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First-stage palliation of hypoplastic left heart
syndrome

The importance of coarctation and shunt size

Mter Norwood's initial report of successful first-stage palliation of hypoplastic left heart syndrome in
neonates, an improved understanding of both the pathologic anatomy and physiology of this common
condition has led to improving surgical results. Twenty-five neonates have been treated by modifications
of the Norwood procedure, and the early mortality between January, 1984, and July, 1985, has been 24%
(six deaths). Two premature neonates weighing less than 2 kg died, as did two neonates who could not be
resuscitated with prostaglandin E, and had cardiac arrests Immediately preoperatively. There have been
four late deaths. The frequent occurrence (80%) of a juxtaductal coarctation or coarctation shelf
necessitates alteration of surgical technique. Failure to do so will be reflected in an early persistent
postoperative metabolic acidosis with an arterial oxygen tension greater than 35 to 40 rom Hg in the
operating room or greater than 40 to 45 mm Hg in the intensive care unit. A similar acid-base
derangement will be seen if the systemic-to-pulmonary sbmit is excessively large. Careful ventilatory and
pharmacologic management of the ratio of pulmonary to systemic vascular resistance is an essential part
of the perioperative management of these neonates with two paraDel competing circulations. Late
postoperative catheterization findings have emphasized the importance of a wide atrial septectomy,
because restrictive atrial septal defects have developed in a number of children, despite partial surgical
atrial septectomy. Central pulmonary artery reconstruction must be carefully performed to avoid
distorted hypoplastic pulmonary arteries that would be unsuitable for a second-stage .modified Fontan
procedure.

Richard A. Jonas, M.D., Peter Lang, M.D., Dolly Hansen, M.D., Paul Hickey, M.D.,
and Aldo R. Castaneda, M.D., Boston, Mass.

ContinUing experience with palliative operations for
infants with hypoplastic left heart syndrome has led to
the identification of a number of specific problems in all
phases of the management of these children. Minor
changes in supportive care and surgical technique have
led to an improvement in results compared to the earliest
reports of successful palliation of this complex condition
by Norwood's group'-' and others." For a child to be a
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suitable candidate for a second-stage modified Fontan
procedure, ventricular function must be preserved, the
atrial septal defect must be nonrestrictive, pulmonary
resistance must be low, and the pulmonary arteries must
be minimally distorted. We intend to describe the
modifications in our perioperative and surgical manage-
ment that have been used in an attempt to achieve these
aims in 25 children with hypoplastic left heart syndrome
admitted from January, 1984, to July, 1985.

Methods
Preoperative resuscitation. While the ductus arteri-

osus is patent, the neonate with hypoplastic left heart
syndrome survives because of right-to-left shunting at
the ductal level with retrograde perfusion of the head
vessels and coronary arteries and antegrade perfusion of
the rest of the body. As the ductus begins to close, there
will be increasing pulmonary flow and decreasing sys-
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Fig. 1. A, Tight preductal coarctation restricts retrograde flow to coronary arteries and head vessels. The left
subclavian artery arises from the proximal descending aorta distal to the coarctation. E, Severely hypoplastic aortic
isthmus also restricts retrograde flow and may cause failure to resuscitate despite prostaglandin E1 infusion and
ductal patency.

ternicflowreflected in poorly palpable peripheral pulses
andincreasingmetabolic acidosis. If this pattern persists
theremay be initially reversible and eventually irrevers-
iblechangesin renal, cardiac, central nervous system,"
andhepatic function. Rapid two-dimensional echocar-
diographicconfirmation of hypoplastic left heart syn-
dromeand reversal of ductal closure by prostaglandin E]
infusionwill allow temporary resolution of that acidosis
in themajority of cases. It should be noted that since
bloodejected from the right ventricle can pass through
eitherthe pulmonary circuit or the systemic circuit via
thepatentductus arteriosus, careful management of the
balanceof pulmonary-to-systemic resistance is an
importantpart of the preoperative resuscitation. The
mostuseful agent to this end is change of inspired
oxygenconcentration (F1oz), as high concentrations of
oxygenwill selectively decrease pulmonary resistance
whileincreasingsystemic resistance. These neonates are
thereforefrequently maintained on an FIoz of 21%.
Carbondioxidetension (Pco-) is maintained in the high
308becausehyperventilation will also decrease pulmo-
naryresistance. Large doses of inotropic drugs are
avoidedin most cases preoperatively because they too
maycausean undesirable increase in systemic resistance
relativeto pulmonary resistance. Following these guide-
lines, wehave successfully resuscitated children with an
initialpHas low as 6.69. Two-dimensional echocardiog-
raphyprovidesmost of the anatomic information neces-
sary,sothat we now rarely perform cardiac catheteriza-

Fig. 2. Coarctation is found in 80% of neonates with hypo-
plastic left heart syndrome. .

tion. Operation usually takes place within 2 to 3 days of
admission, by which time blood chemistry and acid-base
status should be normal apart from a decreased oxygen
tension (Poz), with the saturation usually being 80% to
85%.
There are a few specific anatomic and physiologic

subgroups of infants in whom resuscitation 'may be
difficult and operation should proceed more urgently. A
tight preductal coarctation (Fig. 1, A) or a severely
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Fig. 3. A, Incisions used for conduit repair. B, Distal main pulmonary artery is closed with a PTFE patch to
prevent central pulmonary artery distortion. C, Conduit straddles the coarctation site. Modified Blalock-Taussig
shunt (4 mm) is placed as far distally as possible on the right subclavian artery.

hypoplastic isthmus or transverse arch (Fig. 1, B) may
prevent adequate retrograde coronary perfusion. Both
patients in the current series who demonstrated such a
restriction had cardiac arrests immediately preopera-
tively after prolonged resuscitative efforts had failed to
reverse a progressive metabolic acidosis. Severe hypopla-
sia of the isthmus presents a major technical chaIlenge
in constructing main pulmonary artery-aortic continu-
ity. The only two operative deaths in the whole series
occurred in the two children described in Fig. 1.
Apart from anatomic anomalies resulting in difficult

and inadequate resuscitation, an excessively low neona-
tal pulmonary vascular resistance (despite the manipu-
lations described) may also hamper resuscitation. How-
ever, it is extremely rare for this to result in major
problems, and operation can usuaIly be performed safely
within 24 hours of admission. We have not found a
restrictive atrial septum to be a problem preoperatively;
in fact, this may be to the child's advantage by
increasing pulmonary vascular resistance.

Intraoperative management. The two most impor-
tant modifications in surgical technique in this series
have been management of juxtaductal coarctation and
careful tailoring of shunt size. In addition, closer atten-
tion to left atrial decompression has been emphasized.
Coarctation. Although Bharati and Lev's recent

pathologic study? suggested a low incidence of coarcta-
tion, most reviews report an incidence of approximately
80%,8-10 particularly when one includes the shelf of
ductlike tissue frequently found in the aortic wall
opposite the ductus arteriosus (Fig. 2). Even if this tissue
has no hemodynamic effect early, it has the potential to
cause late hemodynamic effects if not adequately dealt
with. After division of the ductus arteriosus, we now
extend the aortotomy distaIly at least 6 or 7 mm beyond
the junction of the ductus and descending aorta (Figs. 3,
A and 4, A).
Two techniques for achieving continuity between the

proximal main pulmonary artery and the aorta have
been used in this series (Figs. 3 and 4). Direct anasto-
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Fig.4. A, Incisions used for repair with a cuff of pulmonary artery homograft. PTFE patch closing distal
pulmonaryartery has a calibrated 3 mm hole for central shunt. E, Dimensions of cuff. C, Central shunt is
constructed between PTFE patch and posterior wall of pulmonary artery homograft. D, Completed repair.

mosisisnotpossibleif one is to deal adequately with the
coarctationand to prevent distortion resulting from
excessiveanastomotictension. Initially a conduit, usual-
ly 10mm in diameter, with a long distal bevel was
employed.In this case the aortotomy was extended back
to,~e undersurfaceof the arch, usually opposite the
ongInof the left common carotid artery (Fig. 3, A).
~~rt from the obvious disadvantage of leaving a
smgle" coronaryartery system and requiring conduit
~placementor enlargement with growth, the heel of the
dIStal anastomosiswas occasionally a point of difficulty.
Minordilationof the ventricle or excessive length of the
conduitresulted in kinking at this point with poor
retrogradecoronary perfusion. Nevertheless, this is a
technically straightforward way of achieving pulmonary
artery-aorticcontinuity.
Recentlywe have used a cuff of pulmonary artery

homograftto supplement an anastomosis between the
ascendingaorta,arch, and proximal descending aorta to
theproximaImain pulmonary artery (Fig. 4). Although
theascendingaorta may be extremely hypoplastic, late

follow-up has demonstrated excellent growth in this area
when such a cuff is used. The homograft tissue is more
hemostatic and less rigid than synthetic alternatives.
This pliability is useful at the most proximal point of the
ascending aorta where minimal distortion can result in
poor coronary perfusion. Interrupted sutures are used in
this area.

Failure to deal with the coarctation will be reflected
in systemic hypotension, high POz (greater than 40 to 45
mm Hg), and persistent metabolic acidosis, analogous to
ductal closure preoperatively.
Shunt. Because blood ejected from the single right

ventricle can pass to either of two parallel circulations,
one pulmonary and one systemic, the size of the shunt is
extremely important. Although this is true of any single
ventricle/pulmonary atresia physiology, it is more criti-
cal in the early postoperative period after a major
reconstruction performed with hypothermic arrest, for
the child's condition will be generally more labile. We
have employed two shunt types. A modified right
Blalock-Taussig shunt, in which a 4 mm polytetrafluor-
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Fig. 5. Stenosis at site of closure of distal main pulmonary
artery notcd 12 months postoperatively.

oethylene (PTFE) tube is placed from the right subcla-
vian artery to the right pulmonary artery, will provide
satisfactory flow so long as it is placed sufficiently
distalIy on the subclavian artery (Fig. 3, C). Unfortu-
nately, working from the midline, there is a tendency to
place the proximal anastomosis opposite the innominate
artery bifurcation or even on the innominate artery
itself. It is useful to extend the skin incision to approxi-
mately I cm above the top of the sternum to facilitate
exposure of the more distal right subclavian artery. This
shunt can be constructed during hypothermic arrest or
during the rewarming period on bypass.

Recently, we have used a central shunt from the
posterior wall of the previously described cuff to a hole
punched in the PTFE patch used to close the distal main
pulmonary artery (Fig. 4). This shunt should be frac-
tionalIy less than 3 mm in diameter. Over a 5 month
follow-upwe have not witnessed a decrease in the size of
the shunt in five children, as was reported by Doty and
associates' after a similar procedure. In fact, these
children have had slightly excessive pulmonary flow
despite 3 mm central shunts.

Atrial septectomy. Although it might be imagined
that simple incision of the septum primum and the base
of the foramen ovale, analogous to performance of a
balloon atrial septostomy, should result in a satisfactory
long-term atrial septal opening, late catheterization
findings have suggested that even partial excision of the
septum primum can result in a late restrictive atrial
septal defect. Therefore, we now totally excise the
septum primum and as much septum secundum as
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Table L Coarctation and hypoplastic left heart
syndrome

No. of
patients Deaths

None 5 2
Mild 4 2
Moderate II 4
Severe 5 2

Total 25 10

possible. Two children from this series who returned late
with restrictive atrial septal defects have been treated
successfully by blade atrial septostomy.

Early postoperative management. As with the pre-
operative management, obtaining a satisfactory balance
between systemic and pulmonary vascular resistance is
the key to successful early postoperative management.
Major problems to be handled are excessive pulmonary
flow, inadequate pulmonary flow, and bleeding.

Excessive pulmonary flow. Excessive pulmonary flow
will be reflected in a P02 greater than 40 to 45 mm Hg,
persistent metabolic acidosis, and systemic hypotension
secondary to the "pulmonary steal." These children are
particularly prone to sudden and unexpected cardiac
arrest and are very difficult to resuscitate at this point.
Assuming that the operative modifications have been
taken to minimize this problem as previously described,
one should attempt to maximize pulmonary vascular
resistance and minimize systemic vascular resistance.
The child should be ventilated with an Flo2 of 21% and
Pco, should be maintained in the high 30s. Metabolic
acidosis should be treated aggressively. Despite hypoten-
sion, the tendency to use high doses of inotropic agents
should be resisted as this may simply increase systemic
resistance and increase shunt perfusion pressure.
Increased positive end-expiratory pressure may decrease
pulmonary flow, although we have no data to support
this theory. If this therapy is unsuccessful there should
be early reinvestigation focusing on the presence of a
coarctation gradient, proximal main pulmonary artery-
aortic anastomosis gradient, or excessively large or
proximal shunt placement.

Inadequate pulmonary flow. An inadequate shunt
will be reflected in a P02 of less than 25 mm Hg in the
operating room or usually less than 30 mm Hg in the
intensive care unit. Hyperventilation with 100% oxygen
with Pco, maintained in the low 20s to reduce pulmo-
nary vascular resistance and judicious use of inotropic
agents to maximize shunt perfusion pressure are impor-
tant therapeutic maneuvers. In the presence of adequate
systemic perfusion pressure, that is, greater than 60 to
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Tablen. Operative technique for first-stage

I palliation of hypoplastic left heart syndrome

No. of Early
patients deaths

PTFEconduit and modified 8 4
Blalock-Taussig shunt

Tasconconduit and modified 8 2
Blalock-Taussig shunt

PTFEcuff and modified 3 0
Blalock-Taussig shunt

Pulmonaryartery homograft 0
and modified
Blalock-Taussig shunt

Pulmonaryartery homograft 5 0
and central shunt

Total 25 6

65 mm Hgsystolic,a P02 of less than 25 mm Hg in the
operatingroom almost always implies an anastomotic
shuntproblem.A P02 of less than 20 to 25 mm Hg early
postoperativelywill usually result in myocardial failure,
systemichypotension,and worsening hypoxia.
Bleeding. These neonates virtually always have coag-

ulopathiespreoperatively. This fact, in combination with
longsuturelines, results not uncommonly in excessive
bleeding.The use of a homologous tissue cuff rather
thanPTFE may be useful in decreasing this problem.
However,the mainstay of treatment is the use of fresh
blood.Occasionally, excessive bleeding may be an
indicationof an anastomotic gradient resulting in high
pressuresat the level of the suture line.
Medium-termpostoperative management. Mainte-

nanceof adequate caloric intake is an essential part of
themanagementof these children. Parenteral alimenta-
tionis usuallybegun on the second postoperative day
andshouldsoon supply 125% to 150% of maintenance
requirements.Maintaining electrolyte balance is rarely
aproblemapart from a not uncommon large calcium
requirementin the early postoperative period.
Infectioniscommon in these children, often occurring

I to 2 weeks postoperatively and often with positive
bloodcultures.However, this virtually always responds
toa briefcourseof antibiotics. Persistent infection may
be a signalofunderlying hemodynamic compromise and
shouldpromptearly reinvestigation.
Latepostoperative management. The problems of

Iatecoaretationand late restrictive atrial septal defect as
detectedby late catheterization have been alluded to.
~venwith satisfactory clinical progress, recatheteriza-
bonis routinelyundertaken 6 months postoperatively.
/.atetricuspidregurgitation and right ventricular failure
havebeenseen only rarely. The development of thel
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Fig. 6. Improvement in arterial pH after preoperativeresus-
citation with prostaglandinE,. Open circles: (1)Cardiac arrest
preoperatively; (2) early sudden death; (3) earlysuddendeath,
preoperative creatininelevel2.4 mgjdl; (4) earlysuddendeath;
(5) late death, preoperative creatinine level3 mgjdI. CHMC,
Children's Hospital Medical Center.

pulmonary artery tree must be carefully monitored. We
have seen distortion develop (Fig. 5) at the site of distal
main pulmonary artery closure. For this reason, it is
important not to close this defect by direct suture but
rather with a generous patch. The right Blalock-Taussig
shunt can result in tenting up of the right pulmonary
artery and the greater development of the right pulmo-
nary artery relative to the left pulmonary artery because
of unequal distribution of blood flow. We are hopeful
that placement of a central shunt may allow more
uniform and nondistorted development of the pulmo-
nary arteries, although as yet there has been no late
assessment.

Results
Over the 19 month period from January, 1984, to

July, 1985, the first author (R.A.J.) performed Stage 1
repair on 25 patients. During that time, no child with the
diagnosis of hypoplastic left heart syndrome admitted to
Children's Hospital was denied operation. One death
occurred during the period of preoperative resuscitation.
Fig. 6 illustrates the improvement in pH achieved by
prostaglandin E1 infusion. The lowest pH was usually
recorded at the referring hospital. One third of the
neonates were treated with a low-dose dopamine infu-
sion preoperatively in addition to prostaglandin E; The
mean duration of resuscitation at our hospital was 32
hours (7 hours to 5 days). Two patients had a creatinine
level greater than 3 mgjdl on admission, which had
improved to 2 and 1.3 mgjdl by the time of operation.
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Table m. Arterial blood-gas status in two representative patients

Total O2
Vent. rate FlO2 Pe02 CO2 P02 sat. HeO,

(breaths/min) (%) pH (mm Hg) (mm Hg) (mm Hg) (%) given

Patient I
Preop. 15 30 7.43 41 28 44 87 0
First postop. 25 100 7.49 13 10 75 96 +++
J5 min 14 25 7.33 33 J7 47 81 ++
4 hr 18 25 7.33 36 19 44 77 +
8 hr 18 25 7.36 33 19 42 76 +

Patient 2
Preop. 10 30 7.45 32 22 53 89 0
First postop. 40 100 7.60 23 23 30 70 0
90 min 36 100 7.61 22 22 30 71 0
6 hr 28 80 7.52 29 27 37 80 0
24 hr 14 35 7.59 30 28 36 80 0

1."Ii"/ld: Patient J had a sudden cardiac arrest after suctioning at 24 hours. Patient 2 was extubated on the fourth postoperative day.

Age at operation ranged from 1 to 21 days with a mean
of 6 days. Weight ranged from 1.9 to 4.1 kg with a mean
of 3.2 kg. Two patients weighing less than 2 kg both
died, one early and one late. Two patients, one with a
severe preductal coarctation and one with a severely
hypoplastic isthmus, had a cardiac arrest immediately
preoperatively and both died intraoperatively. Both had
had persistent metabolic acidosis despite infusions of
prostaglandin E, and dopamine and repeated boluses of
bicarbonate. Three other children died early. Two had
an arterial POz greater than 45 mm Hg in the first few
hours postoperatively and a continuing bicarbonate
requirement despite ventilatory manipulation of pulmo-
nary vascular resistance. Both died of unheralded brady-
cardiac/hypotensive episodes, one 10 hours postopera-
tively and one 24 hours postoperatively. A third child
also died suddenly at 24 hours despite excellent hemo-
dynamics and blood gases. A coronary thrombus, possi-
bly embolic from one of the cardiac lines, was the only
finding of significance at autopsy.
Twenty patients had a coarctation of some degree, for

a total coarctation incidence of 80% (Table I).
In 16patients a conduit was placed from the proximal

main pulmonary artery to the upper descending aorta
and distal aortic arch. In eight cases the conduit was
constructed with PTFE and in eight cases knitted
Dacron presealed with aldehyde-linked collagen (Tas-
con Medical Technology). All patients in whom a
conduit was employed had a right modified Blalock-
Taussig shunt using a 4 mm PTFE tube from the right
subclavian artery to the right pulmonary artery. Three
patients have had a cuff of PTFE supplementing the
main pulmonary artery-aortic anastomosis, all with a
modified Blalock shunt. Six patients had a cuff of

pulmonary artery homograft placed between the main
pulmonary artery and ascending, transverse, and proxi-
mal descending aorta. Five of these patients had a 3mm
central shunt and one a modified Blalock shunt. There
have been no deaths in this group (Table II).
Table III gives the details of oxygen and acid-base

status of two representative patients. Patient 1 had a
high early postoperative arterial POz (greater than 45
mm Hg) with continuing metabolic acidosis despite
bicarbonate infusion. This child had an unheralded
arrest 24 hours postoperatively after what may have
been excessive hyperventilation for endotracheal tube
suctioning. At autopsy it appeared that the distal
anastomosis of the PTFE conduit had not been carried
sufficiently distally beyond the moderately severe coarc-
tation. This resulted in excessive shunt/pulmonary flow
and inadequate systemic flow. A low rate of ventilation
and low Floz helped to correct the initial severe metabol-
ic acidosis.

In contrast, Patient 2 showed a more ideal evolution
in postoperative arterial blood gases. The early low (less
than 35 mm Hg) arterial POz was treated by hyperven-
tilation (Pco, 23 mm Hg) and F10z 100%. With .the
usual fall in pulmonary vascular resistance there was a
progressive improvement to an ideal saturation of 80%
by 6 and 24 hours postoperatively. This child was
successfully extubated on the fourth postoperative day.
The median duration of intubation for the whole series
was 6 days (mean 12.5 days, range 3 to 63 days).

The duration of hospitalization of the group was 11 to
127 days (mean 41, median 32). There have been four
late deaths. One child died suddenly during a febrile
episode 2 weeks after hospital discharge. One child died
4 months postoperatively of sepsis, having required a
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secondoperation for placement of a conduit from the
proximalneo-aorta to the descending aorta. A gradient
hadbeenfound at the original distal anastomosis, 'which
wassupplemented with a PTFE cuff. Arrest had
occurredduring cardiac catheterization and the child
requireda prolonged resuscitation before the second
procedure.The two other deaths at 7 weeks and 8 weeks
weredue to chronic congestive failure. One child had
hada preoperativecreatinine level of 3 IV /L that had
notnormalizedpreoperatively and had poor ventricular
functionpreoperatively and postoperatively. The other
childweighed1.9 kg and had excessive shunt flow.
Of the 15 long-term survivors, two have a restrictive

atrialseptaldefect, found at routine follow-up catheter-
ization.In both patients this was treated successfully by
bladeatrial septostomy. One child has had successful
balloondilation of a stenosis at the distal conduit-
descendingaorta anastomosis. Two children have had
gastrostomiesplaced for feeding difficulties. The
remainderof the children are generally well. Details of
latepostoperativehemodynamic data will form the basis
ofa separatereport.

Conclusions

Thelong-termcapacity of the single right ventricle in
hYJXlplasticleft heart syndrome to deal with an
increased volume and systemic pressure load remains
unknown.However, an improved understanding of the
pathologicanatomy and physiology of this condition can
resultin improved surgical results for first-stage pallia-
tionanda more suitable candidate for a second-stage
modified Fontan procedure. .
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