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Introduction

Congenital heart disease (CHD) is unfortunately quite
common, occurring in just under 1% of live births. With
the continuing evolution of treatment modalities for
patients with CHD, both in the cardiac operating rooms
and cardiac catheterization suites, the survival of these
patients has significantly improved, albeit with varying
degrees of physiologic impairment and/or sequelae. In
fact, the population of adults with CHD is growing at
a rate of approximately 5% per year. Multiple studies
have illustrated that children with CHD are at higher risk
for perioperative cardiac arrest compared to the general
population during anesthesia and surgery. Additionally,
children with CHD also experience increased morbidity,
mortality, and increased length of hospital stay.

The ever-growing population of patients with CHD
means that these patients are presenting with increasing
frequency for a wide variety of non-cardiac-related surgeries
and imaging studies. It is not uncommon for pediatric
anesthesia practitioners, often without specific cardiac train-
ing, to be asked to care for patients ranging from neonates to
adults with unrepaired, repaired, and palliated CHD in
a variety of venues, including diagnostic imaging, the general
operating rooms, and interventional radiology. Indeed, as this
patient population continues to grow, it will become the “new
normal” formany patients with some form of CHD to receive
care from non-cardiac-trained anesthesia care providers. We
hope to address this growing need with this book, by offering
both an organized approach to analyzing and understanding
CHD as well as strategies for assessing and caring for these
patients. Our aim is to provide a useful educational resource
for anesthesia residents, fellows, nurse anesthetists, nurse
anesthesia students, and anesthesiologists who do not routi-
nely care for patients with CHD.

We have chosen to use a case-based approach for
a number of reasons. Case presentations emphasize the
practical aspects of perioperative care and allow the reader
to be actively involved in analyzing information and for-
mulating an appropriate care plan. Cases of varying com-
plexity are offered to facilitate an understanding of the

diverse nature of CHD and provide learning for readers
with varying levels of experience. Visual aids are used to
assist in understanding the anatomy and physiology of the
different congenital lesions. An understanding of the
underlying physiologic abnormalities allows the practi-
tioner to develop an appropriate anesthetic plan for each
patient.

Each chapter contains Key Objectives, Questions and

Answers, Clinical Pearls, and Suggested Readings.
Chapters are further divided into two sections:
“Pathophysiology” wherein the cardiac lesion is defined
and analyzed, and “Anesthetic Implications,” which then
discusses the specific concerns related to the particular
cardiac lesion which will affect formation of the periopera-
tive plan. Chapters vary greatly in complexity. In part, this
is to allow the reader to appreciate the diversity that exists
even within a given anomaly, meaning that the anesthetic
plan might vary considerably depending on the child’s
individual pathology. Second, this is to accommodate
those readers with a particular interest and knowledge of
CHD and to allow them to continue to enrich their knowl-
edge base. It is our hope that the more complicated scenar-
ios will prove useful for those training to provide care for
this patient population. We have also included multiple
scenarios in the cardiac catheterization laboratory, in
recognition of the fact that anesthesia staffing in this parti-
cular location varies from institution to institution.

Our hope is that this case-based book will allow readers
to better understand the vast array of congenital heart
defects and assist them in understanding the key principles
which guide safe perioperative management. There is
rarely a single “right way” to provide an anesthetic for
a patient with CHD; instead, the key is to understand the
hemodynamic goals that should guide decision making
during the perioperative course. We hope that this book
will be a practical guide for anesthesia care providers in all
regions of the world and will in some small way have
a positive impact on the anesthetic care of patients with
congenital heart disease.
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Chapter

1
A Congenital Heart Disease Primer
Laura K. Berenstain and James P. Spaeth

The ability to interpret cardiac data to determine an indi-
vidual patient’s cardiac anatomy and physiology is para-
mount in developing a safe plan for anesthesia or sedation.
Although cardiac lesions can be placed into broad diag-
nostic categories, within each category and for each lesion
significant variation can exist. For example, infants with
tetralogy of Fallot (TOF) may have obstruction to pulmon-
ary blood flow ranging from minimal to severe; if obstruc-
tion is minimal, they may exhibit signs and symptoms of
pulmonary overcirculation or if severe, they may be overtly
cyanotic. Patients who have been described as “pink tets” at
home may, during the stress imposed by anesthesia and
surgical manipulation, exhibit significant tet spells. Wide
pathophysiologic variability exists even within a given
lesion and each patient must be considered on an indivi-
dual basis, rather than being defined by his or her diag-
nosis. Patients who have undergone corrective surgeries,
although “repaired,” often have important residua or
sequelae that must be noted. It should also be emphasized
that the effects of the patient’s underlying cardiac disease
on other organ systems must be taken into account as well.

The anesthesia practitioner must be able to efficiently
assimilate data including the patient’s current history,
physical examination, pertinent imaging studies, and car-
diac catheterization data in order to develop an accurate
assessment of the individual patient’s pathophysiology
prior to surgery. Are there intracardiac shunts, elevated
pressures in specific cardiac chambers and/or volume over-
load, or reduced ventricular function? Are there rhythm
abnormalities that might lead to a reduction in cardiac
output? These factors may all impact the perioperative
and anesthetic plan. This chapter is dedicated to outlining
major principles useful in guiding preoperative analysis of
the patient with congenital heart disease (CHD).

Basic Concepts
When referring to cardiac chambers, the terms “right” and
“left” refer to morphologic characteristics and the terms
“right-sided,” “left-sided,” “anterior,” and “posterior” give
a spatial frame of reference. When referencing structures
other than cardiac chambers, such as the vena cavae, the

terms “right” and “left” refer to spatial positioning in the
thorax.

• The segmental approach to analysis of congenital
cardiac lesions offers a framework for assessment and
analysis of the path of blood flow through the heart.
The three major segments or building blocks
considered are the atria, the ventricles, and the great
arterial trunks, along with the connections between
each of them. The segmental approach begins by
determining the position of the heart in the thorax, the
direction of the cardiac apex, and the situs of the
thoracic and abdominal organs. Visceral situs, or
sidedness, may be solitus (normal arrangement),
inversus (liver on the left, stomach on the right), or
ambiguous (indeterminate). Abnormal arrangements
of the viscera, heart, and lungs are seen in heterotaxy
syndromes and are associated with a high likelihood of
CHD.

• The physiologic approach considers classification of
lesions according to the presence of shunts,
obstruction, or combinations of the two.

Shuntingmay be described as anatomic or physiologic.
Physiologic shunting is defined as venous return from one
circulatory system recirculating through the arterial out-
flow of the same circulatory system. Anatomic shunts are
communications between two circulations, either at the
atrial, ventricular, or great arterial level. Physiologic shunts
are often the result of anatomic shunts, but they can also
occur in the absence of an anatomic shunt. An example of
physiologic shunting without anatomic shunting may be
seen in transposition of the great arteries, where systemic
venous return travels to the right atrium, the right ventri-
cle, to the aorta, and then again returns to the right atrium.

Effective blood flow is defined as the quantity of venous
blood from one circulation that reaches the arterial system
of the other circulation. Therefore, effective pulmonary
blood flow is the quantity of systemic venous return that
reaches the pulmonary arterial system. Effective pulmon-
ary blood flow and effective systemic blood flow are always
equal. Effective blood flow is the flow necessary tomaintain
life.2
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Total blood flow is the sum of both effective blood flow to
a circulation and recirculated blood flow. Total systemic
blood flow and total pulmonary blood flow are not equal
even in normal patients, as a small amount of physiologic
shunting always exists. Recirculated or physiologic shunt
flow can be thought of as the extra noneffective blood flow
added to effective blood flow, together yielding total blood
flow to a circulation.

Anatomic shunts may additionally be characterized as
simple or complex. In simple shunts the degree of shunt-
ing is determined by the size of the orifice. With a small
orifice, the size of the opening determines the amount of
shunting. For large or nonrestrictive orifices (dependent
shunt), the quantity and direction of shunting is deter-
mined by the outflow resistances, or the ratio between the
pulmonary vascular resistance (PVR) and systemic vas-
cular resistance (SVR). This ratio is known as the Qp:Qs.
As the direction and magnitude of shunting are deter-
mined by the relationship between PVR and SVR, the
effects of hemodynamic and ventilatory manipulations
on these resistances during an anesthetic assume great
importance.

Obstruction(s)may exist to either systemic or pulmon-
ary blood flow at one ormultiple levels. Infants with critical
obstruction to either circulatory system frequently require
prostaglandin E1 infusions to maintain ductal patency and
flow to the obstructed circulation until a surgical or cathe-
ter-based therapeutic intervention can take place. Complex

shunts occur when obstruction exists along with a shunt.
The degree of shunting in a complex shunt is determined
by the degree of obstruction along with the PVR or SVR;
the more significant the obstruction, the less the PVR and/
or SVR will impact shunting. Obstructions may be either
fixed or dynamic in nature. In a lesion such as tetralogy of
Fallot it is common for elements of both fixed and dynamic
obstruction to be present and to impact the direction and
magnitude of shunting through the ventricular septal
defect. For example, a child with TOF has a large ventri-
cular septal defect (VSD) frequently accompanied by sig-
nificant fixed and/or dynamic subvalvular right ventricular
outflow tract (RVOT) obstruction as well. For this child,
the degree and direction of shunting at the level of the VSD
is determined primarily by the degree of RVOT obstruc-
tion; therefore left-to-right shunting decreases as RVOT
obstruction increases with a tet spell, resulting in a decrease
in shunting or even reversal of shunting. Although
increases in PVR will contribute to the total right ventri-
cular outflow resistance for the patient with TOF, the role
of PVR is not as significant in this scenario compared to
a child who has an isolated large or nonrestrictive VSD and
no RVOT obstruction.

Clinical Pearl

Shunting occurs when venous blood from one circulatory

system (either pulmonary or systemic) returns or recirculates

through the arterial outflow of the same circulatory system,

completely bypassing the other circulation. In

a nonrestrictive or dependent shunt, as shunting is

determined by the relationship between pulmonary and

systemic vascular resistances, the effects of hemodynamic

and ventilatory manipulations during an anesthetic assume

great importance.

Another important concept in understanding complex
CHD involves the concept of series versus parallel circula-
tions. In general, the normal systemic and pulmonary
circulations are in series, with blood traveling through
each circulation once, without mixing of deoxygenated
and oxygenated blood (excepting the bronchial veins). An
example of parallel circulations is unrepaired dextro (d)-
transposition of the great arteries, where blood travels only
to the pulmonary or systemic circulation. Mixing at the
atrial, ventricular, or great arterial level (patent ductus
arteriosus) is essential to allow mixing of oxygenated and
deoxygenated blood and maintain life. (See Figure 1.1.)
Another example of a parallel circulation is the child with
single ventricle physiology, with both pulmonary and sys-
temic circulations dependent on the same pump.
Manipulations affecting resistance or flow in either circu-
lation will therefore affect the performance of the other
circuit. This is often referred to as “balancing” circulations
and will be discussed in several chapters.

Imaging

Cardiac Catheterization
Cardiac catheterization in patients with CHD may be
performed for diagnostic or therapeutic/interventional
indications. Echocardiography has become the gold stan-
dard for initial diagnosis and ongoing assessment, parti-
cularly because in most patients it avoids the need for
sedation or general anesthesia and for invasive vascular
access. Fewer cardiac catheterizations are now performed
solely for diagnostic indications. Conversely, interven-
tional applications for cardiac catheterization have con-
tinued to grow in importance and include percutaneous
implantation of valves and hybrid procedures utilizing
both surgical and catheterization techniques. Most chil-
dren require general anesthesia for cardiac catheteriza-
tion, particularly when interventional procedures are
anticipated. Unless extenuating circumstances exist, all
efforts are made to utilize an FiO2 of 0.21 and to maintain
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ventilatory and hemodynamic parameters that parallel
awake conditions, at least while initial hemodynamic
parameters are measured. Any changes should be dis-
cussed with the cardiologist, as these changes will impact
both the measured values that are obtained as well as
calculated values.

The following data may be appreciated from a cathe-
terization report. (See Table 1.1.)

• Anatomic diagnosis: The child’s anatomy, including the
effect of any interventions, is documented and assessed.

• Saturation data: Saturation data can be used to
calculate Qp:Qs ratios and to document shunts via
“step-ups” or “step-downs” in saturation between
vessels and chambers. They may also help differentiate
intracardiac shunting from ventilation/perfusion
mismatch or intrapulmonary shunting.

Normal Circulation

RV PA

Aorta
LV

LALV
LA PA

RA

RV AortaRA

(series)

body
bodyPDAVSDASD

lungs

lungs

deoxygenated blood

oxygenated blood

oxygenated blood

Transposition Circulation
(parallel)

deoxygenated blood

Figure 1.1 Comparison of the normal circulation, which is in
series, with that in transposition of the great arteries (TGA),
which is in parallel. In the normal circulation (left),
deoxygenated blood from the body enters the right-sided
circulation, then is oxygenated by the lungs and then distributed
to the body via the left side of the heart. In the transposition
circulation (right), the potential sites of mixing are shown: atrial
septal defect (ASD), ventricular septal defect (VSD), and patent
ductus arteriosus (PDA). The circulation is in parallel, so
deoxygenated blood from the body enters the right side of the
heart, but because of the anomalous connection, it is recirculated
to the body via the aorta. Similarly, the oxygenated blood from
the lungs enters the left heart but is recirculated to the lungs via
the PA (pulmonary artery). RA, right atrium; RV, right ventricle.
FromMcEwan A. andManolis M. Anesthesia for Transposition of the
Great Arteries. In Andropoulos D. B., Stayer S., Mossad E. B., et al.
eds. Anesthesia for Congenital Heart Surgery, 3rd ed. John Wiley &
Sons; 2015: 542–66. With permission.

Table 1.1 Calculations and Normal Values

Calculation Normal Value

Ejection fraction (EF) (%) (SV/EDV) × 100 54%–75%

Shortening fraction (SF) (%) (EDD − ESD)/EDD × 100 30%–40%

Cardiac output (CO) SV × HR 0.8–1.3 L/m (neonate/infant)

1.3–3.0 L/m (child)

4–8 L/m (adolescent/adult)

Cardiac index (CI) CO/BSA 4.0–5.0 L/m/m2 (neonate/infant)

3.0–4.5 L/m/m2 (child)

2.5–4.0 L/m/m2 (adolescent/adult)

Oxygen content (O2 sat × 1.36 × 10 × hemoglobin concentration)

Pulmonary blood flow (Qp) VO2 (mL/min)/PV O2 conc − PA O2 conc

Systemic blood flow (Qs) VO2 (mL/min)/ SA O2 conc − MV O2 conc

Qp:Qs (simplified) SA sat − MV sat/PV sat − PA sat

SVR (MAP − CVP) × 80/CO 10–15 iWu (infants)

15–20 iWu (1–2 years)

15–30 iWu (child)

PVR (mPAP − mLAP) × 80/CO 8–10 iWu (<8 weeks)

1–3 iWu (>8 weeks)

TPG mPAP – LAP

BSA, body surface area; CVP, central venous pressure; EDD, end-diastolic diameter; EDV, end-diastolic volume; ESD, end-systolic diameter; HR, heart rate;
iWu, indexed Wood units; MAP, mean arterial pressure; mLAP, mean left atrial pressure; mPAP, mean pulmonary artery pressure; MV, mixed venous; MV
sat, mixed venous saturation; PA sat, pulmonary artery saturation; PV sat, pulmonary venous saturation; PVR, pulmonary vascular resistance;Qp:Qs, ratio of
total pulmonary blood flow to total systemic blood flow; SA, systemic artery; SA sat, systemic arterial saturation; SV, stroke volume; SVR, systemic vascular
resistance; TPG, transpulmonary gradient; VO2, oxygen consumption.
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• Angiography: Cineangiography may be used to
demonstrate blood flow patterns and ventricular
function.

• Pressures: Right and left intracardiac pressures as well
as vascular pressures are measured, along with pressure
gradients. (See Figure 1.2.) Pressure gradients may be
reported as either peak or mean gradients. Gradients
may vary according to cardiac output: the higher the
output, the higher the gradient. Thus a gradient can
appear decreased with decreased cardiac output.

• Shunts: The direction and magnitude of shunts are
recorded. The ratio of pulmonary to systemic blood
flow is calculated and is an important piece of
information to obtain prior to anesthetizing a child
with CHD. (See Chapter 2, Qp:Qs.)

• Resistances: Resistance is measured as change in
pressure divided by flow and is reported in Wood units
(Wu). Systemic and pulmonary vascular resistances
may be calculated and are most often normalized or
indexed to body surface area. Notations for indexed
pulmonary vascular resistance (PVR) can thus appear

as “PRVI,” “PVRi,” or “iWu.” In children with
pulmonary hypertension it is important to note not
only the initial PVR but also the response after any
vasoreactivity testing or initiation of drug therapies.

• Cardiac output: Cardiac output (CO) for children is
often indexed to body surface area and reported as
cardiac index (CI). In measuring CO, either
thermodilution or the Fick determination can be used;
when utilizing the Fick determination, estimates of
oxygen consumption (VO2) based on body surface area
or heart rate and age may be referenced for children.
Maintaining the patient’s FiO2 at room air during
cardiac catheterization is important while gathering
this information in order to allow the dissolved oxygen
component of the equation to be ignored.

Echocardiography
Echocardiography is the gold standard of diagnosis and
ongoing assessment for most patients with CHD. Whenever
possible, echo reports should be compared to previous reports

Figure 1.2 Normal cardiac pressures.
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to assess the progression of pathophysiology, and it is also
useful to note in the cardiology evaluation the frequency of
echocardiographic assessment for a particular patient. In
patients with complex CHD echocardiographic reports may
list a multitude of findings, and echocardiographic findings
often prove useful to roughly sketch the heart, beginning with
systemic venous return to the heart and adding each diagnosis
as listed in the report. This heightens appreciation of the
sources of pulmonary and systemic blood flow, as well as
the presence of any shunts or obstructions, and aids immea-
surably in understanding the patient’s physiology and devel-
oping an appropriate anesthetic plan.

The following important parameters may be appre-
ciated from an echocardiographic report:

• Ventricular function: The ejection fraction (EF) is
defined as the fraction of blood ejected by the ventricle
relative to its end-diastolic volume. It is important to
note that EF assesses systolic function of the ventricle,
and that diastolic dysfunction may exist in the face of
a normal EF. The shortening fraction is calculated
utilizing the percentage of change in ventricular
diameter during the cardiac cycle and is dependent on
preload and afterload.

• Gradients: The degree of obstruction across semilunar
valves and outflow tracts may be estimated using the
peak and/or mean instantaneous gradients.

• Regurgitant lesions: These are generally classified as
mild, moderate, or severe and can best be appreciated
by evaluating trends in the reported data.

• Pressure data: Information regarding right ventricular
systolic pressure can be estimated by utilizing peak
velocity of a tricuspid regurgitant jet.

• Measurement of chamber sizes: The size and thickness
of the interventricular septum, the chamber
dimensions of the ventricles, and information
regarding valve annular sizes are reported. The
“z-score” reported along with the values establishes
a reference representing standard deviations of the
measured value from the mean in a comparative
population.

Other Imaging Modalities
Cardiac magnetic resonance imaging (CMRI) is noninva-
sive and avoids the use of ionizing radiation. It can provide
excellent assessment of ventricular volumes, intracardiac
anatomy, valvular regurgitation, blood flow through the
heart, and extracardiac vascular anatomy. It is frequently
utilized for ongoing assessment of right ventricular
volume, ejection fraction, and pulmonary regurgitant frac-
tion in patients who have undergone repair of TOF, and for

serial assessment of coronary artery aneurysms in patients
with Kawasaki disease. Use of CMRI often requires seda-
tion or general anesthesia for pediatric populations, parti-
cularly for patients under the age of 8 years.

Computed tomography (CT), although it involves
ionizing radiation exposure, is an important modality for
assessment of CHD, particularly extracardiac vasculature,
and is the gold standard for assessment of coronary artery
disease.

High-Risk Patient Populations
Within the wide spectrum of patients with CHD who
require noncardiac surgery, several groups have been speci-
fically defined as having higher risk during the perioperative
period. As studies have documented increased risk, they
have also aided in delineating those patients and diagnostic
categories at higher risk for adverse events, cardiac arrest,
and/or mortality. Younger age, higher American Society of
Anesthesiologists physical status, and need for emergent
surgery have been shown to contribute to increased risk.
Not surprisingly, analysis of outcome data for noncardiac
surgeries in adult CHD patients also reveals increased mor-
tality when compared with a cohort of patients without
CHD. Significantly, Maxwell et al. identified that the num-
ber of procedures being performed in this patient popula-
tion was increasing over time, and many were performed
outside of teaching hospitals [1].

Specific categories or lesions have also been identified
as follows:

• Pulmonary hypertension, particularly with systemic or
suprasystemic right ventricular pressures

• Single ventricle physiology, particularly patients with
shunt-dependent physiology, significant
atrioventricular valve regurgitation, and the failing
Fontan

• Severe ventricular dysfunction, including
cardiomyopathies

• Severe left-sided obstructive lesions (aortic stenosis
(gradient >60mmHg), subaortic stenosis, mitral stenosis)

• Williams syndrome

Mortality in children with and without heart disease has
recently been evaluated using the American College of
Surgeons National Surgical Quality Improvement
Program database. Children with heart disease were
assessed and divided into groups with minor, major, or
severe residual lesion burden and functional status. Using
this strategy, children with minor CHDwere found to have
no greater risk than the general population for overall
mortality or adverse events, while children with major or
severe CHD had a higher mortality [2]. Therefore, utilizing
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the expertise of colleagues with specific training in cardio-
vascular anesthesia, as well as consultation with colleagues
in pediatric cardiology, is always recommended when car-
ing for patients who meet the above criteria or when other
specific high-risk factors are identified.
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Section 1 Left-to-Right Shunts – Adam C. Adler, Section Editor

Chapter

2

Ventricular Septal Defect
Maxwell Teets and Adam C. Adler

Case Scenario

A 6-month-old child weighing 3.7 kg presents from home

for bilateral inguinal hernia repair and circumcision. He

was recently seen in the emergency room for an

incarcerated hernia that was manually reduced. He was

born at 26 weeks estimated gestational age with a birth

weight of 1100 grams. He was intubated for 3 weeks and

weaned from high-flow nasal cannula to room air prior to

discharge from the neonatal intensive care unit at 34

weeks postconceptional age. The parents say that in the

neonatal unit the baby was diagnosed with a “hole in his

heart” and that he takes medicine for it every day.

Current vital signs are heart rate 140 beats/minute,

respiratory rate 45 breaths/minute, blood pressure 70/

38 mm Hg and SpO2 98% on room air.

The patient has been scheduled for same-day surgery

and the parents are requesting a spinal anesthetic, as they

are concerned about neonatal apnea with general

anesthesia.

Key Objectives
• Understand the physiology of a left-to-right shunt.

• Describe the preoperative workup and perioperative
management of a premature infant with a ventricular
septal defect.

• Identify an anesthetic plan in the context of balancing
pulmonary vascular resistance and systemic vascular
resistance.

• Outline postoperative management and appropriate
discharge planning.

Pathophysiology

How are VSDs characterized?
Ventricular septal defects (VSDs) are the most common
congenital heart defect, occurring in 50% of patients with
congenital heart disease (CHD). It is estimated that 75%–
80% of VSDs are perimembranous (see Figure 2.1), indicat-
ing the communication between ventricles occurs adjacent

to the very small membranous septum. Inlet VSDs, also
known as canal type, are located posteriorly beneath the
septal leaflet of the tricuspid valve. (See Figure 2.2.)
Muscular VSDs may occur anywhere within the muscular
wall of the interventricular septum and can also exist as part
of other more complex cardiac defects. (See Figure 2.3.)
Subarterial (also called subpulmonary, supracristal, conal,
or infundibular) VSDs lie beneath the pulmonary valve
within the outlet septum. (See Figure 2.4.) A VSD can also
be present in many other forms of CHD as part of
a constellation of defects.

What are the hemodynamic effects of a VSD?
An isolated VSD results in the ability to shunt blood
between the left and right ventricles. The size of the defect
and pulmonary vascular resistance (PVR) determine the
blood flow across the VSD. Left-to-right (L-to-R) shunting
generally occurs predominantly during systole and this
shunting results in an increased volume load to both
ventricles.

Aorta

Pulmonary artery

Pulmonary valve

Perimembranous

VSD

(L→R shunt)

Right ventricle

Aortic valve

Tricuspid valve

Figure 2.1 Perimembranous ventricular septal defect. Drawing by
Ryan Moore, MD, and Matt Nelson.
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What is the difference between a restrictive
and a nonrestrictive VSD?
The term “nonrestrictive” implies that the size of the VSD
approximates the size of the aortic annulus, allowing equal-
ization of pressures in the right and left ventricles. In reality,
small pressure gradients may exist due to the relative resis-
tances of the systemic and pulmonary vascular beds.

Infants with nonrestrictive VSDs often display signs
and symptoms of congestive heart failure (CHF) as the

PVR falls in the first postnatal months and the degree of
L-to-R shunting increases. Nonrestrictive VSDs should be
closed in the first 2 years of life to avoid the development of
pulmonary vascular changes that can lead to the develop-
ment of pulmonary vascular occlusive disease (PVOD) and
Eisenmenger’s syndrome. Given the history of prematurity
this infant is at increased risk for early development of such
changes. A patient’s symptomatology depends on his age,
the size of the VSD, the degree of L-to-R shunting, and
other factors impacting PVR, such as a history of
prematurity.

Clinical Pearl

A patient’s symptomatology depends on his age, the size of

the VSD, the degree of L-to-R shunting, and other factors

impacting PVR, such as a history of prematurity.

What is the Qp:Qs ratio and what is its
significance?
The Qp:Qs ratio is the ratio of the pulmonary blood flow
(Qp) to systemic blood flow (Qs) and denotes the magni-
tude of a cardiovascular shunt. Normally this ratio equals
1, with the entire preload to the RV eventually becoming
the preload to the LV. In cardiac lesions with a L-to-R
shunt theQp:Qs is >1, and in lesions with a resultant R-to-L
shunt the Qp:Qs is <1.

In lesions with the capability for intracardiac shunting
it is important to determine the percentage of recirculating
blood. Often this ratio is calculated by comparing blood
saturation levels obtained during cardiac catheterization.

The following formula may be utilized to calculate the
ratio of pulmonary to systemic blood flow:

L→R shunt

Aorta

Pulmonary artery

Inlet VSD

Right ventricle

Tricuspid valve

Figure 2.2 Inlet ventricular septal defect.Drawing by RyanMoore, MD,
and Matt Nelson.

Aorta Pulmonary artery

Right ventricle

Muscular VSD
Tricuspid valve

Figure 2.3 Muscular ventricular septal defect. Drawing by Ryan
Moore, MD, and Matt Nelson.

Pulmonary valve

Doubly committed

VSD

L→R shunt

Right ventricle

Aortic valve

Figure 2.4 Subarterial ventricular septal defect. Drawing by Ryan
Moore, MD, and Matt Nelson.
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Qp:Qs = Ao sat −MV sat/PV sat − PA sat,

where Ao sat is aortic oxygen saturation; MV sat is mixed
venous oxygen saturation;PV sat is pulmonary venous satura-
tion; and PA sat is pulmonary arterial saturation. Small VSDs
will have a Qp:Qs ratio of <1.5:1, medium VSDs a Qp:Qs of
2–3:1, and large VSDs can have Qp:Qs ratios exceeding 3:1.

Clinical Pearl

While it is not essential to know the Qp:Qs ratio for an isolated

VSD, the Qp:Qs, if available, can provide valuable information

to assess the degree of shunting occurring with a VSD. A larger

Qp:Qs is indicative of greater pulmonary overcirculation.

What factors influence the Qp:Qs ratio and the
degree of shunting?
The Qp:Qs ratio is affected by changes in pulmonary and
systemic vascular resistance (PVR and SVR).

Acidemia, hypercarbia, hypoxemia, hypothermia, and
pain are known to elevate PVR, thereby decreasing pul-
monary blood flow (PBF). Additionally, significant atelec-
tasis or high inspiratory pressures and/or tidal volumes can
contribute to reductions in PBF.

Conversely, increased FiO2, hyperventilation, alkalosis,
and the use of inhaled nitric oxide (iNO) can reduce PVR
and promote PBF. Nitric oxide should be available in the
operating room for high-risk patients with evidence of
pulmonary hypertension.

Is there a “typical” age for repair of an isolated
VSD?
Timing for the surgical repair of a VSD varies based on
patient age and symptomatology as well as the size and
location of the lesion. Most nonrestrictive VSDs are closed
within the first few years of life to avoid long-term pul-
monary sequelae that can lead to eventual shunt reversal
and cyanotic R-to-L shunting (Eisenmenger syndrome). If
the patient is <6 months old and has failure to thrive and
CHF refractory to medical management, then surgical
repair of the VSD is generally considered. If medical man-
agement allows continued growth and appropriate mile-
stone acquisition, surgery is often delayed until the child is
older to avoid cardiopulmonary bypass during infancy.

Clinical Pearl

Poor weight gain and continued tachypnea and dyspnea,

particularly with exertion or feeding, often signify

pulmonary overcirculation.

Should the cardiac lesion be repaired prior
to the hernia surgery?
Ventricular septal defects may decrease in size over the
first year of life and may become relatively asympto-
matic. Spontaneous closure of small perimembranous
and muscular VSDs occurs in up to 50% of patients.
With careful surveillance and medical management
some patients may be able to avoid surgical intervention
altogether. However, the incidence of inguinal hernias is
much higher in low birthweight and premature infants
compared to full term infants, affecting up to 30% of
preterm infants. Overall, it is also thought that risk of
incarceration is much higher in this population. As
hernias can compromise intestinal blood supply, repair
should be performed on a semielective basis to avoid
the risk of emergency surgery should the hernia become
incarcerated. In this case scenario, the patient has
already experienced one episode of incarceration and
should therefore undergo definitive hernia sac closure
to prevent a potentially life-threatening recurrence.

Anesthetic Implications

What are the important preoperative
considerations for this child?
History The focus of the preoperative evaluation should
center on this patient’s current medical status as related to
his major concerns of prematurity and an unrepaired VSD.
While failure to thrive may be noted in infants for a variety of
reasons, themost likely etiology in this patient is the presence
of the VSD, resulting in chronic pulmonary overcirculation.
In addition to history from the parents, efforts should be
made to review the most recent cardiology evaluation and
echocardiogram, chest radiograph, and electrocardiogram.

Due to this patient’s prolonged neonatal intubation it is
important to identify airway concerns, including any known
or suspected airway stenosis. The results of any prior eva-
luation of the airway by otolaryngology should be reviewed.
Additionally, significant prematurity can also predispose
patients to laryngotracheomalacia. The patient history
should elucidate episodes of noisy breathing or stridor.

Physical Examination On physical examination the pre-
sence of increased work of breathing and/or significant
chest retractions at baseline should be noted along with the
rate and character of respirations. Recent symptoms of any
recent respiratory infections should be elicited, as these would
place the child at increased anesthetic risk due to potential
increases in airway irritability and PVR. Preoperative baseline
hemoglobin–oxygen saturation should be noted. Signs and

Ventricular Septal Defect
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