I procedure that is particularly difficult in a
high-risk HLHS and HLHS variant population.2,5

The techniques previously described to determine
adequate PA banding in the operating room
include a standardized predetermined external or
internal diameter of the bands,6,11 angiographic
assessment of the pulmonary arteries,1 response of
the systemic blood pressure,1,3 oxygen saturation
change,1,3,11 and surgeon judgment based on
patient size.3 Postoperatively, assessing the
amount of restriction by the PA bands is difficult
and usually reliant on transthoracic echocardio-
gram and clinical assessment.12,13

In response to the late finding of PA hyperten-
sion in several of our early high-risk patients who
had undergone initial palliation with the hybrid
stage I procedure, we modified our hybrid proto-
col to include measurement of the distal branch
PA pressures at the time of band placement,
using a pressure guidewire. We hypothesized that
intraprocedure branch PA pressure measurements
would aid in the determination of PA band
adequacy, thereby reducing the need for subse-
quent PA band adjustments and would improve
the long-term outcome for this high-risk single-
ventricle population. We describe our technique
of using a pressure guidewire during the hybrid
stage I procedure to assess quantitatively the
decrease in distal PA pressure at the time of PA
band placement. To our knowledge, this is the first
published description of the use of a pressure
guidewire for this purpose. We also describe our
use of the pressure guidewire at subsequent
cardiac catheterizations to assess PA pressures.

Methods

After obtaining approval from our institutional
review board, we reviewed the medical records and
cardiac catheterization reports for all patients who
have undergone hybrid stage I palliation with

placement of branch PA bands in the hybrid cardiac
catheterization laboratory at the University of
Michigan between 2009 and 2011. In this descrip-
tive study, we reported outcomes following hybrid
stage I palliation in high-risk operative candidates
with HLHS and HLHS variant anatomy. We com-
pared patients who underwent hybrid stage I pal-
liation prior to our use of the pressure guidewire
during the initial procedure (standard cohort) to
those who underwent the procedure with use of
the pressure guidewire (pressure wire cohort). Im-
portant outcome variables included procedural
characteristics (procedure duration, radiation ex-
posure, complications, PA band adjustments made
during the procedure), postoperative variables
(need for reoperation for PA band adjustment, hos-
pital length of stay), and key clinical outcomes
(successful comprehensive stage II completion and
survival). We also described our experience using a
pressure guidewire at subsequent cardiac catheter-
izations to assess PA band adequacy and described
the changes that occur in PA pressures and pulsa-
tility over time. Pulsatility of pressure tracings was
defined as the difference between the systolic and
diastolic pressures.

Data are presented as percentages or means
with standard deviations. To compare groups,
Fisher’s exact test was used for dichotomous vari-
ables while Wilcoxon sum rank test was used for
continuous variables.

Technical Description: Pressure Guidewire Use at
Hybrid Stage I Procedure
A median sternotomy was performed, and the bilat-
eral branch PAs were exposed. In the setting of an
intact or highly restrictive atrial septum, patients
underwent peratrial atrial septal stent placement
under transesophageal echocardiographic and
fluoroscopic guidance. In the presence of a mildly
or moderately restrictive atrial septal defect with a
mean gradient by echocardiogram of �8 mm Hg, a
percutaneous Rashkind balloon atrial septostomy
(BAS) was performed prior to the hybrid stage I
procedure. Patients with a mean gradient across the
atrial septal defect of <8 mm Hg underwent a
Rashkind BAS prior to discharge from the hospital.
At the time of the hybrid procedure, PA bands
were created using either a 3.0-mm (for patients �
2.5 kg) or 3.5-mm (for patients > 2.5 kg) nonstretch
Gore-Tex (Gore Medical, Flagstaff, AZ, USA) tube
graft, which was cut to a width of 2 mm. The bands
were then fashioned around both the left and right
PAs, with simultaneous measurement of postductal
oxygen saturation and arterial blood pressure.
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A purse string suture was placed in the main PA and
a 6 French sheath (Arrow International, Inc.,
Reading, PA, USA) was inserted through a stab
incision. A 4 French JB1 catheter with a 0.014-inch
Primewire Prestige coronary guidewire (Volcano
Corporation, San Diego, CA, USA) was advanced
through the sheath and across the ductus arteriosus
into the descending aorta. The guidewire has a
micromanometer pressure sensor 3 cm from the tip
of the wire. With the wire extending at least 3 cm
out of the catheter, it was equalized to the descend-
ing aortic pressure. After pulling the catheter and
wire back into the sheath, the surgeon directed the
sheath toward either the right or left PA. The wire

was advanced under fluoroscopic guidance >3 cm
past the PA band to measure the pressure, and the
process was repeated in the contralateral PA. After
gaining some experience with the technique, we
have deemed PA bands to be adequate, if the mean
distal PA pressure is between 17 and 20 mm Hg
with some pulsatility. The PA bands were adjusted
until the distal PA pressure meets these criteria.
Bilateral PA pressures were remeasured after each
PA band adjustment. Figures 1 and 2 are examples
of how tracings obtained from the pressure
guidewire were used to make band adjustments
during the hybrid procedure. Next, stenting of the
ductus arteriosus was performed via the 6 French

Figure 1. Pulmonary artery band adjustment based on pressure guidewire data. Figure 1 shows how a right PA band was
adjusted based on pressure guidewire data. After initial band placement (A), there was low mean distal PA pressure and low
pulsatility. The right PA band was loosened, and repeat pressure tracing showed higher mean distal PA pressure with
increased pulsatility (B). Finally, the band was slightly loosened to obtain mean distal PA pressure and pulsatility within a
desired range (C). Legend: Pa (light grey, high spiking tracing) = mean MPA pressure; Pd (dark grey, lower, more sinusoidal
tracing) = mean distal PA pressure; pulse pressure = pulsatility. PA, pulmonary artery; MPA, main pulmonary artery.

Figure 2. Pulmonary artery band adjustment based on pressure guidewire data. Figure 2 depicts right PA band adjustment
using pressure guidewire data in a different patient. After initial band placement (A), there was high mean distal PA pressure
and wide pulsatility, which was clinically associated with a descending aortic oxygen saturation > 90%. As the band was
tightened, there was a transition (vertical grey line) from a high mean distal PA pressure and wide pulsatility to a lower mean
pressure and pulsatility (B), resulting in a mean distal PA pressure and pulsatility within a desired range (C). The final band
position was clinically associated with an oxygen saturation of ~70–75%. Legend: Pa (light grey, high spiking tracing) = mean
MPA pressure; Pd (dark grey, lower, more sinusoidal tracing) = mean distal PA pressure; pulse pressure = pulsatility. PA,
pulmonary artery; MPA, main pulmonary artery.
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sheath using an ev3 Protege EverFlex self-
expanding stent (Coviden Corporation, Plymouth,
MN, USA).

Technical Description: Pressure Guidewire Use at
Subsequent Cardiac Catheterizations
When patients returned to the cardiac catheteriza-
tion laboratory for percutaneous diagnostic or
interventional catheterizations, prior to the com-
prehensive stage II procedure, measurement of
PA pressures was performed either by pulmonary
venous wedge pressure measurement or by direct
measurement using a pressure guidewire. In some
cases, both methods were used. When using the
pressure guidewire, access to the main PA was
obtained in the standard fashion via a right heart
catheter course. Typically, a 4 French JB1 catheter
was used, first to direct the pressure guidewire
across the ductus arteriosus, in order to equalize
the pressure guidewire to systemic pressure, and
then to direct the pressure guidewire into the
branch PAs for direct pressure measurement.

Results

Fourteen patients at our institution underwent
a hybrid stage I procedure in the hybrid pedia-
tric cardiac catheterization laboratory between
January 2009 and October 2011. All met two or
more high-risk criteria for the Norwood proce-
dure (Table 1). Six patients, all in our early expe-
rience, had PA bands placed without the use of
the pressure guidewire and reflect the standard
cohort. The pressure guidewire was used in the
remaining eight patients and reflects the pressure
wire cohort. Of the 12 patients who underwent at
least one cardiac catheterization following the
hybrid stage I procedure, 10 had branch PA pres-
sures assessed using the pressure guidewire. The
other two had PA pressure assessment by pulmo-
nary venous wedge pressure alone.

Of the six patients in the standard cohort, three
patients underwent band adjustments during
the hybrid procedure; one based on hypoxemia,
1 based on angiographic and transesophageal
echocardiographic findings, and one based on
hypotension. Subsequent to the hybrid stage I
procedure, three of these initial six patients
required an additional surgery for PA band adjust-
ment and a fourth patient was scheduled to
undergo band adjustment but died prior to the
operation (Table 2). The first patient underwent
PA band tightening due to pulmonary overcircu-
lation with hypotension, elevated oxygen satura-

tions, and lactic acidosis. The next two had their
PA bands loosened due to hypoxemia; one was
found by magnetic resonance imaging (MRI)
to have 20% of pulmonary blood flow to the
right lung with a Qp : Qs of 0.3:1 and the other
had hypoxemia while trialing off extracorpo-
real membrane oxygenation support. The fourth
patient had clinical evidence of systemic hypo-
perfusion and died secondary to complications
from necrotizing enterocolitis prior to PA band
adjustment.

Of the eight patients in the pressure wire
cohort, four underwent PA band adjustment
during the hybrid procedure based on the results
of the pressure guidewire data. In this group, only
one of the eight patients required a subsequent
reoperation to have a PA band adjusted (band loos-
ened due to hypoxemia). Thus, the reoperation
rate decreased from 67% to 13% (P value .09).

The procedure time, radiation exposure, hospi-
tal length of stay, duration of mechanical ventila-
tion, and oxygen saturation at hospital discharge
were not significantly different between the two
groups. While not statistically significant, patients
in the pressure wire cohort required inotropic
medications for nearly half the number of days
compared with the standard cohort. There were
no complications related to pressure wire use in
any of the patients. Overall survival for all patients
undergoing a hybrid stage I procedure was 71%
with a median follow-up time of 271 days (inter-
quartile range [IQR] 162 to 707 days). Overall
survival was 67% in the standard cohort (median
follow-up 788 days, IQR 303 to 924 days) and
75% in the pressure wire cohort (median
follow-up 227 days, IQR 181 to 336 days). Survival
to hospital discharge was 79% for the entire
cohort, 67% for the standard cohort, and 86% for
the pressure wire cohort.

In general, PA pressures at follow-up catheter-
ization were slightly lower than the pressures
at the time of the hybrid stage I procedure
(Figures 3 and 4, Table 3). Pulsatility of the
distal branch PA did not change significantly at
follow-up catheterization (Table 3). The changes
in RPA and LPA pressures over time, whether or
not pressure was measured during the hybrid
stage I procedure, are shown in Figures 3 and 4.
Only patients with more than one assessment of
PA pressure were included in these figures. All
attempts to measure distal PA pressures using the
pressure guidewire during subsequent catheter-
izations were successful with no complications
related to pressure wire use.
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There were four patients who had assessment
of their PA pressures using both the pressure
guidewire and pulmonary vein wedge pressure
during the same cardiac catheterization (Table 4).
In general, the mean pressures correlated well
with the exception of those in patient 11, who
had discrepant pulmonary vein wedge pressures,
depending on which pulmonary was assessed.

Discussion

The hybrid stage I procedure for HLHS and
HLHS variants is a reasonable preliminary alter-
native to standard surgery, especially in patients
at high operative risk.1,2,4–6,9,11 In January 2009, we
began performing the hybrid stage I procedure for
patients with two or more operative risk factors.
We found that there is a learning curve for

Table 1. Patient Description

Patient Diagnosis

Risk Factors Hybrid
Performed Cohort Current StatusNumber Description

1 HLHS (MS/AS) 2 Restrictive atrial septum (s/p
fetal septoplasty), Turner’s
syndrome

ASS, PAB
(subsequent
DAS)

S Alive; initial Norwood/BT;
currently, hemi-Fontan

2 HLHS (MA/AS) 2 Prematurity (33 weeks), low
birth weight (1.87 kg)

DAS, PAB S Alive; failed comprehensive
stage II; subsequent
successful hemi-Fontan

3 HLHS (MS/AA) 4 Intact atrial septum (s/p fetal
septoplasty), LV sinusoids,
prematurity (36 weeks),
low birth weight (2.22 kg)

ASS, DAS, PAB S Deceased

4 HLHS (MA/AA) 2 Restrictive atrial septum (s/p
fetal septoplasty), LV
sinusoids

ASS, DAS, PAB S Alive; currently, hemi-Fontan
after failed hemi-Fontan

5 HLHS (MS/AA) 3 LV sinusoids, prematurity
(34 weeks), renal disease

DAS, PAB S Alive; successful
comprehensive stage II

6 IAA/VSD, HLV 2 Clinical DiGeorge syndrome,
renal failure

DAS, PAB PW Deceased

7 Shone’s Complex 2 Severely depressed ventricular
function, postnatal arrest
requiring ECMO

PAB
(Subsequent
DAS)

S Deceased

8 Shone’s Complex 2 Prematurity (36 weeks), low
birth weight (2.03 kg)

DAS, PAB PW Alive; successful
Norwood/Rastelli

9 Critical AS 2 Critical AS with severely
depressed LV function and
LV endofibroeleastosis,
moderate aortic and mitral
regurgitation

AS, PAB PW Alive; successful
comprehensive stage II

10 HLHS (MS/AA) 2 Turner’s syndrome, low birth
weight (2.55 kg)

AS, DAS, PAB PW Alive; failed comprehensive
stage II. Currently
Norwood with central
shunt

11 Critical AS 2 Critical AS with severely
depressed LV function and
LV endofibroeleastosis, LV
sinusoids

DAS, PAB PW Alive; successful
comprehensive stage II

12 Critical AS 4 Critical AS with severely
depressed LV function and
LV endofibroeleastosis,
multiple genetic deletions,
prematurity (36 weeks),
low birth weight (2.35 kg)

DAS, PAB PW Deceased

13 HLHS (MA/AA) 4 Prematurity (33 weeks), low
birth weight (1.76 kg),
postnatal arrest, renal failure

PAB PW Alive; successful Norwood

14 HLHS (MS/AA) 2 Low birth weight (1.6 kg),
severely hypoplastic
ascending aorta (1.4 mm)

AS, PAB, DAB PW Alive; successful Norwood
operation (performed at 2
months of age due to
retrograde coarct)

AS, atrial septostomy; ASS, atrial septal stent; PAB, pulmonary artery band placement; DAS, ductus arteriosus stent placement; S, standard cohort; PW, pressure
wire cohort; HLHS, hypoplastic left heart syndrome; MS, mitral stenosis; MA, mitral atresia; AS, aortic stenosis; AA, aortic atresia; IAA, interrupted aortic arch; VSD,
ventricular septal defect; HLV, hypoplastic left ventricle; LV, left ventricle; ECMO, extracorporeal membrane oxygenation.
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Table 2. Patient Outcomes before and after Pressure Guidewire Use at Time of Pulmonary Artery Band Placementa

Standard Cohort Pressure Wire Cohort

Number of patients 6 8
Final mean PA pressures postbanding, median (range) in mm Hg

Right n/a 19 (14–29)
Left n/a 20.5 (13–29)

PA band adjustments, number of patients (%)
During hybrid procedure 3 (50) 4b (50)
After hybrid procedure (additional surgery) 4c (67) 1 (13)

Complications due to pressure wire use n/a None
Fluoroscopy time (minutes)d,e mean (SD) 18.9 (10.4) 18.4 (13.2)
Procedure time (minutes)d,e,f mean (SD) 166.7 (56.9) 165.1 (64.9)
Hospital Length of stay (days after initial hybrid procedure), mean (SD) 26.5 (12.1) 41.5 (27.2)i

Mechanical ventilator support (days after hybrid procedure), mean (SD) 15.8 (12.1) 13.4 (22.4)j

Inotropic support (days after hybrid procedure)g mean (SD) 8.5 (5.8) 4.3 (2.5)
Oxygen saturation at discharge (on room air), mean (SD) 77–85 (6.4, 8.4) 74–84 (6.6, 8.8)
Survival to hospital discharge, n (%) 4 (67) 6 (86)k

Overall survivalh n (%) 4 (67) 6 (75)
Successful comprehensive stage 2, n (%) 1 (17) 2 (25)
Required Norwood procedure prior to hemi-Fontan, n (%) 1 (17) 1 (13)
Failed initial attempt at Comprehensive stage II repair, n (%) 2 (33) 1 (13)
Two ventricular repair, n (%) 0 (0) 1 (13)
Awaiting comprehensive stage II, n (%) 0 (0) 0 (0)
Awaiting completion of hybrid stage 1 procedure, n (%) 0 (0) 1 (13)

aStatistical analysis (either Fisher’s exact test or Wilcoxon rank-sum test) was performed and revealed no statistical differences between the groups for any variable
on this table.
bAll adjustments made due to data obtained from pressure wire.
cOne patient was scheduled to have band adjustment but died prior to procedure.
dOnly includes patients who have had all parts of hybrid completed, excludes balloon atrial septostomy if done as separate procedure.
eIf hybrid performed as two separate procedures, times of procedures and fluoroscopy added together.
fProcedure time = incision to surgical bandage.
gInotropic support includes any medication given to support cardiac function and blood pressure, including dopamine, epinephrine, vasopressin, calcium chloride
infusion.
hAll deaths occurred prior to attempted comprehensive stage II repair.
iTwo patients in the pressure wire cohort had prolonged length of hospital stay related to comorbid medical conditions. If these two outliers are excluded from length
of stay analysis, the mean hospital stay for the pressure wire cohort is 24.5 days.
jExcludes a patient who was tracheostomy- and ventilator-dependent due to airway abnormalities related to a genetic defect.
kOne patient alive but has not been discharged from the hospital yet.
PA, pulmonary artery; SD, standard deviation.

Figure 3. Right pulmonary artery (PA) pressure change with time. Legend: dotted lines, standard cohort patient; solid lines,
pressure wire cohort patients.
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Figure 4. Left pulmonary artery (PA) pressure change with time. Legend: dotted lines, standard cohort patient; solid lines,
pressure wire cohort patients.

Table 3. Mean Pulmonary Artery Pressure and Pulsatility at the Time of Hybrid Stage I Procedure and Over Time*

Patient

RPA LPA
Mean (Pulse Pressure) mm Hg Mean (Pulse Pressure) mm Hg

At Hybrid F/U Cath† At Hybrid F/U Cath†

6 29 (4) 29 (4)
35 (7–8) 30 (4)

8 14 (5) 13 (2–3)
10‡ 7‡

9 22 (3) 25 (6)
18 (4) 16 (5)
17 (3–4) 18 (4–5)

10 21 (2–3) 22 (5)
21 (1) 20 (0–1)
16‡ 17‡

11 18 (1–2) 19 (2–3)
17 (1–2) 17 (3)
18 (2) 18 (3)

12 18 (3) 21 (3)
9 (1–2) 10 (1)

14 18 (1–2) 20 (2)
14 (2) 20 (6)

*Only includes patients whose PA pressures were measured with the pressure guidewire at the time of the hybrid stage I procedure.
†All pressures obtained with hybrid physiology (i.e., before next stage or surgery).
‡Pressure obtained from pulmonary venous wedge measurement.
PA, pulmonary artery; RPA, right pulmonary artery; LPA, left pulmonary artery; F/U, follow-up.
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performing this procedure, particularly for the
appropriate tightness of the PA bands. High-risk
patients with HLHS and HLHS variant anatomy,
especially those with IAS, can have intrinsic abnor-
malities in the pulmonary vascular bed.14,15 This
inherent pulmonary vascular pathology is associ-
ated with elevated pulmonary vascular resistance,
which makes the placement of adequate PA bands
even more challenging. PA bands that are too
loose may result in pulmonary overcirculation
and systemic hypoperfusion, placing the patient at
risk for a host of postoperative complications,
including lactic acidosis and necrotizing entero-
colitis. Over a period of months, loose bands may
also result in sustained PA hypertension and the
development of further pulmonary vascular
changes, which may limit candidacy for future
staged palliation. On the other hand, bands that
are too tight may cause pulmonary hypoperfusion
and hypoxemia, especially with rapid somatic
growth in the postoperative period. A tight PA
band may lead to anatomic PA stenosis that can be
difficult to repair surgically and especially prob-
lematic for the long-term outcome in a single-
ventricle patient.

In our early experience, assessing PA band
adequacy by angiography was not sufficient, as
four of the six patients in the standard cohort
needed reoperation for PA band adjustment. To
date, a quantitative assessment of PA band ade-
quacy using angiography has not been shown to
predict PA pressure prior to comprehensive stage II
repair. Echocardiography, including transesoph-
ageal echocardiography, is often limited by inad-
equate alignment of the Doppler signal to ascertain
reliable gradients across the PA bands. Judgment
by the surgeon may be adequate, but it can only
be acquired with significant experience in this pro-
cedure with high-risk neonates. Therefore, we
sought a quantitative measure of PA pressure at the
time of PA band placement that could be used to
reduce the need for reoperation and that eventually

might be correlated with PA pressure at the time of
the comprehensive stage II operation.

The use of the pressure guidewire to measure
PA pressures at the time of PA band placement
served as this quantitative measure with the
opportunity to obtain serial measurements at sub-
sequent catheterizations to observe PA pressure
change over time. We have found that use of a
pressure guidewire in high-risk patients with
HLHS and HLHS variant anatomy is safe and
feasible with no increase in radiation exposure or
duration of the procedure. Direct PA pressure
assessment allows for real-time adjustment of the
bands, and it may help to prevent the need for
reoperation for PA band adjustments as our rate of
reoperation decreased from 67% to 13% (P value
.09) following the introduction of direct PA
pressure measurement during the hybrid stage I
procedure.

Our data suggest that mean PA pressures stay
fairly constant or fall slightly over the first 4–6
months of life in this cohort of hybrid stage I
palliated high-risk HLHS and HLHS variants
patients. With our first several patients, we had
anticipated that the patients would “grow into” the
PA bands and, therefore, placed them loosely. We
found, however, that the distal PA pressures stay
relatively constant or decrease slightly, unless
restriction redevelops at the atrial septum, which
was the case in the three patients in whom PA
pressures increased over time. Our early data
suggest that a mean PA pressure of approximately
17–20 mm Hg at the time of band placement in
this high-risk group of neonates will result in an
adequate mean PA pressure of 14–17 mm Hg
prior to comprehensive stage II at 4–6 months of
age.16,17 As we continue to use the guidewire
during the hybrid stage I and subsequent catheter-
izations in neonates with high operative risk for
standard surgical palliation, we hope to determine
the ideal mean PA pressure and pulsatility that
predict a successful outcome for the comprehen-

Table 4. Comparison of Mean Pulmonary Artery Pressure Assessment Using Pressure Wire and Pulmonary Venous
Wedge Assessment*

Patient

RPA Mean Pressure (mm Hg) LPA Mean Pressure (mm Hg)

Pressure Wire Pulmonary Vein Wedge Pressure Wire Pulmonary Vein Wedge

5 18 15 17 16
9 18 18 16 18

10 21 17 20 17
11 18 12 to 16 18 10 to 16

*Pressures obtained during same catheterizations using both pressure guidewire and pulmonary venous wedge pressure.
RPA, right pulmonary artery; LPA, left pulmonary artery.

Zampi et al.156

Congenit Heart Dis. 2013;8:149–158



sive stage II and the Fontan procedure. We also
found that the PA mean pressure determined using
the pressure wire correlated fairly well with mean
pressures obtained from pulmonary venous wedge
measurements and, in some circumstances, may
help to avoid the inaccuracies of pulmonary
venous wedge measurements from low-fidelity
fluid-filled catheters and transducers as well as
overwedge or underwedge recordings.

Published hospital survival of high-risk neo-
nates undergoing a Norwood operation ranges
from 42% to 75%,10,18,19 and survival of high-risk
patients undergoing a hybrid stage I procedure
ranges from 65% to 75%.6,11 Our hospital sur-
vival rate for the standard cohort was 67% and
for the pressure wire cohort was 86%. This
increase did not reach statistical significance as
the study population is underpowered for this
analysis.

This descriptive study is limited by its retro-
spective nature and the small numbers of patients
with limited follow-up time. Furthermore, the
data were obtained during our initial experience in
performing the hybrid stage I procedure. There-
fore, improvement in patient outcomes may be
influenced more by our cumulative experience
than by the addition of a new specific technology,
and lack of change in radiation exposure and
procedure time also may be influenced by our
experience. Lastly, our findings should not be
extrapolated to standard risk neonates undergoing
the hybrid stage I procedure.

Conclusions

Use of a pressure guidewire to measure mean PA
pressures at the time of PA band placement during
the hybrid stage I procedure in high-risk HLHS
and HLHS variant patients is safe, feasible, and
may help reduce the need for reoperation for PA
band adjustment. By continuing to use this tech-
nology to measure mean PA pressure at the time of
PA band placement, we hope to expand our knowl-
edge of the ideal pressure and pulsatility at the
time of the hybrid procedure that will achieve the
best outcome for high-risk patients as they con-
tinue through the staged palliation for their single-
ventricle physiology.
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