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Abstract

Hypoplastic left heart syndrome (HLHS) is a common form of con-
genital heart disease with abnormal development of left-sided struc-
tures of the heart. As excessive pulmonary blood flow is common
prior to palliative surgical procedures, therapeutic maneuvers may
be required to decrease pulmonary blood flow and augment systemic
cardiac output. Respiratory manipulations to optimize the ratio of
pulmonary to systemic blood flow may include techniques to induce
hypercarbia or the delivery of sub-ambient concentrations of oxygen
(FiO, less than 0.21). We present a neonate with HLHS who required
intraoperative care during a stage I hybrid procedure. Options for the
intraoperative administration of a sub-ambient concentration of oxy-
gen are presented.

Keywords: HLHS; Sub-ambient oxygen; Anesthesia

Introduction

Hypoplastic left heart syndrome (HLHS) is a complex form
of congenital heart disease (CHD) with abnormal or under-de-
velopment of left-sided cardiac structures. There is frequently
accompanying stenosis and/or atresia of the mitral and aortic
valves. These structural defects result in impaired systemic cir-
culation once the patent ductus arteriosus (PDA) closes [1].
When the PDA is present, the distribution of cardiac output to
either the pulmonary or systemic circulation remains depend-
ent on the regional differences in the vascular resistance of the
two circulations [2-4]. Output to the systemic and pulmonary
circulations is delivered from a single right ventricle connect-
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ed in parallel and thus the distribution of blood flow depends
on the ratio of the resistance between the two. Given the mix-
ing of the systemic and pulmonary venous return, systemic
oxygen saturations are generally 75% when the distribution to
the pulmonary and systemic beds is equivalent (Qp/Qs = 1).
As the pulmonary resistance decreases during the post-natal
course, excessive pulmonary blood flow with a high systemic
oxygen saturation and inadequate systemic oxygen delivery
manifested by an increasing lactic acid concentration may oc-
cur [5-7]. Various therapeutic options may be implemented to
augment hypoxic pulmonary vasoconstriction (HPV) to sus-
tain a higher pulmonary vascular tone and augment cardiac
output to the systemic circulation. In general, two respiratory
principles may be implemented to limit pulmonary blood flow
including the administration of a sub-ambient inspired oxygen
concentration (FiO,) or increasing the partial pressure of car-
bon dioxide (PaCO,) in the blood via hypoventilation or the
administration of inspired carbon dioxide (2-5% FiCO,) [2,
8-10]. We present a neonate with HLHS who required intraop-
erative care during a stage I hybrid procedure [11]. Options for
the intraoperative administration of a sub-atmospheric concen-
tration of oxygen are presented.

Case Report

Institutional Review Board approval is not required at Na-
tionwide Children’s Hospital (Columbus, OH) for the pres-
entation of single case reports. The patient was a 2.2-kg,
7-day-old infant who was born with complex single ventricle
anatomy including a double inlet left ventricle, hypoplastic
right heart with d-transposition of the great arteries, a small
ventricular septal defect, and extreme aortic arch hypoplasia.
The maternal history was positive for substance abuse and
urine toxicology at birth was positive for cannabinoids, opi-
oids, methamphetamines, tricyclic antidepressants, and co-
caine. Given the patient’s small birth weight and significant
hemodynamic instability, he was judged to be a poor candi-
date for the Norwood procedure. Therefore, it was decided
to proceed with hybrid palliation with a stage I procedure
to include placement of bilateral pulmonary artery bands
and stenting of the PDA. Prior to surgery, the patient was
breathing spontaneously in an oxygen hood with nitrogen
blended to maintain the FiO, at 0.17 - 0.18. Inotropic support
included milrinone 0.25 pg/kg/min along with prostaglandin
E, at 0.025 pg/kg/min to maintain ductal PDA. Under these
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Figure 1. The Datex-Ohmeda Aestiva 5 anesthesia machine that was used to deliver the sub-ambient oxygen gas mixture. The
chain or proportioning mechanism (white arrow) which connects the oxygen and nitrous oxide flow meters was removed so that
nitrous oxide could be administered with air to deliver an FiO, less than 0.21. These modifications are not recommended by the

manufacturer of the anesthesia machine.

conditions, the patient’s serum lactic acid concentration was
stable in the 2 - 3 mmol/L range (normal <2 mmol/L) with a
sub-ambient FiO, at 0.17 - 0.18. When the FiO, was > 0.21,
there was a concomitant increase in the serum lactic acid con-
centration into the range of 4.5 - 7.6 mmol/L. The patient’s
preoperative American Society of Anesthesiologists’ physi-
cal classification was 4. Given his critical hemodynamic sta-
tus, the patient was nil per os. Vascular access included an
umbilical artery catheter, an umbilical vein catheter, a left
femoral percutaneously inserted central catheter (PICC), and
a peripheral intravenous cannula. The patient was transport-
ed to the operating room and standard American Society of
Anesthesiologists’ monitors were placed. Given his inabil-
ity to tolerate an oxygen concentration > 0.21, the decision
was made to induce and maintain anesthesia at a sub-ambient
FiO, < 0.21. The options for such care are discussed in more
details in the discussion section. Normally, the anesthetic
oxygen and nitrous flow meters on the anesthesia machine
are coupled (proportioning system) to ensure that FiO, can-
not decrease below 0.25 - 0.30 (Fig. 1). Therefore, prior to
anesthetic care, the anesthetic machine was adjusted to de-
liver a hypoxic gas mixture by uncoupling the oxygen and
nitrous flow meters. This was done by physically removing

Table 1. Oxygen Saturation and FiO, During the Procedure

Time FiO, Systemic oxygen saturation (%)

Preoperative 21 93
Intraoperative - 15 min 13 73
Intraoperative - 30 min 15 94
Intraoperative - 45 min 14 95
Intraoperative - 60 min 16 84
Intraoperative - 75 min 15 76
Intraoperative - 90 min* 21 87
Intraoperative - 105 min 21 86
Intraoperative - 120 min 21 83

*After placement of pulmonary artery bands to limit pulmonary blood
flow, the FiO, was increased to 0.21.
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the chain that links the oxygen and nitrous flow meters (Fig.
1). Anesthesia was induced and maintained by a combined
inhaled-intravenous technique with the inhalation of sevoflu-
rane in a sub-ambient concentration of oxygen (FiO, 0.15
- 0.19) and the intravenous administration of fentanyl (5 pg/
kg). The sub-ambient oxygen concentration was achieved by
using the air and nitrous oxygen flow meters to deliver the
desired FiO,. Bag-valve-mask ventilation was provided with-
out difficulty and rocuronium (1 mg/kg) was administered to
provide neuromuscular blockade and facilitate endotracheal
intubation. The FiO, and the systemic oxygen saturation by
pulse oximetry during the preoperative and intraoperative
times are listed in Table 1. Following the induction of an-
esthesia and endotracheal intubation, the patient was placed
in a supine position with his arms tucked to the side. Anes-
thesia was maintained with isoflurane (expired concentration
0.2-0.4%) in air and nitrous oxide to maintain the FiO, at
0.13 - 0.17. No hemodynamic response was noted to surgical
incision. The operative procedure lasted 131 min. Along the
ductus arteriosus, a large hematoma was noted, which pre-
cluded placement of the PDA stent. Therefore, only bilateral
pulmonary artery bands (3 mm) were placed after which the
FiO, was brought back to 0.21 by discontinuing the nitrous
oxide. Given the aortic arch anatomy and preoperative con-
cerns, it was decided to continue prostaglandin therapy. At
the completion of the surgical procedure, the patient’s tra-
chea was extubated and he was transported to the cardiotho-
racic intensive care unit (CTICU), breathing spontancously
with a native airway. His postoperative course was unremark-
able. Postoperative medications and fluids were infused as
they were pre-operatively. Approximately 1.5 months later,
the patient was taken back to the operating room for a Nor-
wood procedure following weight gain and a substantial im-
provement in his general status. Postoperative extracorporeal
membrane oxygenation (ECMO) was required for cardiores-
piratory support. ECMO support was eventually weaned and
the patient transitioned to conventional mechanical ventila-
tion. His trachea was eventually extubated. He continues to
be followed by the Cardiology Service at Nationwide Chil-
dren’s Hospital.
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Figure 2. Standard oxygen blender for the administration of various
concentrations of oxygen. The blender mixes oxygen (green hose)
and air (yellow hose). In specific clinical scenarios, this blender can
be modified to deliver a sub-ambient oxygen concentration to a hood
by modification of the air hose so that it can be attached to a nitro-
gen tank. When this is done, it is mandatory to monitor the systemic
oxygen saturation of the patient (pulse oximetry) and the inspired gas
concentration to avoid morbidity and mortality from the administration
of a hypoxic gas mixture.

Discussion

Regardless of the surgical option undertaken to treat HLHS, the
therapeutic goals are to provide unobstructed systemic cardiac
output, a controlled source of pulmonary blood flow, reliable
coronary blood flow, adequate arterial and venous mixing at
the atrial level, and unrestricted pulmonary venous drainage.
Current options for HLHS include the Norwood procedure, the
hybrid procedure or cardiac transplantation. Prior to surgical
intervention and following the Norwood procedure, the control
of pulmonary blood flow remains a key component in the care
of these patients. By limiting pulmonary blood flow, there is
a redistribution of cardiac output with an increase in systemic
blood flow. Simple respiratory maneuvers can facilitate this
process including a reduction of the FiO, to reduce arterial
oxygen or the induction of hypercarbia [12, 13]. Hypercarbia
can be achieved by altering ventilation strategies (deliberate
hypoventilation) or by adding carbon dioxide to the inspired
gas mixture [8, 14, 15]. Although hypercarbia augments HPV
thereby decreasing pulmonary blood flow, disadvantages of this
therapy include the need for airway control with endotracheal
intubation, stimulation of respiratory drive with a secondary in-
crease in minute ventilation unless pharmacologic paralysis or
sedation is used, systemic acidosis until compensatory mecha-
nisms compensate for the respiratory acidosis, and stimulation
of the sympathetic nervous system with hemodynamic effects.

The addition of nitrogen to the inhaled gas mixture to
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lower the FiO, can be accomplished without the need for en-
dotracheal intubation and without some of the other deleteri-
ous physiologic effects of hypercarbia. When the decision is
made to deliver sub-atmospheric FiO, to the patient, there are
various options that have been described in clinical practice.
As was demonstrated with our patient during the preoperative
period, in the spontaneously breathing patient with a native
airway, a standard oxygen hood can be used. To deliver the
sub-ambient oxygen, a standard oxygen blender which is usu-
ally used to blend air and oxygen can be modified to blend air
and nitrogen or oxygen and nitrogen (Fig. 2). Alternatively,
nitrogen is added to the inspiratory limb of the delivery sys-
tem to dilute the inspired gas and achieve the desired FiO,. To
ensure patient safety, systemic oxygen saturation is monitored
using pulse oximetry. Pulse oximeters may have decreased ac-
curacy at lower oxygen saturations and have been shown to
generally overestimate arterial oxyhemoglobin saturation at
these low SaO, levels (65-75%), resulting in a poor precision
(high standard deviation) and low accuracy with a bias (SpO,
- Sa0,) of about 5% [16]. This discrepancy may vary based
on the manufacturer and type of pulse oximeter [16]. In addi-
tion to pulse oximetry, tissue and cerebral oxygenation can be
measured using near infrared spectroscopy and may be helpful
in continuously monitoring oxygen delivery, cardiac output,
and tissue oxygenation [17, 18].

During mechanical ventilation, a sub-ambient FiO, is
generally achieved by adding a low flow of nitrogen from a
large G cylinder (100% nitrogen) into the inspiratory limb of
the ventilator circuit. The FiO, is then measured distal to the
point where the nitrogen is added prior to the patient’s ETT.
However, as the gas (nitrogen) is added distal to the ventila-
tor, alterations in minute ventilation will affect the FiO, unless
there is also a concomitant change in the flow of the added
gas [19]. Nitrogen (100% concentration from a tank) is not
routinely administered in inspiratory gas mixtures, but rather
is used to power surgical equipment. It is supplied in high-
pressure cylinders with an extremely high PSI and therefore
down-regulators are required to ensure that nitrogen is deliv-
ered at an appropriate pressure.

Given these concerns, we decided to proceed with a dif-
ferent technique for intraoperative care. The anesthesia ma-
chine has a proportioning system in which the O, and nitrous
oxide (N,O) flow meters are coupled together in such a way
that the administration of an FiO, less than 0.30 is not feasi-
ble [20]. The two flow meters are coupled by a simple chain
(Fig. 1). Therefore, an unmodified anesthesia machine could
not be used to reduce the FiO, to the concentration required
by our patient. By uncoupling the oxygen and nitrous flow me-
ters in the anesthetic machine, a gas mixture with an FiO, <
0.21 could be provided to the patient while allowing use of
all of the other functions of the anesthesia machine includ-
ing the inspired oxygen concentration monitor. Furthermore,
changes in the minute ventilation did not affect the FiO, with
careful monitoring of FiO,. As the actual inspired concentra-
tion of N,O was less than 25%, no systemic effects were seen
even in this compromised patient [21]. Modification of the
anesthesia machine is not routinely recommended and should
only be done in consultation with departmental leadership and
operating room equipment support teams. Such modifications
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are not endorsed or recommended by the manufacturers of the
anesthesia machine. Following such use, the machine should
be removed from clinical care and rechecked by the biomedi-
cal engineering staff to ensure that the modification has been
successfully reversed and that the machine has been returned
to standards for intraoperative care.

In summary, we present a unique method for the admin-
istration of a sub-ambient FiO, to facilitate the intraoperative
care of a 7-day-old infant with HLHS. To limit pulmonary
blood flow, a sub-ambient oxygen concentration may be need-
ed to augment HPV and augment systemic cardiac output. We
present a unique modification of the anesthesia machine with
removal of the proportioning system to allow for the admin-
istration of a low concentration of nitrous oxide to dilute the
fresh gas flow of air (FiO, 0.21) to achieve the desired sub-
ambient FiO,. This system avoids some of the technical issues
involved with the addition of nitrogen to the inspiratory limb
of the ventilator circuit.
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