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Preface

Cardiovascular compromise is a presenting finding in a significant number of

symptomatic preterm and term neonates during the neonatal period. Yet, timely

diagnosis of neonatal circulatory compromise is hampered by the limitations in our

ability to appropriately assess systemic and organ blood flow in the neonate and by

our limited understanding of the impact of congenital heart disease, prematurity or

extra-cardiac illness on the hemodynamic changes occurring during normal post-

natal circulatory transition. As a result, treatment of cardiovascular compromise

especially in neonates without congenital heart disease has rarely been based on a

thorough understanding of the underlying pathophysiology. Instead, these neonates

are uniformly treated with volume boluses followed by the administration of vaso-

pressors and/or inotropes with little regard to the etiology, phase or pathophysiol-

ogy of neonatal shock. It is not surprising therefore that there is no evidence

demonstrating that treatment of shock in neonates without congenital heart disease

improves mortality or clinically meaningful short- and long-term outcomes. As for

neonates with suspected or prenatally diagnosed ductal dependent congenital heart

disease, the initial approach is based on some evidence as maintenance of ductal

patency and maneuvers to decrease oxygen consumption in these patients improves

survival.

This book consists of two major sections. The section on congenital heart

disease discusses the most recent information on the approach to diagnosis and

management of neonates with certain forms of congenital heart disease.

The focus of pediatric cardiologists involved in the care of neonates with critical

hemodynamic compromise has changed during the past decades. Rather than reac-

tive, responding to severe manifestations of hypoxemia and ischemia that are

already manifest, efforts have focused on the potential for identifying, in advance

of delivery, the fetuses most likely to have cardiovascular difficulty transitioning to

independent extrauterine existence. The section on fetal hemodynamics discusses

the diagnosis and obstetrical management of fetuses with structural heart disease.

There is discussion of autoregulation of fetal blood flow, and the potential impact

of such autoregulation on the development of the brain and long-term neurocog-

nitive results. The hemodynamic ramifications of twin-to-twin transfusion syn-

drome are discussed, as a review of the syndrome, itself, and as a means of

assessing cardiovascular responses to altered pre- and afterload. This may serve

as a foundation for the understanding of, and the formulation of new intrauterine

treatments. The role of catheter treatment of the fetus and of the neonate is

reviewed, with the role of the postnatal catheterization laboratory having changed

from a diagnostic to a largely therapeutic venue reviewed. An effort is made to

summarize the role of fetal echocardiography in altering the management and

outcome for these babies upon review of a three-decade-long experience with

fetal diagnosis and treatment.

The section on neonatal hemodynamics first addresses the pathophysiology

of neonatal shock, the autoregulation of vital and non-vital organ blood flow

and the controversies surrounding the definition of normal blood pressure in the

neonatal patient population. The most recent advances in our approach to the

diagnosis of neonatal shock are then discussed including the use of functional

xix



echocardiography, near-infrared spectroscopy and advanced magnetic resonance

imaging. The ensuing chapters describe the different clinical presentations of neo-

natal shock with a focus on characteristic clinical features and pathophysiology.

Reasonable approaches to treatment are also reviewed with an emphasis on evi-

dence-based approaches whenever evidence is available. To highlight the present

level of our evidence-based understanding of neonatal shock, the final chapter

summarizes the available evidence for the diagnosis and treatment of neonatal

cardiovascular compromise.

Although the information presented in this book is current, the recent interest

and ongoing basic and clinical research in the field of developmental cardiovascular

physiology and pathophysiology will rapidly produce novel information during the

upcoming years. However, it is our hope that most of the information included

in this book on the principles of developmental cardiovascular physiology and the

approaches to the diagnosis and treatment of hemodynamically unstable neonates

with or without congenital heart disease will remain pertinent in for years to come

for the clinician and researcher interested in neonatal hemodynamics.
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Series Foreword

Learn from yesterday, live for today, hope for tomorrow. The important thing is not to
stop questioning.

ALBERT EINSTEIN

‘‘The art and science of asking questions is the source of all knowledge.”

THOMAS BERGER

In the mid-1960s W.B. Saunders began publishing a series of books focused on the

care of newborn infants. The series was entitled Major Problems in Clinical

Pediatrics. The original series (1964-1979) consisted of ten titles dealing with pro-

blems of the newborn infant (The Lung and its Disorders in the Newborn infant

edited by Mary Ellen Avery, Disorders of Carbohydrate Metabolism in Infancy edited

by Marvin Cornblath and Robert Schwartz, Hematologic Problems in the Newborn

edited by Frank A. Oski and J. Lawrence Naiman, The Neonate with Congenital

Heart Disease edited by Richard D. Rowe and Ali Mehrizi, Recognizable Patterns of

Human Malformation edited by David W. Smith, Neonatal Dermatology edited by

Lawrence M. Solomon and Nancy B. Esterly, Amino Acid Metabolism and its

Disorders edited by Charles L. Scriver and Leon E. Rosenberg, The High Risk

Infant edited by Lula O. Lubchenco, Gastrointestinal Problems in the Infant edited

by Joyce Gryboski and Viral Diseases of the Fetus and Newborn edited by James B.

Hanshaw and John A. Dudgeon. Dr. Alexander J. Schaffer was asked to be the

consulting editor for the entire series. Dr. Schaffer coined the term ‘‘neonatology”
and edited the first clinical textbook of neonatology entitled Diseases of the

Newborn. For those of us training in the 1970s, this series and Dr. Schaffer’s text-

book of neonatology provided exciting, up-to-date information that attracted many

of us into the subspecialty. Dr. Schaffer’s role as ‘‘consulting editor” allowed him to

select leading scientists and practitioners to serve as editors for each individual

volume. As the ‘‘consulting editor” for Neonatology Questions and Controversies, I

had the challenge of identifying the topics and editors for each volume in this series.

The six volumes encompass the major issues encountered in the neonatal intensive

care unit (newborn lung, fluid and electrolytes, neonatal cardiology and hemody-

namics, hematology, immunology and infectious disease, gastroenterology and

neurology). The editors for each volume were challenged to combine discussions

of fetal and neonatal physiology with disease pathophysiology and selected con-

troversial topics in clinical care. It is my hope that this series (like Major Problems in

Clinical Pediatrics) will excite a new generation of trainees to question existing

dogma (from my own generation) and seek new information through scientific

investigation. I wish to congratulate and thank each of the volume editors

(Drs. Bancalari, Oh, Guignard, Baumgart, Kleinman, Seri, Ohls, Yoder, Neu and

Perlman) for their extraordinary effort and finished products. I also wish to

acknowledge Judy Fletcher at Elsevier, who conceived the idea for the series and

who has been my ‘‘editor and friend” throughout my academic career.

Richard A. Polin, MD
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Chapter 1

Etiology, Pathophysiology, and
Phases of Neonatal Shock

Shahab Noori, MD � Istvan Seri, MD, PhD

Definition and Stages of Neonatal Shock

Hypovolemia

Myocardial Dysfunction

Abnormal Vasoregulation

Adrenal Insufficiency

Summary

References

As adequate organ perfusion depends on maintenance of cardiac output and

systemic vascular resistance (SVR), diminished cardiac output and abnormal

SVR result in decreased organ perfusion. However, the impact of the changes in

cardiac output and SVR on blood pressure is less predictable because blood pres-

sure is the product of the interaction between cardiac output (systemic blood flow)

and SVR (blood pressure = SVR� flow). Therefore, changes in blood pressure may

reflect changes in cardiac output (systemic blood flow), SVR, or both. In the mature

cardiovascular system, blood pressure remains normal if flow has dropped signifi-

cantly to the nonvital organs as long as SVR is elevated and vital organ perfusion is

maintained (compensated shock; see below). Conversely, blood pressure may be at

the lower end of the normal range yet systemic blood flow is maintained if SVR is

reduced as long as perfusion pressure to organs provides appropriate driving force

to flow. Due to these complex interactions, the use of blood pressure as the sole

indicator of normal circulation may not be sufficient to adequately assess the car-

diovascular status and simultaneous measurement of systemic perfusion and thus

organ blood flow may be necessary.

This is especially true for preterm and term neonates during the period of

immediate postnatal adaptation. In these patients, immaturity of the cardiovascular

system and the complexities associated with the circulatory transition to extrauter-

ine life limit our ability to determine the normal blood pressure range and thus the

use of blood pressure alone to accurately assess the cardiovascular status. However,

continuous assessment of systemic perfusion by means other than measurement of

blood pressure is not available for neonates. Therefore, in addition to following

changes in blood pressure, the neonatologist is left to rely on rather insensitive and

somewhat nonspecific indirect signs of organ perfusion such as prolonged capillary

refill time (CRT), increased peripheral-to-core temperature difference, low urine

output and/or lactic acidosis when attempting to assess systemic blood flow

and tissue perfusion in the neonatal patient population, especially during the

transitional period.
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Because it is common practice to routinely measure blood pressure in preterm

and term neonates, data for the ‘‘statistically defined normal ranges’’ of neonatal

blood pressure are available (1–3). Unfortunately, these data do not accurately

describe the gestational- and postnatal-age specific normal blood pressure range

where organ perfusion is known to be maintained. Although recent studies utilizing

hemodynamic and physiologic measures to detect changes in cerebral blood flow

autoregulation (4) and cortical electrical activity (5), respectively, have provided

some information on the lower limit of mean systemic blood pressure in very low

birth weight (VLBW) infants (Fig. 1-1A and 1-1B), the relationship between organ

(cerebral) blood flow and blood pressure in the neonatal patient population

remains poorly understood (6–8).

DEFINITION AND STAGES OF NEONATAL SHOCK

Shock is a state of cellular energy failure resulting from an inability of tissue oxygen

delivery to satisfy tissue oxygen demand. In the early, ‘‘compensated’’ phase of

shock, neuroendocrine compensatory mechanisms maintain appropriate perfusion

of and oxygen supply to the vital organs (heart, brain, and adrenal glands). In this

phase, selective vasoconstriction of the microcirculation in the nonvital organs

allows maintenance of blood flow to the vital organs at the expense of the nonvital

organs. Normal systemic blood pressure but cold extremities, delayed CRT, oliguria,

and increased heart rate are the hallmarks of this stage. Unfortunately, while these

clinical signs are useful in detecting early shock in pediatric and adult patients, they

are of limited value in term and preterm infants. Indeed, especially in preterm

infants during the period of transition to extrauterine life, the circulatory compro-

mise is rarely if ever diagnosed in this stage and almost always progresses to its

‘‘uncompensated phase’’ before it is recognized. In the uncompensated phase of

shock, the neuroendocrine compensatory mechanisms have failed and hypotension,

decreased perfusion of vital organs, and worsening lactic acidosis ensue. However,

even at this stage, the recognition of shock may be delayed in the neonate because of

the uncertainty about the definition of hypotension, especially in preterm infants

and during the early transitional period (9,10). If untreated, shock then progresses

to its final phase and becomes ‘‘irreversible.’’ In this final stage, irreparable damage

to tissues occurs and no therapeutic intervention is effective in reversing the

process.

The primary etiological factors of neonatal shock include hypovolemia, myo-

cardial dysfunction, abnormal regulation of systemic vascular tone, and/or a com-

bination of these factors. This chapter will discuss the role of these etiological

factors in the development of neonatal shock. Furthermore, the role and mechan-

isms of action of some of the more important autocrine and paracrine factors and

hormones in the regulation of vascular tone and the pathogenesis of shock will also

be reviewed. Finally, as relative adrenal insufficiency of prematurity is a recognized

contributing factor to sustained cardiovascular compromise in the neonatal period,

the clinical presentation and management of vasopressor-resistant shock will also

be reviewed in detail.

HYPOVOLEMIA

Adequate preload is essential for maintaining normal cardiac output and organ

blood flow. Therefore, events leading to absolute or relative hypovolemia can result

in a decrease in cardiac output and tissue perfusion. Although hypovolemia is a

common cause of shock in the pediatric population, it is rarely a primary etiological

factor in neonates especially during the immediate transitional period. Neonates are

born with 80 to 100 mL/kg of blood volume and only a significant decrease in the
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circulating blood volume results in the development of hypotension and sustained

cardiovascular compromise. Perinatal events that can cause hypovolemia include a

tight nuchal cord, cord avulsion, cord prolapse, placental abruption, feto-maternal

transfusion, and birth trauma resulting in a large subgaleal hemorrhage.

Fortunately, most of these perinatal events do not result in significant hypovolemia

to cause shock or their occurrence is rare (e.g. cord avulsion). A recognized post-

natal cause of hypovolemia unique to the extremely low birth weight (ELBW)

infant during first few postnatal days is transepidermal water loss especially if the

patient has not been exposed to prenatal steroids. If not recognized and treated

aggressively, this clinical presentation carries a very high risk of catastrophic central

nervous system complications due to the associated hyperosmolality and decreased

systemic and thus cerebral perfusion.
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FIGURE 1-1A Panels A and C. Serial measurements of cerebral blood flow (CBF) and mean arterial

pressure (MAP) in a normotensive and untreated hypotensive extremely low birth weight (ELBW)

neonates at 13 to 40 h after birth. Note that there appears to be a breakpoint at 30 mmHg in the

CBF–MAP autoregulation curve. Panels B and D. Note the close relationship between CBF with MAP

after the initiation of dopamine infusion (10 mg/kg/min) in hypotensive ELBW neonates. Thus,

dopamine normalizes MAP and CBF but does not immediately restore CBF autoregulation. Plot

of CBF versus MAP (Panel D) using the data of Panel B reveals a positive linear correlation (R = 0.88;

P< 0.001). Adapted with permission from Munro MJ, et al. Pediatrics 2004;114:1591–1596.
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To explore the role of the intravascular volume status in the pathogenesis of

hypotension, several investigators have evaluated the relationship between blood

volume and systemic arterial blood pressure in normotensive and hypotensive pre-

term infants. Bauer and associates (11) measured blood volume in 43 preterm

infants during first two postnatal days and found a weak but significant correlation

between blood pressure and blood volume (Fig. 1-3). However, the relationship

only existed in patients with relative hypervolemia, i.e. if blood volume exceeded

100 mL/kg. Barr and colleagues (12) reported no relationship between arterial mean

blood pressure and blood volume in preterm infants (Fig. 1-4) and found no

difference in blood volume between hypotensive and normotensive infants.

Similarly, Wright and Goodall (13) reported that there was no correlation between

blood volume and blood pressure in preterm neonates during the first postnatal

days. Based on these findings it appears that absolute hypovolemia is an unlikely

cause of hypotension in the immediate postnatal period. This notion is indirectly

supported by the finding that dopamine is more effective than volume administra-

tion in improving blood pressure in this patient population (14,15).
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FIGURE 1-1B Relationship between mean blood pressure (MBP) and the relative power (RP) of the

delta band of the amplitude-integrated EEG, showing line of best fit with 95% confidence interval
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MYOCARDIAL DYSFUNCTION

There are significant developmentally regulated differences in myocardial struc-

ture and function between preterm and term neonates and older children and

adults (16). The immaturity of the myocardium limits the ability of the preterm

infant to successfully adapt to the hemodynamic changes associated with transi-

tion to the postnatal circulation and predisposes these neonates to the develop-

ment of myocardial failure and poor systemic blood flow (16,17). Indeed, the

immature myocardium of the preterm and term neonate has less contractile

elements, higher water content, greater surface to volume ratio, and an underde-

veloped sarcoplasmic reticulum compared to that of children and adults.

Functionally, the immature myocardium relies on L-type calcium channels for

the calcium supply necessary for muscle contraction whereas in children and

adults these channels only serve as a trigger to release calcium from its abundant

intracellular sources in the sarcoplasmic reticulum. These differences in the struc-

ture and function between the immature and mature myocardium explain most

of the observed differences in compliance and contractility between neonates and

children. Indeed, echocardiographic studies have shown that the immature myo-

cardium has a higher baseline contractile state and that its contractility decreases

steeply in the face of increased afterload (18). Thus, the immature myocardium

has a limited capacity to readily increase its contractility above the baseline and is

prone to myocardial dysfunction when SVR increases. As mentioned earlier, these

limitations are especially important during the initial transitional period. With

the removal of the low resistance placental circulation at delivery, SVR suddenly

increases. The increase in SVR results in an acute rise in the afterload potentially

compromising left cardiac output. Indeed, superior vena cava (SVC) flow, a sur-

rogate measure of systemic blood flow in preterm neonates with the fetal channels

open, is low in a significant proportion of VLBW infants immediately after deliv-

ery (19). However, the observed decrease in systemic blood flow is transient as

virtually all preterm neonates recover by 24 h after delivery. Doppler studies of

cerebral blood flow have shown a similar pattern of increase in flow during the

transitional period (20). Therefore, although the myocardium undergoes struc-

tural and functional maturation over many months, it appears to be able to

successfully adapt and cope with the postnatal changes in hemodynamics

within 24 to 48 h after delivery.

In addition to developmental susceptibility to myocardial dysfunction, a

decrease in tissue oxygen delivery in patients with perinatal depression is a major

cause of poor myocardial function and low cardiac output in the neonatal period.

During fetal life, despite being in a hypoxic environment compared to postnatal life,

the compensatory mechanisms and unique circulatory characteristics help the fetus

tolerate most episodes of fetal hypoxemia. During fetal hypoxemia, the distribution

of blood flow is altered in order to maintain perfusion and oxygen delivery to the

vital organs including the heart (21–23). However, a longer duration and/or

repeated severe episodes of hypoxemia, especially when associated with metabolic

acidosis, can rapidly exhaust the compensatory mechanisms and result, among

other things, in myocardial dysfunction. Interestingly, the critical fetal arterial

oxygen saturation threshold for the development of metabolic acidosis varies

depending on the cause of fetal hypoxia. In animal models of maternal hypoxia-

induced fetal hypoxia, fetal arterial saturation below 30% results in metabolic

acidosis. However, the fetus is more or less susceptible to the development of

metabolic acidosis if the cause of hypoxia is umbilical cord occlusion or decreased

uterine blood flow, respectively. Human data obtained by fetal pulse oximetry are

consistent with the results of the animal studies, indicating that oxygen saturation

of 30% is the threshold for the development of metabolic acidosis. Therefore, at this
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level of oxygenation, increases in tissue oxygen extraction are not sufficient any

more to compensate for the decreased tissue oxygen delivery (24).

Increases in the serum levels of cardiac enzymes and cardiac Troponin T and

I signal the presence of myocardial injury caused by the hypoxemia in patients

with perinatal asphyxia (25–27). Recently, elevated levels of cardiac Troponin T

and I have been shown to reliably detect myocardial injury even in the mildly

depressed neonate. While cardiac troponins may be more sensitive than echocar-

diographic findings in detecting myocardial injury (28), the cardiovascular signif-

icance of elevated levels of tropinins in the absence of myocardial dysfunction is

not known. As for echocardiographic detection of myocardial dysfunction, tricus-

pid regurgitation has been shown as the most common echocardiographic finding

in neonates with perinatal depression-associated myocardial dysfunction. With

advancing severity of perinatal depression and myocardial injury, myocardial

dysfunction and reduced cardiac output are the characteristic echocardiographic

findings (29,30). In these cases, if myocardial function is not appropriately

supported, low cardiac output will further exacerbate the existing metabolic

acidosis (31).

Cardiogenic shock due to congenital heart defect, arrhythmia, cardiomyopathy,

and patent ductus arteriosus (PDA) are other clinical presentations seen in term

and/or preterm neonates. Except for the cardiogenic shock associated with a PDA in

the preterm neonate (Chapter 9), the etiology-specific discussion of these clinical

presentations is beyond the scope of this publication.

ABNORMAL VASOREGULATION

The regulation of vascular smooth muscle tone is complex and involves neuronal,

hormonal and local factors (Fig. 1-3). Regardless of the stimuli, intracellular cal-

cium plays the central role in regulating vascular smooth muscle tone. In the pro-

cess of contraction, the regulatory protein calmodulin combines with calcium to

activate myosin kinase. This enzyme then phosphorylates the myosin light chain

facilitating its binding with the actin filament. These changes result in contraction

of the smooth muscle. Smooth muscle relaxation occurs with the reduction in

intracellular calcium ion concentration and the ensuing myosin phosphatase-

induced dephosphorylation of the myosin light chain. Maintenance of vascular

tone depends on the balance between the opposing processes causing vasodilation

and vasoconstriction. The mediators of vasodilation and vasoconstriction exert

their effects either through alterations in calcium ion concentration in cytosol or

by direct activation of enzymes. Influx of calcium through the cell membrane

voltage-gated calcium channels and the release of calcium from the sarcoplasmic

reticulum are the two major processes responsible for the rise in cytosolic calcium

required for smooth muscle contraction.

Recently, the involvement of various potassium channels has been identified in

the regulation of vascular tone. Among these channels, the ATP-dependent potas-

sium channel (KATP) has been studied most extensively as it appears to be the key

channel through which many modulators exert their action on vascular smooth

muscle tone. In addition to its involvement in the physiologic regulation of vascular

tone, the KATP channel has also been implicated in the pathogenesis of vasodilatory

shock (32). KATP channels are located on the smooth muscle cell membrane and

opening of these channels leads to K+ efflux with resultant hyperpolarization of the

cell membrane. Hyperpolarization results in the closure of the membrane-

associated voltage-gated calcium channels followed by a reduction in cytosolic

calcium and vasodilation. Under physiologic circumstances, most KATP channels

are closed but several pathological stimuli can activate these channels. For instance,

tissue hypoxia, by causing reductions in cellular ATP production and increases in
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hydrogen ion and lactate concentrations, activates KATP channels resulting in vaso-

dilation and increases in tissue oxygen delivery to compensate for the initiating

tissue hypoxia (33).

As mentioned earlier, a large number of vasodilators and vasoconstrictors exert

their effects through KATP channels. For instance, increases in atrial natriuretic

peptide (ANP), adenosine, and nitric oxide production, as seen in septic shock,

can activate KATP channels (33,34). Therefore, it has been suggested that KATP

channels play a crucial role in pathogenesis of the vasodilatory shock seen in

sepsis. Indeed, animal studies have demonstrated an improvement in blood pres-

sure following administration of a KATP channel blocker (35,36). However, a recent

small human trial failed to show any benefit of the administration of the KATP

channel inhibitor glibenclamide in adults with septic shock (37). Although there are

problems with the methodology (38) and the sample size in this study (37), the

results cast some doubt on the extent of KATP channel involvement at least in milder

forms of septic shock in adults.

Eicosanoids are derived from cell membrane phospholipids via metabolism of

arachidonic acid by cyclooxygenase or lipoxygenase. Different types of eicosanoids

have different effects on vascular tone. For example, prostacyclin and prostaglandin

E2 are vasodilators while thromboxane A2 is a potent vasoconstrictor. Apart from

their involvement in the physiologic regulation of vascular tone, these paracrine and

autocrine factors play a role in the pathogenesis of shock. Indeed, both human and

animal studies have shown a beneficial cardiovascular effect of cyclooxygenase inhib-

ition in septic shock (39,40). In addition, compared with the wild type, rats

deficient in essential fatty acids, and thus unable to produce significant amounts

of eicosanoids, are less susceptible to endotoxic shock. However, the role of eico-

sanoids in the pathogenesis of shock is more complex as some studies suggest that
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FIGURE 1-3 Regulation of vascular smooth-muscle tone. The steps involved in vasoconstriction and

vasodilation are shown in blue and red, respectively. Phosphorylation (P) of myosin is the critical step

in the contraction of vascular smooth muscle. The action of vasoconstrictors such as angiotensin II

and norepinephrine result in an increase in cytosolic calcium concentration, which activates myosin

kinase. Vasodilators such as atrial natriuretic peptide and nitric oxide activate myosin phosphatase

and, by dephosphorylating myosin, cause vasorelaxation. The plasma membrane is shown at resting

potential (plus signs). The abbreviation cGMP denotes cyclic guanosine monophosphate. Adapted

with permission from Landry DW and Oliver JA. N Engl J Med. 2001;345:588–595.
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the administration and not inhibition of some of these factors has a beneficial effect

in shock. For example, administration of PGI2, PGE1, and PGE2 improves cardio-

vascular status in animals with hypovolemic shock (41,42). Another layer of com-

plexity in this matter is reflected by the observation that the production of both

vasodilator and vasoconstrictor prostanoids is increased in shock (43,44).

Endogenous nitric oxide (NO) also plays an important role in the physiologic

regulation of vascular tone. Normally, NO is produced in vascular endothelial

cells by the enzyme endothelial NO synthase (eNOS). NO then diffuses to the

smooth muscle cell and triggers the production of cGMP, a second messenger,

which in turn activates myosin phosphatase, a key enzyme in the process of

muscle relaxation.

In septic shock, endotoxin and cytokines such as tumor necrosis factor a
(TNFa) increase the expression of inducible NO synthase (iNOS) (45–48).

Studies in animals and humans have shown that NO level significantly increases

in various forms of shock especially in septic shock. (49,50). The excessive pro-

duction of NO by the up-regulated iNOS then leads to sustained pathological

vasodilation with hypotension and vasopressor resistance. Because of its role in

pathogenesis of shock, many studies have looked at the NO production pathway

as a potential target of therapeutic intervention. However, the approach of using

nonselective inhibitors of NO production in septic shock caused significant side

effects and increased mortality (51–53). These deleterious effects were likely due

to the inhibition of not only iNOS but also eNOS. As mentioned earlier, eNOS

plays an important role in the physiologic regulation of vascular tone.

Subsequently, the use of a selective iNOS inhibitor was shown to result in

improvements in hypotension and reduction in lactic acidosis (54). Whether

selective the use of an iNOS inhibitor would be beneficial in neonatal shock is

not known at present.

Recently, there has been a renewed interest in role of vasopressin in the patho-

physiology of vasodilatory shock (55,56). Although in postnatal life this hormone is

primarily involved in the physiologic regulation of osmolarity and fluid homeo-

stasis, there is accumulating evidence suggesting that decreased production and

end-organ effectiveness of vasopressin play a role in the pathogenesis of vasodila-

tory shock. Vasopressin exerts its vascular effects through the stimulation of the V1

receptors with the V1a receptor subtype being expressed in vessels of all the vascular

beds while the V1b subtype is only present in the pituitary gland. The renal effects of

vasopressin are mediated through V2 receptors present in the distal tubules and

collecting ducts.

As opposed to the role of vasopressin in the physiologic regulation of fetal

vascular tone, during postnatal life and under physiologic conditions, the low

serum vasopressin levels contribute little if any to the maintenance of vascular

smooth muscle tone. However, under pathologic conditions, such as in shock, the

decrease in the blood pressure is mitigated by rising hormone levels. With pro-

gression of the cardiovascular compromise, vasopressin levels usually decline pos-

sibly due to depletion of vasopressin stores. This then leads to further loss of

vascular tone contributing to the development of refractory hypotension (57).

Indeed, recent reports on the effectiveness of vasopressin administration in rever-

sing refractory hypotension support the role of vasopressin in the pathophysiol-

ogy of vasodilatory shock (58,59). Interestingly, the vasoconstrictor effects of

vasopressin in the different vascular beds appear to be dose-dependent (60).

Excessive production of NO and activation of KATP channels are some of the

mechanisms discussed earlier in pathogenesis of vasodilatory shock. Under these

circumstances, vasopressin also inhibits NO-induced cGMP production and in-

activates KATP channels. In addition, vasopressin induces the release of calcium

from the sarcoplasmic reticulum and augments the vasoconstrictive effects of
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norepinephrine. Thus, via these complex cardiovascular effects, vasopressin opposes

the actions of some of the cellular mechanisms of vasodilatory shock and may be of

therapeutic importance in selected cases.

ADRENAL INSUFFICIENCY

Among other functions, the adrenal glands play a crucial role in maintaining car-

diovascular homeostasis. Mineralocorticoids exert their effects on intravascular

volume through regulation of extracellular sodium concentration. In the case of

mineralocorticoid deficiency such as the salt-wasting type of congenital adrenal

hyperplasia, renal loss of sodium and the resultant volume depletion lead to a

decrease in blood volume and eventually cardiac output and result in the develop-

ment of shock. Glucocorticoids primarily exert their physiologic cardiovascular

effects by enhancing the vascular and cardiac responsiveness to endogenous cate-

cholamines. The rapid rise of blood pressure in the early postnatal period has been

attributed to maturation of vascular smooth muscle and its response to endogenous

catecholamines, the decrease in the production of vasodilatory hormones prevalent

in fetal life, changes in expression of vascular angiotensin II receptor subtypes, and

accumulation of elastin and collagen in large arteries (61–63). Glucocorticoids may

also play a role in the developmental increase in blood pressure by enhancing

expression of angiotensin II receptors and collagen synthesis in the vascular

wall (64). Given the importance of corticosteroids (gluco- and mineralocorticoids)

in cardiovascular stability, it is not surprising that the deficiency of these hormones

has been implicated in pathogenesis of shock and the development of vasopressor/

inotrope resistance.

Preterm infants are born with an immature hypothalamus–pituitary–adrenal

axis. It has been suggested that preterm infants are only capable of producing

enough gluco- and mineralocorticoids to meet their metabolic demand and

growth while they are not stressed. When critically ill, however, they may not be

able to mount an adequate stress response; a condition referred to as relative adre-

nal insufficiency. Although a growing body of literature supports this concept, the

exact cause of relative adrenal insufficiency remains unclear.

Hanna and coworkers (65) demonstrated a normal response to both cortico-

trophin releasing hormone (CRH) and ACTH stimulation tests in extremely low

birth weight (ELBW) infants. They concluded that failure of adequate stress

response in some sick preterm neonates may be related to the inability of extremely

premature brain to recognize stress or because of inadequate hypothalamic secre-

tion of CRH. In contrast, Ng and collaborators (66) reported a severely reduced

cortisol but normal ACTH response to human CRH in premature infants with

vasopressor/inotrope-resistant hypotension. Using CRH stimulation test, the

same group of investigators also studied the characteristics of pituitary–adrenal

response in a large group of VLBW infants (67). Compared to normotensive

infants, hypotensive VLBW neonates requiring vasopressor/inotropes had higher

ACTH but lower cortisol responses. These data suggest that even in VLBW preterm

infants, the pituitary gland is mature enough to mount an adequate ACTH

response and that the primary problem of relative adrenal insufficiency might be

the inability of the adrenal glands to adequately increase gluco- and mineralocor-

ticoid production in response to increased ACTH production.

While absolute adrenal insufficiency is a rare diagnosis in the neonatal period,

there is accumulating evidence that relative adrenal insufficiency is a rather common

entity especially in VLBW infants. Relative adrenal insufficiency is often defined as a

low total serum cortisol level considered inappropriate for the degree of severity of

the patient’s illness. However, there is no agreement on what this level might be. In

the adult, various cortisol levels have been proposed to define relative adrenal
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insufficiency. However, for the purpose of hormone replacement therapy, a cortisol

level below 15 mg/dL is usually considered diagnostic for relative adrenal insufficiency

in the adult (68). As for the neonatal patient population, some investigators have

suggested a cutoff value of 5 mg/dL while others have been using the 15 mg/dL cutoff

value recommended for adults for making the presumptive diagnosis of relative

adrenal insufficiency in neonates (69,70). However, the use of an arbitrary single

serum cortisol level to define relative adrenal insufficiency may not be appropriate in

the neonatal period primarily because there is a large variation in serum cortisol

levels in neonates (65,67,71–77). In addition, both gestational and postnatal age

affect serum cortisol levels as there is an inverse relationship between serum cortisol

levels and gestational and postnatal age at least up to three months after birth (78–

81). Another important point to consider is that free rather than bound serum

cortisol is the active form of the hormone. As most cortisol is bound to corticosteroid

binding globulin and albumin in the circulation, variations in the concentration of

these binding proteins may have a significant impact on the concentration of the

biologically active form (i.e. free cortisol) (82). Conversely, total serum cortisol levels

may change without any changes in the concentration of free cortisol (82). Under

physiologic circumstances, the ratio of free-to-total serum cortisol is also different in

adults from that in neonates as in adults free cortisol constitutes about 10% of total

serum cortisol while in neonates this number is 20 to 30% (78). In addition, critical

illness affects the percentage of free cortisol present in the serum as, at least in crit-

ically ill adults, the percentage of free cortisol can be almost three times as high as in

healthy subjects (82). Recently, Ng et al. (67) showed a correlation between serum

cortisol level and the lowest blood pressure registered in the immediate postnatal

period in VLBW infants. They also demonstrated that this finding was independent

of gestational age and that serum cortisol levels inversely correlated with the maxi-

mum and cumulative doses of vasopressor/inotropes. Yet, despite these correlations,

they found an overlap in serum cortisol levels between normotensive and hypoten-

sive VLBW infants. This finding makes it difficult to clearly define a serum cortisol

level below which adrenal insufficiency can be diagnosed.

In addition to cardiovascular instability, immaturity of the hypothalamus–pitui-

tary–adrenal axis has also been linked to susceptibility to common complications of

prematurity such as PDA and bronchopulmonary dysplasia (BPD) (72,83,84). Given

the role of glucocorticoids in the regulation of blood pressure and cardiovascular

homeostasis, it is not surprising that adrenal insufficiency is commonly suspected as

the cause of hypotension especially in VLBW neonates with vasopressor/inotrope-

resistant hypotension. However, findings of a recent study suggest that relative adre-

nal insufficiency may also be common in near-term and term infants as more than

half of near-term and term neonates receiving mechanical ventilation and vasopres-

sor/inotrope support were found to have serum cortisol levels below 15 mg/dL (70).

Interestingly, recent findings suggest that certain conditions such as congenital dia-

phragmatic hernia predispose term neonates to adrenal insufficiency (85). However,

as mentioned above, even greater proportions of preterm neonates have low serum

cortisol levels. For example, Korte and associates (69) showed that 76% of ill VLBW

infants have cortisol levels less than 15 mg/dL. Finally, the recent demonstration of

improvements in the cardiovascular status and normalization of the blood pressure

in response to low-dose corticosteroid administration lends further support to the

role of adrenal insufficiency in pathogenesis of neonatal hypotension especially in the

preterm infant (66,86–92).

Downregulation of Adrenergic Receptors

With prolonged stimulation of receptors, and exposure to agonists, receptors first

become desensitized and then downregulated. This process has been extensively
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studied in cardiovascular b- and a-adrenergic receptors. Initially, desensitization of

receptor signaling occurs within seconds to minutes of ligand-induced activation of

the receptor. This process involves phosphorylation of the cytosolic loops of the

receptor resulting in conformational changes in receptor structure. This, in turn,

leads to uncoupling of the receptor from its G-protein. If stimulation continues,

reversible endocytosis of the intact receptor takes place. However, if the ligand–

receptor interaction continues for hours, downregulation of the receptor occurs via

activation of a lysosomal pathway resulting in the degradation of the receptor

molecule. Recovery from down-regulation requires synthesis of new receptor mole-

cules, a process that likely takes many hours and is up-regulated by the genomic

actions of glucocorticoids (89,93–95).

Down-regulation of cardiovascular adrenergic receptors has recently been

implicated in the pathogenesis of vasopressor/inotrope-resistant hypotension. The

repeatedly documented improvement in the cardiovascular status of patients with

refractory hypotension following steroid administration provides indirect evidence

for the involvement of receptor down-regulation in the development of vasopres-

sor/inotrope resistance. In addition, it shows the clinical relevance and applicability

of basic research conducted on the genomic actions of glucocorticoids on the regu-

lation of cardiovascular adrenergic receptor expression (94,95). Interestingly, vaso-

pressor requirement decreases within 6 to 12 h following corticosteroid

administration (Fig. 1-4A and 1-4B), the time thought to be necessary for biosyn-

thesis of new receptors (89,90). However, it is important to point out that the

beneficial steroidal effects on the cardiovascular system are not limited to adren-

ergic receptor up-regulation. Other genomic and nongenomic steroidal mechanism

of actions exerted by gluco- or mineralocorticoids include the inhibition of

iNOS synthesis, up-regulation of myocardial angiotensin II receptors, increases in
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cytosolic calcium availability in vascular smooth muscle and myocardial cells, inhi-

bition of the degradation and reuptake of norepinephrine and epinephrine, and

inhibition of prostacyclin production (89,96–98).

While down-regulation of cardiovascular adrenergic receptors is well described

in adults, and many clinical observations support its occurrence in neonates, a

recent animal study has questioned the presence of this phenomenon in the car-

diovascular system in the early neonatal period. Autman and colleagues (99) stud-

ied the effects of acute and chronic stimulation of b-adrenergic receptors in

newborn rats. They found that neonatal b-adrenergic receptors are inherently cap-

able of desensitization in some but not all tissues. For instance, while b-adrenergic

receptors in the liver were rapidly desensitized, b-agonists did not elicit desensi-

tization in neonatal cardiac b-adrenergic receptors and the adenyl cyclase signaling

pathway. Further research is required to address this area of developmental cardio-

vascular physiology.

SUMMARY

This chapter has reviewed the etiology, clinical phases, presentation, and patho-

physiology of neonatal shock with special focus on the findings of clinical and

translational studies in the area of developmental hemodynamics. Although

much has been learned over the past years about the pathophysiology of neonatal

shock, clinical application of the knowledge gained from these studies remains

limited primarily because of the lack of large, well-designed, randomized clinical

trials investigating the effects of the pathogenesis-driven treatment modalities on

neonatal mortality and short- and long-term morbidity.
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Chapter 2

Autoregulation of Vital and
Nonvital Organ Blood Flow in
the Preterm and Term Neonate

Gorm Greisen, MD, PhD

Regulation of Arterial Tone

Blood Flow to the Brain

Blood Flow to Other Organs

Distribution of Cardiac Output in the Healthy Human Neonate

Mechanisms Governing the Redistribution of Cardiac Output in the

Fetal ‘‘Dive’’ Reflex

Distribution of Cardiac Output in the Shocked Newborn

Other Scenarios
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In most organs the principal role of perfusion is to provide substrates for cellular

energy metabolism, with the final purpose of maintaining normal intracellular

concentrations of the high-energy phosphate metabolites adenosine triphosphate

(ATP) and phosphocreatine (PCr). The critical substrate is usually oxygen.

Accordingly, organ blood flow is regulated by the energy demand of the given

tissue. For instance in the brain, during maximal activation by seizures, cerebral

blood flow increases 3-fold while in the muscle during maximal exercise, blood flow

increases up to 8-fold. In addition, some organs such as the brain, heart, and liver

have higher baseline oxygen and thus blood flow demand than others. Finally, in

the skin, perfusion may be considerably above the metabolic needs as the increase in

skin blood flow plays an important role in thermoregulation. Indeed, during heat-

ing, skin blood flow may increase by as much as 4-fold without any increase in

energy demand.

In the developing organism metabolic requirements are increased by as much

as 40%. Since growth requires generation of new protein and fat, energy metabol-

ism and, in particular, tissue oxygen requirement are not increased as much.

When blood flow is failing there are several lines of defense mechanisms before

the tissue is damaged. First, more oxygen is extracted from the blood. Normal oxygen

extraction is about 30%, resulting in a venous oxygen saturation of 65 to 70%.

Oxygen extraction can increase up to 50 to 60%, resulting in a venous oxygen sat-

uration of 40 to 50%, which corresponds to a venous, i.e. end-capillary, oxygen

tension of 3 to 4 kPa. This is the critical value for oxygen tension for driving the

diffusion of molecular oxygen from the capillary into the cell and to the mitochon-

drion (Fig. 2-1). Second, microvascular anatomy and the pathophysiology of the
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underlying disease process are both important for the final steps of oxygen delivery to

tissue. When the cell senses oxygen insufficiency, its function is affected as growth

stops, organ function fails, and finally cellular and thus organ survival are threatened

(Fig. 2-2). Ischemia is the term used for inadequate blood flow to maintain appro-

priate cellular function and integrity. Since there are several steps in the cellular

reaction to oxygen insufficiency, more than one ischemic threshold may be defined.

The immature mammal is able to ‘‘centralize’’ blood flow during periods of

stress. This pattern of flow distribution is often called the ‘‘dive reflex’’, since it is

qualitatively similar to the adaptation of circulation in seals during diving, a process

that allows sea mammals to stay under water for 20 min or more. Blood flow to the

skin, muscle, kidneys, liver, and other nonvital organs is reduced to spare the

oxygen reserve for the vital organs: the brain, heart, and adrenals. This reaction

is relevant during birth with the limitations on placental oxygen transport imposed

by uterine contractions and has been studied intensively in the fetal lamb. It has the

potential of prolonging passive survival at a critical moment in the individual’s life.

For comparison, the ‘‘fight-or-flight’’ response of the mature terrestrial mammal

supports sustained maximal muscle work.

Blood flows toward the point of lowest resistance. While flow velocities in the

heart are high enough to allow kinetic energy of the blood to play an additional

role, this role is minimal in the peripheral circulation. Organs and tissues are
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FIGURE 2-1 (A) Draft of a capillary network. (B) A three-dimensional graph illustrating the PO2

gradients from the arterial (A) to the venous (V) end of the capillaries and the radial gradient of PO2

in surrounding tissue to the mitochondrion (M). Y-axis: PO2; X-axis: distance along the capillary

(typically 1000 mm); Z-axis: distance into tissue (typically 50 mm). (C) The wide distribution of tissue

PO2 as recorded by microelectrode. Y-axis: frequency of measurements; X-axis: PO2. PO2 values in

tissue are typically 10 to 30 Torr (1.5 to 4.5 kPa), but range from near-arterial levels to near zero.

The cells with the lowest PO2 determine the ischemic threshold, i.e. the most remote cells at the

venous end of capillaries. Microvascular factors, such as capillary density, and distribution of blood

flow among capillaries are very important for oxygen transport to tissue. Microvascular factors are

not discussed in this chapter.
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perfused in parallel and the blood flow through the tissue is the result of the

pressure gradient from artery to vein, the so-called perfusion pressure. Vascular

resistance is due to the limited diameter of blood vessels, particularly the smaller

arteries and arterioles, and blood viscosity. Regulation of organ blood flow takes

place by modifying arterial diameter, i.e. by varying the tone of the smooth muscle

cells of the arterial wall. Factors that influence vascular resistance are usually

divided into four categories: blood pressure, chemical (PCO2 and PO2), metabolic

(functional activation), and neurogenic. Most studies have been done on cerebral

vessels. The account below therefore refers to cerebral vessels from mature animals,

unless stated otherwise.

REGULATION OF ARTERIAL TONE

The Role of Conduit Arteries in Regulating Vascular Resistance

It is usually assumed that the arteriole – the precapillary muscular vessel with a

diameter of 20 to 150 mm – is the primary determinant of vascular resistance and

the larger arteries are more or less considered as passive conduits. However, this is

not the case. For instance, in the adult cat the pressure in the small cerebral arteries

(150 to 200 mm) is only 50 to 60% of the aortic pressure (1). Thus, the reactivity

of the entire muscular arterial tree is of relevance in regulating organ blood flow

and the role of the pre-arteriolar vessels is likely more important in the newborn

than in the adult. First, the smaller body size translates to smaller conduit arteries.

The resistance is proportional to length but inversely proportional to the diameter

to the power of four. Therefore the conduit arteries of the newborn will make an

even more important contribution to the vascular resistance. Second, conduit

arteries in the newborn are very reactive. The diameter of the carotid artery

increases by 75% during acute asphyxia in term lambs, whereas the diameter of

the descending aorta decreases by 15% (2). The latter change may just reflect a

passive elastic reaction to the decreased blood pressure, whereas the former indi-

cates active vasodilation translating into reduced vascular tone. For comparison,

flow-induced vasodilatation in the forearm in adults is in the order of 5% or so. As

resistance is proportional to the diameter to the power of four, the findings in

asphyxiated lambs indicate a roughly 90% reduction of the arterial component of

the cerebrovascular resistance with a near doubling of the arterial component of

Arterial hypotension

Vasodilation (autoregulation)

↑ Oxygen extraction fraction

Anaerobic metabolism

↓ Oxygen consumption

Cellular hypoxic injury

FIGURE 2-2 The lines of defense against oxygen insufficiency. First, when

blood pressure falls, autoregulation of organ blood flow will reduce vascular

resistance and keep blood flow nearly unaffected. If the blood pressure falls

below the lower limit of the autoregulation, or if autoregulation is impaired by

vascular pathology or immaturity, blood flow to the tissue falls. At this point,

oxygen extraction increases from each milliliter of blood. The limit of this com-

pensation is when the minimal venous oxygen saturation, or rather the minimal

end-capillary oxygen tension has been reached. This process is determined by

microvascular factors as illustrated in Fig. 2-1. When the limits of oxygen extrac-

tion have been reached, the marginal cells resort to anaerobic metabolism

(increase glucose consumption to produce lactate) to meet their metabolic

needs. If this is insufficient, oxygen consumption decreases as metabolic func-

tions related to growth and to organ function are shut down. However, in vital

organs, such as the brain, heart, and adrenal glands, loss of function is life

threatening. In nonvital organs, development may be affected if this critical

state is long lasting. Acute cellular death by necrosis occurs only when vital

cellular functions break down and membrane potentials and integrity cannot

be maintained.
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vascular resistance in the lower body. Incidentally, these observations also suggest

that blood flow velocity as recorded from conduit arteries by Doppler ultrasound

may be potentially misleading in the neonatal patient population.

Arterial Reaction to Pressure (Autoregulation)

Smooth-muscle cells of the arterial wall contract in response to increased intravas-

cular pressure in the local arterial segment to a degree that more than compensates

for the passive stretching of the vessel wall by the increased pressure. The net result

is that arteries constrict when pressure increases and dilate when pressure drops.

This phenomenon is called the autoregulation of blood flow (Fig. 2-3) and the

cellular mechanisms of this process are now better understood. Vessel wall constric-

tion constitutes an intrinsic myogenic reflex and is independent of endothelial

function. Rather, pressure induces an increase in the smooth muscle cell membrane

potential, which regulates vascular smooth muscle cell activity through the action

of voltage-gated calcium channels. Although the precise mechanism of the

mechano-chemical coupling is unknown, the calcium signal is modulated in

many ways (3). It is beyond the scope of this chapter to discuss the modulation

of the calcium signal in detail. Suffice it to mention that phospholipases and acti-

vation of protein kinase C are involved, and, at least in the rat middle cerebral

artery, the arachidonic acid metabolite 20-HETE has also been implicated (4).

Furthermore, a different modulation of intracellular calcium concentration by alter-

native sources such as the calcium-dependent K+ channels also exists. The role of

the different K+ channels in modifying smooth cell membrane potential may, at

least in part, explain the various arterial responses to pressure in different vascular

beds. These vascular bed-specific responses result in the unique blood flow distri-

bution between vital and nonvital organs (5).

Interaction of Autoregulation and Hypoxic Vasodilatation

As described above, arterial smooth muscle tone is affected by a number of factors,

all contributing to determine the incident level of vascular resistance. Among the

vasodilators, hypoxia is one of the more potent and physiologically relevant factors.
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FIGURE 2-3 Increasing pressure leads to progressive dilata-
tion of a paralyzed artery. As pressure increases more, the elastic

capacity is exhausted and vasodilation decreases as collagen restricts

further dilation limiting risk of rupture (A). A certain range of pres-

sures is associated with a proportional variation in smooth muscle

tone. The precise mechanism of this mechano-chemical coupling is

not known but it is endogenous to all vascular smooth muscle cells.

As a result, in an active artery, the diameter varies inversely with

pressure over a certain range. This phenomenon represents at the

basis arterial ‘‘autoregulation’’ (B).
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Vascular reactivity to O2 depends, in part, on intact endothelial function ensuring

appropriate local nitric oxide (NO) production. Hypoxia also induces tissue lactic

acidosis. The decreased pH constitutes a point of interaction between the O2

reactivity and the CO2 reactivity (see below). In addition, hypoxia decreases

smooth-muscle membrane potential by the direct and selective opening of both

the calcium-activated and ATP-sensitive K+ channels in the cell membrane (6).

In the immature brain, adenosine is also an important regulator of the vascular

response to hypoxia (7). The cellular response to hypoxia is independent of

the existing intravascular pressure (8). However, at lower pressures, the decrease

in membrane potential only leads to minimal further arterial dilation because,

at low vascular tone, the membrane potential/muscular tone relationship is out-

side the steep part of the slope (Fig. 2-4). In other words, at low perfusion pressures

the dilator pathway has already been near maximally activated. Therefore in

a hypotensive neonate, a superimposed hypoxic event cannot be appropriately

compensated due to the low perfusion pressure. The end-result is tissue hypoxia–

ischemia with the potential of causing irreversible damage to organs especially to

the brain.

Interaction of Autoregulation and PCO2

Arteries and arterioles constrict with hypocapnia and dilate with hypercapnia. The

principal part of this reaction is mediated through changes in pH, i.e. H+ concen-

tration. Perivascular pH has a direct effect on the membrane potential of arterial

smooth muscle cells since the extracellular H+ concentration is one of the main

determinants of the potassium conductance of the plasma membrane in arterial

smooth muscle cells regulating the outward K+ current (6). Therefore when the pH

decreases, the K+ outflow from the vascular smooth muscle cell increases, resulting

in hyperpolarization of the cell membrane and thus vasodilatation. Furthermore,

increased, extracellular and, to a lesser degree, intracellular H+ concentrations
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FIGURE 2-4 The relationship between smooth muscle cell membrane potential (Em) and
tone. Pressure affects smooth muscle tone through membrane potential. Increased pressure

increases membrane potential (i.e. makes it less negative), whereas decreased pressure induces

hyperpolarization (membrane potential more negative). Hyperpolarization induces relaxation and

hence vasodilatation. The modifying effect of hypoxia is illustrated by the dashed lines and arrows.

At high membrane potential (�35 mV), a decrease in membrane potential by 5 mV induces a

marked reduction in muscular tone. Thus, at high pressures hypoxemia can be compensated by

vasodilatation. However, at low membrane potential (hyperpolarization) a similar hypoxia-induced

decrease in membrane potential has much less effect on muscular tone. This predicts that at low

blood pressure, hypoxemia cannot be well compensated by increased blood flow. Many other

factors may influence muscle tone by modifying membrane potential, and the magnitude of effects

can be predicted to be interdependent.
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reduce the conductance of the voltage-dependent calcium channels further enhan-

cing vasorelaxation (9).

Hypercapnic vasodilatation is reduced by up to 50% when NO synthase (NOS)

activity is blocked in the brain of the adult rat (10). The hypercapnic response is

restituted by the addition of an NO donor (11). This finding suggests that unhin-

dered local NO production is necessary for the pH to exert its vasoregulatory

effects. It has recently been suggested that, although the calcium-activated and

ATP-sensitive K+ channels play the primary role in the vascular response to changes

in PCO2, the function of these channels is regulated by local NO production (12).

The role of prostanoids (13,14) in mediating the vascular response to PCO2 is

less clear. The fact that indomethacin abolishes the normal cerebral (or other organ)

blood flow–CO2 response in preterm infants (15) is likely a direct effect of the drug

independent of its inhibitory action on prostanoid synthesis. This notion is sup-

ported by the finding that ibuprofen is devoid of such effects on the organ blood

flow–CO2 response (16).

INTERACTION OF AUTOREGULATION AND FUNCTIONAL
ACTIVATION (METABOLIC BLOOD FLOW CONTROL)

Several mechanisms operate to match local blood flow to metabolic requirements,

including changes in pH, local production of adenosine, ATP and NO, and local

neural mechanisms. In muscle it appears that there is not a single factor dominat-

ing, since the robust and very fast coupling of activity and blood flow is almost

unaffected by blocking any of these mechanisms one by one (17). In brain, astro-

cytes may be the central cites of regulation of this response in the neurovascular

unit via their perivascular end-feet (18) and by utilizing many of the above-listed

cellular mechanisms such as changes in K+ ion flux and local production of pros-

tanoids, ATP, and adenosine. Among these cellular regulators, adenosine has been

proposed to play a principal role (19). Adenosine works by regulating the activity of

the calcium-activated and ATP-sensitive K+ channels.

Flow-mediated Vasodilatation

Endothelial cells sense flow by shear stress, and produce NO in reaction to high

shear stress at high flow velocities. NO diffuses freely, and reaches the smooth-

muscle cell underneath the endothelium. NO acts on smooth-muscle K+ channels

using cyclic GMP as the secondary messenger and then a series of intermediate

steps. Since NO is a vasodilator, the basic arterial reflex to high flow is vasodilation.

Thus, when a tissue is activated (e.g. a muscle contracts), the local vessels first

dilate, as directed by the mechanisms of the metabolic flow control described ear-

lier, and blood flow increases. This initial increase in blood flow is then sensed in

the conduit arteries through the shear-stress-induced increase in local NO produc-

tion and vascular resistance is further reduced allowing flow to increase yet again.

The action remains local as the generated NO diffusing into the bloodstream is

largely inactivated by hemoglobin.

The Sympathetic Nervous System

Epinephrine in the blood originates from the adrenal glands, whereas norepineph-

rine is produced by the sympathetic nerve endings and the extra-adrenal chromafin

tissue. Sympathetic nerves are present in nearly all vessels located in the adventitia

and on the smooth muscle cells. Adrenoreceptors are widely distributed in the

cardiovascular system, located on smooth muscle and endothelial cells. Several
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different adrenoreceptors exist; alpha-1 receptors with at least three subtypes are

present primarily in the arteries and the myocardium, while alpha-2, beta-1, and

beta-2 receptors are expressed in all types of vessels and the myocardium. In the

arteries and veins alpha-receptor stimulation causes vasoconstriction, and beta-

receptor stimulation results in vasodilatation. Both alpha- and beta-adrenorecep-

tors are frequently expressed in the membrane of the same cell. Therefore, the

response of the given cell to epinephrine or norepinephrine depends on the relative

abundance of the receptor types expressed (20). Of clinical importance is the regu-

lation of the expression of the cardiovascular adrenergic receptors by corticoster-

oids, the high incidence of relative adrenal insufficiency in preterm neonates and

critically ill term infants, the role of gluco- and mineralo-corticoids in maintaining

the sensitivity of the cardiovascular system to endogenous and exogenous catechol-

amines and the down-regulation of the cardiovascular adrenergic receptors in

response to increased release of endogenous catecholamines or administration of

exogenous catecholamines in critical illness (21–23). Typically, arteries and arter-

ioles of the skin, gut, and muscle constrict in response to increases in endogenous

catecholamine production, whereas those of the heart and brain either do not

constrict or dilate (see below). The response also depends on the resting tone of

the given vessel. Furthermore, the sensitivity of a vessel to circulating norepineph-

rine may be less than the sensitivity to norepinephrine produced by increased

sympathetic nerve activity, since alpha-1 receptors may be particularly abundant

in the membrane regions close to the nerve terminals. The signaling pathways of the

adrenoreceptors are complex and dependent on the receptor subtype. Activation of

alpha-adrenoreceptors generally results in vasoconstriction mediated by increased

release of calcium from intracellular stores as a first step, while beta-receptor ind-

uced vasodilation is mediated by increased cyclic AMP generation. However, the

system is far more complex and, among other mechanisms, receptor activation-

associated changes in K+ conductance and local NO synthesis are also involved.

Finally, the sympathetic nervous system is activated during hypoxia, hypotension,

or hypovolemia via stimulation of different chemo- and baroreceptors in vessel

walls and the vasomotor centers in the medulla. Activation of the sympathetic

nervous system plays a central role in the cardiovascular response to stress and it

is the mainstay of the dive reflex response during hypoxia–ischemia.

Humoral Factors in General Circulation

A large number of endogenous vasoactive factors other than those mentioned earl-

ier also play a role in the extremely complex process of organ blood flow regulation

such as angiotensin-II, arginine–vasopressin, vasointestinal peptide, neuropeptide

gamma, and endothelin-1. However, none of these vasoactive factors has been shown

to have a significant importance in isolation under normal conditions except for the

role of angiotensin-II in regulating renal microhemodynamics.

Summary

In summary, a great many factors have an input and interact to define the degree of

contraction of the vascular smooth muscle cells and hence regulate arterial and

arteriolar tone (Fig. 2-4). Although many details are unknown, especially in the

developing immature animal or human, the final common pathways appears to

involve the smooth-cell membrane potential, cytoplasmic calcium concentration,

and the calcium/calmodulin myosin light-chain kinase-mediated phosphorylation

of the regulatory light chains of myosin resulting in the interaction of actin

and myosin (Fig. 2-5). However, the complexity of the known factors and their

interplay as well as the differences in the response among the different organs are
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overwhelming and no simple or unifying principle of vascular tone regulation

has gained a foothold. Indeed, the complexity predicts that vascular tone and

reactivity in a particular arterial segment in a particular tissue may differ markedly

from that in other segments or other tissues. Unfortunately, the insights are as yet

insufficient to allow any quantitative predictions for different organs or vascular

tree segments.

BLOOD FLOW TO THE BRAIN

Brain injury is common in newborn infants. It can occur rapidly, is frequently

irreversible, and rarely, in itself, prevents survival. Injury to no other organs in

the neonatal period has the same clinical importance as the other organs have a

better capacity to recover even from severe hypoxic–ischemic damage. Disturbances

in blood flow and inflammation have been proposed as the major factors in the

development of neonatal brain injury.

Autoregulation of Cerebral Blood Flow in the Immature Brain

Pressure–flow autoregulation has been widely investigated in the immature cerebral

vasculature since the original observation of direct proportionality of cerebral blood

flow (CBF) to systolic blood pressure in a group of neonates during stabilization

after birth (24).

An adequate autoregulatory plateau, shifted to the left to match the lower peri-

natal blood pressure, has been demonstrated in several animal species shortly after

birth, including dogs (25,26), lambs (27,28), and rats (29). In fetal lambs, autoreg-

ulation is not present at 0.6 gestation but is functional at 0.9 gestation (30). The lower

threshold of the autoregulation is developmentally regulated and it is closer to the

normal resting systemic blood pressure at 0.75 gestation compared to 0.9 gestation

(31). Thus, in the more immature subject there is less vasodilator reserve, which

limits the effectiveness of CBF autoregulation at earlier stages of development.

Membrane potential

Voltage-dependent calcium channels

Alpha-adrenoreceptor stimulation

Release of calcium from intracellular stores

Calcium/calmodulin myosin light chain kinase

Phosphorylation of regulatory light chains of myosin

Actin–myosin interaction

Smooth muscle tone

Cytoplasmatic calcium concentration

FIGURE 2-5 A scheme of the pathway from smooth muscle cell membrane potential and alpha-

adrenoreceptor stimulation to changes in muscle tone.
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In newborn lambs, autoregulation could be completely abolished for 4 to 7 h by 20

min of hypoxemia with arterial oxygen saturations about 50% (32).

Unfortunately, the response of CBF autoregulation to pathological conditions

and the impact of immaturity on the process are much less well investigated in the

human neonate. The reason for this is that studies with controlled manipulation of

blood pressure over a significant range cannot be performed for obvious reasons.

However, observational studies of global CBF in stable neonates without evidence

of major brain injury suggest that autoregulation is intact (33–38). More recently, in a

group of premature neonates of 24 to 34 weeks’ gestation (median gestational age,

27.5 weeks) absolute cerebral blood flow was measured by near-infrared spectroscopy

(NIRS) using the oxygen transient method and the findings in 14 hypotensive subjects

(mean blood pressure < 30 mm Hg) were compared with those in 16 patients with

mean blood pressures of 30 mm Hg or more. CBF was 13.9 vs. 12.3 mL/100 g/min,

suggesting that the lower pressure-threshold of autoregulation in these babies was

below 30 mm Hg (39). In a group of 13 extremely preterm babies with a median

gestational age of 24 weeks (60% of gestation) CBF measured by NIRS was found to be

very low at 6.7 mL/100 g/min (range, 4.4 to 11 mL/100 g/min). However, there was no

association between CBF and mean blood pressure in these patients suggesting that

autoregulation in the human may develop earlier than in the lamb (40). These latter

findings were supported by another study using NIRS to estimate fractional oxygen

extraction by the jugular venous occlusion method in very preterm babies as fractional

oxygen extraction in 14 babies of 27 weeks’ gestation and with a mean arterial blood

pressure of 25 mm Hg did not differ from that in the controls (41). In contrast to this

finding, evidence of absent autoregulation has been found in term infants under

pathological conditions such as following severe birth asphyxia and in preterm infants

preceding major germinal layer hemorrhage (36,38,42).

Based on imaging of flow using single photon emission computed tomography

(SPECT) during arterial hypotension in 24 preterm infants with persistently normal

brain ultrasound it has been suggested that CBF to the periventricular white matter

may be selectively reduced at blood pressures below 30 mm Hg (43). Although

these data support the notion that the periventricular white matter represents a

‘‘watershed area,’’ the statistical relation in this study was based on differences

among different infants and thus there may be alternative explanations for the

findings. However, in support of the findings of this study, a recent study using

NIRS to assess absolute CBF in very preterm neonates during the first postnatal day

found some evidence for the lower threshold of the autoregulatory curve being

around 29 mm Hg (44).

In conclusion, the lower threshold for CBF autoregulation may be around

30 mm Hg or somewhat below and autoregulation can be assumed to operate in

most newborn infants, even the most immature. When blood pressure falls below

the threshold, CBF will fall more than proportionally due to the elastic reduction in

vascular diameter. However, significant blood flow is believed to be present until the

blood pressure is below 20 mm Hg.

Effect of Carbon Dioxide on CBF Autoregulation

Changes in carbon dioxide tension (PCO2) have more pronounced effects on CBF

than on blood flow in other organs due to the presence of the blood–brain barrier.

The blood–brain barrier is an endothelium with tight junctions, which does not

allow HCO�3 to pass through readily. The restricted diffusion of HCO�3 means that

hypercapnia decreases pH in the perivascular space in the brain more readily than

elsewhere in blood were the buffering is more effective due to the presence of

hemoglobin. This difference in response to a change in PCO2 continues until

HCO�3 equilibrates over the course of hours.
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In normocapnic adults small acute changes in arterial PCO2 (Pa,CO2) result in a

change in CBF by 30% per kPa (4% per mm Hg Pa,CO2). Similar reactivity has been

demonstrated in the normal human neonate by venous occlusion plethysmography

(45,46) and in stable preterm ventilated infants without major germinal layer hem-

orrhage by using the l33Xe clearance technique (35). However, Pa,CO2 reactivity is

less than 30% per kPa during the first 24 h (36).

Contrary to the vasodilation induced by increases in the Pa,CO2, a hyperventila-

tion-related decrease in Pa,CO2 causes hypocapnic cerebral vasoconstriction and has

been found to be associated with brain injury in preterm (35,47,48) but not in term

infants (49) or adults. It is an open question whether hypocapnia alone can cause

ischemia, or if it works in combination with other factors, such as hypoxemia, hypo-

glycemia, the presence of high levels of cytokines, sympathetic activation, or seizures.

Metabolic Control of Blood Flow to the Brain

CBF, estimated by venous occlusion plethysmography, is increased during active sleep

as compared to quiet sleep (50–52). Using the 133Xe clearance method in preterm

infants of 32 to 35 weeks’ postmenstrual age, Greisen et al. (53) found that global CBF

increased in the wake state compared to quiet or active sleep. Thus, there is flow-

metabolism coupling even before term gestation in the brain. This finding is further

supported by the documented increase in CBF seen during seizure activity and by the

strong relation between CBF and blood hemoglobin concentration (33,37).

Recently, the cerebrovascular response to functional activation by visual

stimulation has been studied by magnetic resonance imaging (MRI) (54,55) and

NIRS (56). The findings suggest a non-existent or inconsistent response in infants

before term or within the first weeks after birth. The authors explained their

findings by the presence of underdeveloped visual cortical projections even at

term. Recent studies on the cerebrovascular response to sensorimotor stimulation

using functional MRI also found an inconsistent pattern of responses in former

very preterm and preterm neonates at near-term postmenstrual age (57,58). These

findings can also be explained by the developmentally regulated delay in the mat-

uration of the sensorimotor cortex.

Cerebrovenous oxygen saturation was entirely normal (64% ± 5%) as esti-

mated by NIRS and jugular occlusion technique in 11 healthy, term infants

three days after birth (59). This indicates that there is a balance between blood

flow and cerebral oxygen consumption at term. The average value of global CBF

measured by 133Xe clearance in 11 preterm, healthy infants during the first postnatal

week was 20 mL/100 g/min (34). However, the contrast between flow to gray and

white matter is high compared to the findings in immature animals (60).

Adrenergic Mechanisms Affecting CBF Autoregulation

Based on findings of animal studies, the sympathetic system appears to play a greater

role affecting CBF and its autoregulation in the perinatal period compared to later in

life (61–65). This finding has been attributed to the relative immaturity of the nitric

oxide-induced vasodilatory mechanisms during early development (66). The adren-

ergic effect results, at least in part, to enhanced constriction of conduit arteries.

A rare study of human neonatal arteries in vitro (obtained post-mortem from

preterm neonates with gestational age of 23 to 34 weeks) showed basal tone and a

pressure–diameter relation quite similar to those seen in adult pial arteries (67).

The neonatal arteries, however, were significantly more sensitive to exogenous nor-

epinephrine and electrical field activation of adventitial sympathetic nerve fibers

and had a much higher sympathetic nerve density (68) compared to those in the

adult pial arteries (69).
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The Effect of Medications

Indomethacin reduces CBF in experimental animals, adults, and preterm neonates

(70). As mentioned earlier, a loss of the normal CBF–CO2 reactivity has also been

demonstrated in preterm infants (15). The crucial question concerning the use of

indomethacin in preterm neonates and its effect of CBF is whether indomethacin

reduces CBF to ischemic levels resulting in brain injury. Interestingly, although indo-

methacin decreases the incidence of severe peri-intraventricular hemorrhage (PIVH),

this early effect does not translate to better long-term neurodevelopmental outcomes

(71). This raises the possibility that the indomethacin-induced global decrease in CBF

may represent a double-edged sword. Contrary to indomethacin, ibuprofen does not

have significant cerebrovascular effects (16,72). However, it is not known whether the

use of ibuprofen for the treatment of patent ductus arteriosus (PDA) results in

improved long-term neurodevelopmental outcome compared to indomethacin.

Among the methylxanthines, aminophylline reduces CBF and Pa,CO2 in experi-

mental animals, adults, and preterm infants (73) but caffeine has less effect on CBF

(71). Methylxanthines are potent adenosine receptor antagonists. However, it is not

entirely clear whether the reduction of CBF is the direct effect of methylxanthines, a

result of the decrease in Pa,CO2, or a combination of these two actions.

Dopamine increases blood pressure and thereby may affect CBF. However, it

does not appear to have a selective (dilatory) effect on brain vessels (75,76).

In babies with blood pressure over 30 mm Hg, dopamine infusion at 0.3 mg/

kg/h was effective in increasing arterial blood pressure and left ventricular output,

and did not increase CBF (77). In babies with hypotension, however, a positive

pressure–flow relation was found at 1.9% per mm Hg (CI, 0.8 to 3.0) (78) and

6% per mm Hg (44). It is unclear whether the discrepancy between the findings of

these two studies and those cited above (75,76) can be explained by the presence or

absence of hypotension, by the statistical uncertainty of small studies, or by differ-

ences in the methodology and the clinical status of the patients.

Ischemic Thresholds in the Brain

In the newborn puppy, Sv,O2 may decrease from 75 to 40% without provoking signif-

icant lactate production (79). The exact minimum value of ‘‘normal’’ Sv,O2 depends,

among others, on the oxygen dissociation curve. Therefore, it may be affected by

changes in pH and the proportion of fetal hemoglobin present in the blood.

In the cerebral cortex of the adult baboon and man, the threshold of blood flow

sufficient to maintain tissue integrity depends on the duration of the low flow. For

instance, if the low flow lasts for a few hours, the limit of minimal CBF to maintain

tissue integrity is around 10 mL/100 g/min (80). In acute localized brain ischemia,

blood flow may remain sufficient to maintain structural integrity but fail to sustain

electrical activity; a phenomenon called ‘‘border zone’’ or ‘‘penumbra’’ (81). Indeed,

in progressing ischemia electrical failure is a warning for the development of perma-

nent tissue injury. In the adult human brain cortex, electrical function ceases at about

20 mL/100 g/min of blood flow, while in the subcortical gray matter and brainstem of

the adult baboon the blood flow threshold is around 10 to 15 mL/100 g/min (82).

The threshold values of CBF for neonates are not known. However, in view

of the low resting levels of CBF and the comparatively longer survival in total

ischemia or anoxia, neonatal CBF thresholds are likely to be considerably below

10 mL/100 g/min. Indeed, in ventilated preterm infants visual evoked responses

were unaffected at global CBF levels below 10 mL/100 g/min corresponding to a

cerebral oxygen delivery of 50 mmol/100 g/min (35,83).

However, low CBF and cerebral oxygen delivery estimated by 133Xe clearance

carry a risk of later death, cerebral atrophy, or neurodevelopmental deficit (84–87).
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As mentioned earlier though, the lower limit of acceptable CBF is unknown in the

neonate and it is also unclear whether treatment modalities aimed at increasing

CBF can improve the outcome.

Periventricular white matter is believed to be particularly vulnerable to

hypoxic–ischemic injury especially in preterm infants. However, the pathogenesis

of white matter injury is likely to be more complex as interactions among decreased

perfusion and increased cytokine production and oxidative damage have recently

been postulated to be of importance. The only direct evidence indicating that

periventricular leukomalacia (PVL) is primarily a hypoxic–ischemic lesion comes

from the findings identifying hyperventilation with the associated cerebral vaso-

constriction as a robust risk factor for PVL and cerebral palsy.

BLOOD FLOW TO OTHER ORGANS

Based on studies on the distribution of cardiac output in term fetal lambs and

newborn piglets, the typical abdominal organ blood flow appears to be around

100 to 350 mL/100 g/min (88,89). In the fetus, abdominal organ blood flow is

higher than in the newborn with the exception of the intestine.

Kidney

The adult kidneys constitute 0.5% of body weight but represent 25% of resting

cardiac output, making them the most richly perfused organ of the body. In the

newborn, although the kidneys are relatively larger, they receive less blood flow

probably due to the immature renal function. Renal arteries display appropriate

autoregulation with a lower threshold adjusted to the prevailing lower blood pres-

sure (90). In addition to structural immaturity, high levels of circulating vasoactive

mediators such as angiotensin-II, vasopressin, and endogenous catecholamines

explain the relatively low renal blood flow in the immediate postnatal period.

Indeed, after alpha-adrenergic receptor blockade, renal nerve stimulation results

in increased blood flow. To counterbalance the renal vasoconstriction and increased

sodium reabsorption caused by the above-mentioned hormones, the neonatal

kidney is more dependent on the local production of vasodilatory prostaglandins

compared to later in life. This explains why indomethacin, a cyclooxygenase (COX)

inhibitor, readily reduces renal blood flow and urinary output in the neonate but not

in the euvolemic child or adult. Interestingly, the renal side effects of another COX

inhibitor, ibuprofen, are less pronounced in the neonate (91). Finally, dopamine

increases renal blood flow at a dose with minimal effect on blood pressure (75).

Liver

The liver is a large organ that has a double blood supply with blood originating

from the stomach and intestines through the portal system and also from the

hepatic branch of the celiac artery through the hepatic artery. The proportion of

blood flow from these sources in the normal adult is 3:1, respectively. Hepatic

vessels are richly innervated with sympathetic and parasympathetic nerves. The

hepatic artery constricts in response to sympathetic nerve stimulation and exogen-

ous norepinephrine while the response of the portal vein is less well characterized.

Angiotensin-II is a potent vasoconstrictor of the hepatic vascular beds. During the

first days after birth, a portion of the portal blood flow remains shunted past the

liver through the ductus venosus until it closes. Portal liver blood flow in lambs is

100 to 150 mL/100 g/min during the first postnatal day and increases to over

200 mL/100 g/min by the end of the first week (92).
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Stomach and Intestines

The stomach and intestines are motile organs, and variation in intestinal wall tension

influences vascular resistance (93). For example, stimulation of sympathetic nerves

results in constriction of the intestinal arteries and arterioles and in the relaxation of

the intestinal wall. Thus, the effects on vascular resistance and intestinal wall tension

are opposite. Furthermore, a number of gastrointestinal hormones and paracrine

substances such gastrin, glucagon, and cholecystokinin dilate intestinal vessels likely

contributing to the increase in intestinal blood flow during digestion. Local meta-

bolic coupling also contributes to the digestion-associated increase in intestinal

blood flow. Intestinal blood flow also shows well-developed autoregulation, and

responses to sympathetic nerve stimulation, exogenous catecholamines and angio-

tensin-II similar to that of the other abdominal organs in the immature animal.

DISTRIBUTION OF CARDIAC OUTPUT IN THE HEALTHY
HUMAN NEONATE

If the heart fails to increase cardiac output to maintain systemic blood pressure, a

selective and marked increase in the flow to one organ can in principle compromise

blood flow to other organs (‘‘steal’’ phenomenon). No single organ of critical

importance is large in itself at birth (Table 2-1).

Blood Flow to the Upper Part of the Body

Blood flow to various organs differs considerably at the resting state. The data from

recent Doppler flow volumetric studies allows some comparisons for the upper part

of the body in healthy term infants. Blood flow to the brain, defined as the sum of

the blood flowing through the two internal carotid and two vertebral arteries,

corresponds to 18 mL/100 g/min using a mean brain weight of 385 g for the

term infant. This blood flow is close to what is expected from the data on CBF

in the literature assessed by NIRS and 133Xe clearance (Table 2-2).

Blood Flow to the Lower Part of the Body

Lower-body blood flows are less well studied in the human neonate. In a recent

study in ELBW infants with no ductal shunt and a cardiac output of 200 mL/kg/

min, aortic blood flow was found to be 90 mL/kg/min at the level of the diaphragm

(94). Although this finding is in good agreement with the data by Kluckow and

Table 2-1 Organ Weights in Term** and Extremely Low Birth
Weight Neonates**

BODY WEIGHT (g)

Organ or Tissue 3500 1000

Brain 411 (12%) 143 (15%)
Heart 23 (1%) 8 (1%)
Liver 153 (4%) 47 (5%)
Kidney 28 (1%) 10 (1%)
Fat 23%* <5%

Data from Charles and Smith (105).
*Data from Uthaya et al. (106).
**Total body water is around 75% and 85–90% of body weight in term neonates and

extremely low birth weight neonates, respectively.
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Evans (95) showing that approximately 50% of left ventricular output returns

through the superior vena cava (SVC) in preterm neonates, some caution is war-

ranted because most preterm infants enrolled in the studies on SVC blood flow

measurements had a PDA.

The data on individual abdominal organ flows in neonates are less current but

available with a renal blood flow (right+left) of 21 mL/kg/min (96), a superior

mesenteric artery blood flow of 43 mL/kg/min (97), and a celiac artery blood flow

of 70 mL/kg/min (98). In the study by Agata et al. (98), the results were divided by

two to account for the parabolic arterial flow profile. However, since the sum of

these abdominal organ blood flows exceeds the blood flow in the descending aorta

and since blood flow from other organ systems in the lower body such as bones,

muscle, and skin have not been taken into consideration, it is clear that blood flows

to the abdominal organs have been overestimated in the neonate. The reasons for

this discrepancy are unclear but they may, at least in part, be related to the use of

less sophisticated color Doppler equipment using lower ultrasound frequencies in

the studies performed in the early 1990s. In terms of perfusion rate, the renal blood

flow of 21 mL/min/kg body weight transforms to 210 mL/min/100 g kidney weight.

Again, this is higher than that expected from studies using hippuric acid clearance

(99). Taking all these findings into consideration, it is reasonable to conclude that

normal organ flow in the human neonate is likely to be comparable to that in

different animal species and is around 100 to 300 mL/100 g/min. For comparison,

lower limb blood flow in the human infant has been estimated by NIRS and the

venous occlusion technique to be around 3.5 mL/100 g/min (100).

In summary, cardiac output is distributed approximately equally to the upper

and lower body in the normal healthy newborn infant at gestational ages from 28 to

40 weeks. It may come as a surprise to many readers that only 25 to 30% of the

blood flow to the upper part of the body goes to the brain, whereas the abdominal

organs can be assumed to account for the largest part of the blood flow to the lower

part of the body. Although good estimates of abdominal organ perfusion rates are

not available, they appear to be higher than the perfusion rate of the brain.

Therefore, a relative hyperperfusion of the abdominal organs could result in an

significant ‘‘steal’’ of cardiac output from the brain.

MECHANISMS GOVERNING THE REDISTRIBUTION OF
CARDIAC OUTPUT IN THE FETAL ‘‘DIVE’’ REFLEX

Aerobic Diving

The diving reflex of sea mammals occurs within the ‘‘aerobic diving limit,’’ that is,

without hypoxia severe enough to lead to the production of lactic acid. The key

Table 2-2 Volumetric Blood Flow by Doppler Ultrasound Measurement for the
Upper Part of the Body in Healthy Term Infants

Vessel n Age
Flow
(mL/kg/min)

Flow
(mL/min) Reference

Vertebral arteries 22 39–40
(weeks)

– 19* Kehrer et al. (105)
Internal carotid arteries – 51*
Right common carotid 21 Day 1–3 17.7 117** Sinha (106)
Superior vena cava 14 Day 1 76 258 Kluckow and Evans (95)
Ascending aorta 147 500

In the study by Kehrer et al. (105) newborn infants born at term were mixed with former preterm infants reaching
39–40 postmenstrual weeks.

*Values for sum of right and left.
**Value multiplied by 2 for comparison.
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components are reflex bradycardia mediated through the carotid chemoreceptors

and the vagal nerve, reflex vasoconstriction of the vascular beds of ‘‘nonvital’’

organs, and recruitment of blood from the spleen. All of this results in a reduced

cardiac output, a dramatically increased circulation time, and hence a lag between

tissue oxygen consumption and CO2 production (101).

Reactions to Hypoxia

Similarly, the immediate reaction to hypoxia in the perinatal mammal is bradycar-

dia and peripheral vasoconstriction. Since the reaction to fetal distress is of great

clinical interest, it has been extensively studied in the fetal lamb. The response to

fetal distress is qualitatively similar but quantitatively different among the different

modes of induction of fetal distress such as maternal hypoxemia, graded reduction

of umbilical blood flow, repeated or graded reduction or complete arrest of uterine

blood flow, and reduction of fetal blood volume (102). Among the vital organs,

adrenal blood flow increases in all situations and, whereas the typical response also

includes an increase in the blood flow to the heart and the brain, this is not the case

when fetal distress is caused by reduction of fetal blood volume (heart) or the arrest

of uterine blood flow (brain). As for the nonvital organs, although the typical

response is a reduction in blood flow to the gut, liver, kidneys, muscle, and skin,

this is not the case when fetal distress is caused by the graded reduction of umbilical

blood flow. The fetal circulation is unique and significantly different from the

circulation following the transitional adaptation of the newborn and includes the

presence of the umbilical vascular bed, the shunting of oxygenated umbilical venous

blood past the liver through the ductus venosus, and streaming of this blood

through the foramen ovale to the left side of the heart and upper part of the

body. These peculiar features may explain some of the above-described differences

between fetal and postnatal hemodynamic responses to stress.

Modifying Effects

Preterm lambs appear less able to produce a strong epinephrine and norepinephrine

response to stress and the blood pressure rise is accordingly less than at term (102).

Since carotid sinus denervation does not abolish the redistribution of cardiac

output, supplementary mechanisms must be operational in the fetus (103).

Indeed, at least in the later phase (after 15 min) of the hemodynamic response,

the renin–angiotensin system seems to play an important role. Importantly, recent

findings indicate that a systemic inflammatory response significantly interferes with

the redistribution of cardiac output during arrest of uterine blood flow in the fetal

sheep and compromises cardiac function and the chance of successful resuscitation

(104). This hemodynamic response to inflammation in the fetal sheep appears to

be, at least in part, regulated by locally generated NO as it could be prevented by the

administration of the non-selective NO synthase inhibitor, L-NAME.

DISTRIBUTION OF CARDIAC OUTPUT IN THE SHOCKED
NEWBORN

The Term Neonate with Low Cardiac Output

The pale gray, yet awake term baby with poor systemic perfusion due to congenital

heart disease resulting in decreased cardiac output (systemic blood flow) may be the

best example for the operation of efficient cardiovascular centralization mechan-

isms in the human newborn. This baby may have very low central venous oxygen

saturation, but will still produce urine, have bowel motility, and, in the initial phase
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of the cardiovascular compromise, a normal blood lactate. There is little we may be

able to do – short of the appropriate cardiac surgical procedure – to help this baby

improve the distribution of the limited systemic blood flow. Attempts to increase

blood pressure or, conversely, to reduce cardiac afterload may, in fact, interfere with

the precarious blood flow distribution and lead to further decreases in blood flow to

the organs despite ‘‘normal’’ blood pressure readings, or to a decrease in perfusion

pressure resulting in further impairment in tissue perfusion, respectively. In this

situation, treatment resulting in increased systemic blood flow without decreasing

the perfusion pressure is the only appropriate approach.

The Very Preterm Neonate During Immediate Postnatal
Adaptation

In the very preterm neonate with poor systemic perfusion during the period of

immediate postnatal transition with the fetal channels still open, the situation is

likely to be different. This baby may present with a better color and capillary refill

suggesting appropriate peripheral perfusion. Yet, motor activity is likely to be

reduced, urinary output low, and blood lactate slightly high. Based on the findings

discussed earlier, this baby may have immature and insufficient adrenergic mechan-

isms to rely on for maintaining sufficient perfusion pressure to the vital organs. In

addition, owing to the immaturity of the myocardium, this patient may initially be

unable to adapt to the sudden increase in the systemic vascular resistance following

separation from the placenta. Regulation of CBF and the sensitivity of the cerebral

arteries and arterioles are likely also affected by the immaturity. This would result

in the presence of a very narrow CBF autoregulatory plateau and, due to

the enhanced expression of alpha-adrenergic receptors during early development,

an increased vasoconstrictive response to the administration of exogenous

sympathomimetic amines resulting in further decreases in CBF despite improve-

ment in the blood pressure. Again, maintenance of both an appropriate sys-

temic blood flow and perfusion pressure must be the goal of the intervention

(see Section III, Chapter 8).

OTHER SCENARIOS

Other scenarios relevant to the neonatologist are shock due to low peripheral vas-

cular resistance in sepsis and loss of blood volume. The inflammatory vascular

pathology associated with infection cannot be directly treated, and the effectiveness

of available supportive treatment modalities of the critically ill septic neonate has

not been systematically studied. In addition, microvascular pathophysiology,

oxygen radical damage and disturbances in the oxidative metabolism may be as

important as the issues of distribution of blood flow. In contrast, the clinical prob-

lem and management associated with loss of blood volume are simpler as long as it

is recognized in a timely manner.
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Few aspects of the management of high-risk neonates have generated as much

controversy as the assessment of blood pressure, and this is particularly true of

preterm neonates. The approach to this problem may differ greatly among various

institutions and between clinicians within a given center. The variation may relate

to training, but it is also is related to a need for further data that would provide the

clinician with a better understanding of the relationship between blood pressure

and outcome.

CASE STUDY

An 820 g male infant was born at 27 weeks’ gestation. The pregnancy was compli-

cated by placenta previa, and delivery was by cesarean section (C/S) after preterm,

premature rupture of membranes, and subsequent onset of labor. There was no

significant vaginal bleeding. The infant was apneic initially but he responded well to

positive-pressure ventilation. He developed retractions and grunting, and was intu-

bated. Apgars were 5 and 8.

In the neonatal intensive care unit (NICU), the chest X-ray (CXR) was con-

sistent with surfactant defficiency (respiratory distress syndrome, RDS), and he

received surfactant replacement therapy. Subsequently, the Fi,O2 requirement to

maintain oxygen saturation in the 88 to 94% range decreased from 0.70 to 0.30,

and ventilatory pressures were weaned appropriately. Attempts to place an umbil-

ical artery catheter (UAC) were unsuccessful; an umbilical venous catheter (UVC)

was placed. He was begun on a dextrose and amino acid solution at 60 mL/kg/day

and ampicillin and gentamicin were given. The hematocrit was 47% and serum

glucose was 97 to 125 mg/dL.
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Mean blood pressure on admission was 31 mm Hg (determined by oscillo-

metry). At 2 h of postnatal life, mean blood pressure had decreased to 25 mm Hg.

Heart rate varied between 135 and 160 bpm. The infant was moving spontaneously,

and capillary refill time was �2 s. He had not voided.

This case is similar to those seen frequently in any NICU: the very small neo-

nate who seems to be doing fairly well from a cardiorespiratory standpoint, but

whose mean blood pressure engenders acute discomfort in the staff. Various issues

involving whether or how to treat the blood pressure in the very low birth weight

(VLBW) neonate during the immediate postnatal period are discussed in Section

III, Chapter 8. Here we might ask:

1. Should a preterm neonate who requires mechanical ventilation, and in

whom a UAC is unsuccessful, have a peripheral arterial line?

2. If so, should this be attempted immediately after the failed UAC attempt, or

only after it appears that the blood pressure will be a problem?

3. What evidence is available to determine when a ‘‘problem’’ blood pressure

exists?

4. What is the role of heart rate, capillary refill time, urine output, and other

nonspecific indicators of the cardiovascular status in the decision-making

process as one attempts to determine whether or not this is an adequate

blood pressure?

To address these questions, this chapter reviews the (1) methods of measure-

ment of blood pressure, (2) normative values for blood pressure in preterm and

term neonates, (3) clinical assessments used often in conjunction with blood pres-

sure measurement, and (4) clinical factors that can influence blood pressure.

MEASURING BLOOD PRESSURE

It is appropriate to ask why there is so much attention paid to assessment of blood

pressure. Clearly, the primary issue regarding possible hypotension in neonates is the

concern that impaired central nervous system perfusion may lead to ischemic damage

(1,2). Arterial pressure is determined by two factors: the propulsion of blood by the

heart and the resistance to flow of this blood through the blood vessels (3). Thus,

flow = pressure/resistance and, consequently, pressure = flow� resistance. In the case of

the systemic circulation, the left ventricle serves as the pump, which generates suf-

ficient pressure to overcome vascular resistance and create systemic arterial flow and

maintain appropriate perfusion pressure in the organs. From a clinical standpoint,

blood flow resulting in adequate tissue perfusion is the variable of critical interest,

and disturbances of perfusion represent some position on the continuum of the

complex disorder of shock (3). However, since it is not practical to measure flow

routinely, and resistance can only be calculated but not measured, we rely greatly on

blood pressure determinations to gauge the adequacy of cardiac output and systemic

perfusion. It is obvious from the above equations that significant changes in vascular

resistance might result in changes in blood flow (and thus changes in tissue perfu-

sion) without recognizable alterations in blood pressure. This suggests that blood

pressure is not the only physiologic variable of primary interest. This issue becomes

even more complicated in the transitional circulation of the VLBW neonate with

shunting across the fetal channels, where neither mean blood pressure nor cardiac

output alone is necessarily a good predictor of systemic blood flow (4).

The ‘‘gold standard’’ for determination of blood pressure in the critically ill

neonate is a direct continuous reading from an indwelling arterial line, and gener-

ally this method is used whenever arterial access is available. The ability to measure

blood pressure non-invasively (5) represents a major advance in neonatal care,
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although a major drawback associated with these methods is the inability to obtain

continuous measurements. Detailed recent reviews of blood pressure measurement

and monitoring in the neonate are available (6,7).

Direct Measurement of Blood Pressure

Using a catheter–transducer fluid-filled system, blood pressure is measured directly

most frequently by utilizing a UAC with its tip in the thoracic or distal aorta or a

catheter placed in a peripheral, usually radial or posterior tibial, artery. The purpose

of this section is to point out common issues related to direct measurement of

blood pressure in neonates. For a more extensive review of direct measurement of

blood pressure, the reader is referred to several excellent publications (6–9).

The first direct measurement of blood pressure was made in the eighteenth

century and is credited to Hales (8,10). He attached a long vertical tube to a cannula

that was inserted into the crural artery of a horse (8), and demonstrated reduction

in blood pressure following hemorrhage. Subsequent development of the U-shaped

mercury manometer by Poiseuille (7) allowed the measuring equipment to be re-

duced in size.

A wave can be defined as a traveling disturbance carrying energy (7), and

characterized by frequency, intensity or amplitude, direction, and velocity. The

pressure pulse is a complex waveform that is dependent on site of measurement

(see below). It should be noted that the speed of the pressure pulse greatly exceeds

that of the actual blood flow (11), and the fundamental frequencies of the pressure

pulse bear little relationship to the repetition rate of the initiating event (7). The

pressure pulse should not be confused with the pulse pressure, which refers to the

difference between systolic and diastolic blood pressure.

The system used for continuous, direct blood pressure monitoring in today’s

NICU generally is referred to as ‘‘under-damped and second order’’ (7). Instead of a

column of mercury, modern systems for measuring blood pressure have several

components, the most important of which is the transducer. The transducer con-

verts mechanical energy (pressure) to electrical energy (current or voltage).

Compared with older strain gauge pressure transducers, today’s transducers have

a silicon chip, and they are inexpensive, accurate, and disposable (12). The trans-

ducer must be positioned at the level of the catheter opening, and correctly

‘‘zeroing’’ the system (stopcock connected to transducer open to atmospheric pres-

sure) is a critical step in obtaining accurate blood pressure values. This process

should be performed at least every 12 h to ensure the accuracy of blood pressure

measurements over time. The pressure measured by the transducer has three com-

ponents: P = Ps + Pk + Pr , where Ps is the static component, Pk is the kinetic com-

ponent, and Pr is the reference level component (13). Although Ps is not influenced

by catheter type, with an end-hole catheter the Pk component can be increased by 5

to 7 mm Hg (during systole) compared with the pressure obtained with a side-hole

catheter (13). Pr will be zero if the transducer is placed at the level of the catheter

opening, as noted above.

An ideal pressure-monitoring system should reflect the pressure pulse accur-

ately so that the monitor waveform is similar to that at the site of measurement (7),

and to do this it must have an appropriate frequency response. A method for

determining the resonant frequency and damping coefficient has been described

by Gardner (9). Systems in clinical use generally have a resonant frequency of 15 to

25 Hz and a coefficient of 0.1 to 0.4 (6).

Generally, direct readings of blood pressure in the neonate are considered to be

accurate, although several problems may occur. A small-diameter catheter may

cause the systolic reading to be low. Excessive damping secondary to the introduc-

tion of small air bubbles or clots into the system may result in decreased systolic but
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increased diastolic readings (6,13). Since mean blood pressure, which is considered

more reflective of perfusion pressure than systolic or diastolic pressure, has gener-

ally been considered to be unaffected by damping, this potential inaccuracy may not

be a significant clinical problem. However, Cunningham et al. (14) reported that

damping (defined as a sudden reduction of pulse pressure by more than 8 mm Hg

or complete loss of the systolic and diastolic differential) also may affect mean

blood pressure. In 24% of damping episodes studied, the difference was �4.1

mm Hg (14).

Conversely, as the pressure pulse travels from aortic root to peripheral arteries,

amplification of some components may occur (6), and somewhat counterintui-

tively, measured systolic pressure may be higher in the dorsalis pedis or radial

artery versus the aorta (7). This is caused by a gradual increase in impedance as

the pressure pulse travels distally through more narrow channels, and the observed

waveform may appear narrower and taller than observed more proximally. Diastolic

and mean blood pressure are less affected by this phenomenon, but mean blood

pressure calculated using the formula ‘‘diastolic pressure plus one-third of pulse

pressure’’ will be falsely high (6). Generally, the difference is not clinically signifi-

cant, and a very strong correlation between blood pressures obtained via umbilical

and peripheral artery catheters was reported by Butt and Whyte (15).

Gevers et al. (16) studied arterial blood pressure waveforms (radial and pos-

terior tibial) in critically ill neonates using a high-fidelity catheter tip-transducer

system. Radial artery waveforms resembled those observed in adult proximal aorta

rather than adult radial artery, and posterior tibial waveforms resembled those of

the adult femoral artery, rather than those of the adult posterior tibial artery. The

authors postulated that the observed ‘‘central appearance’’ was secondary to the

close proximity of the radial and posterior tibial arteries to the aorta and femoral

artery, respectively, due to the small and short limbs of the neonate.

Although direct measurement of blood pressure is considered the gold stand-

ard and generally is felt to be the most appropriate method for monitoring a

critically ill neonate (see below), it is important to minimize distortions if one is

to obtain accurate values. Use of tubing that is as short as possible, large-bore, stiff,

and non-compliant as well as minimizing the number of stopcocks and manifolds

will help in this regard (17).

Non-invasive Measurement of Blood Pressure

Manufacturers of non-invasive blood pressure monitors must provide accuracy

data to the FDA before they may be marketed (18). Guidelines followed in gen-

erating this data must conform to the requirements of the American National

Standard for Manual, Electronic, or Automated Sphygmomanometers (ANSI/

AAMI SPIO). The mean difference of paired comparisons between direct and

non-invasive methods must be within ±5 mm Hg with a standard deviation

� 8 mm Hg (19). In considering studies that have examined agreement between

invasive and non-invasive methods, it is important to consider the impact of more

recent technological improvements. For example, Nelson et al. (20) found that an

improved algorithm for the DINAMAP MPSTM oscillometric device resulted in

agreement that met the standards noted above.

All non-invasive techniques for estimating blood pressure analyze changes in

blood flow (17) and, since direct methods measure pressure, one would not nec-

essarily expect the results obtained with non-invasive and direct methods to be

identical. Of the common non-invasive techniques (palpation, auscultation,

Doppler, and oscillometry), oscillometry is used most often (21). An additional

method that utilizes a photoelectric principle and provides a continuous arterial

waveform through a finger cuff also has been described (22,23). The Finapres
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(FINger Arterial PRESsure) method uses a photoplethysmographic system applied

to the finger and provides a continuous beat-to-beat waveform. Because the cuff is

too large for a neonate, in both studies the investigators placed the finger cuff

around the wrist of the baby. One of the studies (22) found considerable differences

between Finapres and umbilical arterial blood pressure measurements, and con-

cluded that Finapres is not reliable in estimating absolute values of blood pressure.

However, because of accurate estimation of beat-to-beat changes of blood pressure

values, the authors concluded that Finapres provides a non-invasive tool for inves-

tigating autonomic cardiovascular regulation in neonates (22). A discussion of basic

principles of non-invasive blood pressure measurement in infants has been pub-

lished recently (18).

The measurement of blood pressure by oscillometry was first described by

Marey in 1876 (7), and Ramsey reported the use of an automated instrument

based on the oscillometric technique (Dinamap, Critikon, Tampa, FL) in 1979

(24). This device is able to measure cuff oscillations at given pressures as sensed

by a pressure transducer; systolic pressure is the pressure at which cuff oscillation

begins to increase as the cuff is deflated. Mean pressure is the lowest cuff pressure at

which oscillometric amplitude is maximum, and diastolic pressure is the pressure at

which the amplitude of cuff oscillations stops decreasing (6).

The agreement between blood pressure values obtained directly and by oscil-

lometry has generally been good (24–31). However, some investigators have found

that the agreement is poor, and suggested that non-invasive techniques are not

sufficiently accurate for routine use (32). Of course, when comparing direct and

non-invasive methods, it is important to ensure accuracy of the reference method

by performing dynamic calibration (frequency response and damping coefficient)

for each infant (18). However, this exercise is not always noted (17).

One well-documented reason for lack of agreement with intra-arterial blood

pressure may be use of an inappropriate cuff size when performing oscillometric

measurements. Sonesson and Broberger (33) reported that mean blood pressure

was overestimated with a cuff width to arm circumference ratio of 0.33 to 0.42.

Accuracy improved with a ratio of 0.44 to 0.55. In the study by Kimble et al. (25),

the appropriate cuff width-to-arm circumference ratio was 0.45 to 0.70 (Fig. 3-1).

Clark et al. (34) reported that the ideal ratio was 0.40, although few neonates were

included, and blood pressure was obtained using a mercury sphygmomanometer.

In a study of 15 preterm infants, Wareham et al. (35) reported a strong correlation

FIGURE 3-1 A non-linear regression analysis com-

paring error (Dinamap minus intra-arterial) with cuff

width to arm circumference ratio. Each point repre-

sents the average of 10 determinations with the same

cuff in a given patient. Kimble KJ, Darnall RA Jr,

Yelderman M, Ariagno RL, Ream AK. An automated

oscillometric technique for estimating mean arterial

pressure in critically ill newborns. Anesthesiology

1981;54:423–425, Fig. 1. Used with permission

from Lippincott Williams & Wilkins.

Rights were not granted to include this figure in

electronic media. Please refer to the printed book.
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between oscillometric and arterial blood pressure, but with 95% prediction inter-

vals. The differences are particularly apparent when the data are displayed in a

Bland–Altman plot (Fig. 3-2). In this study, cuff width for each infant was selected

according to the manufacturer’s recommendations. Briassoulis (36) compared os-

cillometric and arterial catheter determinations in six preterm neonates. Agreement

between the two methods was poor and did not vary significantly with use of a

larger cuff.

It is of concern that several investigators have found that blood pressure deter-

mined by oscillometry overestimates directly obtained blood pressure, since this

relationship might lead to failure to treat hypotensive neonates. As noted above

(33), this overestimation might be due to a cuff that is too small. In a study of

12 VLBW neonates, Diprose et al. (37) reported that the oscillometric method

overestimated blood pressure in hypotensive infants. Cuff width-to-arm circumfer-

ence ratios were not reported in this study (although the authors commented that

the cuffs actually may have been too large because of the relatively small size of the

patients), and data regarding mean blood pressure were not included. Fanaroff and

Wright (38) reported that mean blood pressure during the first 48 postnatal hours,

determined by the oscillometric technique, exceeded direct readings by about 3 mm

Hg; however, cuff size was not reported. Others also have reported a tendency for

oscillometric determinations to exceed direct measurements (39). In the study by

Wareham et al. (35), diastolic blood pressure was overestimated by the oscillometric

method, but systolic and mean blood pressure were underestimated.

Studies comparing blood pressure measurements from upper versus lower limbs

have produced conflicting results (40–44). In term neonates, Park and Lee (45)

observed no difference in blood pressure between arm and calf. Piazza et al. (46)

compared upper and lower limb systolic blood pressure in term neonates in the

first 24 h and found that higher readings in the upper versus lower limb were

more common than vice versa. However, higher readings in the lower limb

were sufficiently common (28%) for these investigators to conclude that either

possibility should be considered normal. In subsequent follow-up of 25 of the

study neonates up to three years of age, systolic blood pressure was higher in the

lower extremities in 24/25.

More recently, Cowan et al. (47) determined arm and calf blood pressure in

term neonates in active and quiet sleep during the first five postnatal days. The

increase in blood pressure during this period was greater in the arm than in the calf,

and calf blood pressure appeared to be more dependent on sleep state than did arm

blood pressure. Subsequently, Kunk and McCain (48) studied 65 preterm neonates
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FIGURE 3-2 Differences between oscil-

lometric and arterial mean blood pressure

measurements plotted against average

values of two measurements. Central

dashed line represents mean difference;

two outlying dashed lines represent ± 2

SDs. UAC indicates umbilical artery cathe-

ter. Wareham JA, Haugh LD, Yeager SB,

Horbar JD. Prediction of arterial blood

pressure in the premature neonate using

the oscillometric method. AJDC

1987;141:1108–1110, Fig. 4. Used with

permission, British Publishing Group Ltd.
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with mean birth weight of 1629 g. During days one to five, there were no significant

differences in systolic, diastolic, and mean blood pressures between arm and calf,

although arm blood pressures consistently were slightly higher. On day seven, there

was a significant difference with arm > calf for systolic blood pressure by an average

of 2.7 mm Hg.

Nwankwo et al. (21) studied a standard blood pressure measurement protocol

to determine the effect of state, startle response to cuff inflation, and infant posi-

tion. Using the Dinamap oscillator, they observed slightly higher pressures in the

supine position and with the first of three successive blood pressure recordings.

Variability of blood pressure determinations using the standard protocol was less

than when blood pressure was recorded by nursing staff. These investigators

emphasized the importance of a rest period following cuff application and a stan-

dardized approach in blood pressure measurement (21).

Papadopoulos et al. (49) compared three oscillometric devices [Dinamap 8100

(Critikon), SpaceLabs M90426 (SpaceLabs Medical) and the Module HP M1008B

(Hewlett-Packard; HP)] to a simulator. The Dinamap and SpaceLabs readings were

in good agreement with the reference method, whereas mean errors for systolic and

diastolic blood pressure with the HP device were 21 and 15 mm Hg, respectively.

Pichler et al. (50) compared two commonly used oscillometric systems, the

HP-Monitor CMS Model 68 S with Module HP M1008B and the Dinamap 8100. By

Bland–Altman analysis, it was shown that mean blood pressure determined by the

Dinamap was significantly higher than with the HP. This study is difficult to inter-

pret since direct determination of blood pressure was not made for comparison.

However, it does point out that results in non-invasive determination of blood

pressure may be dependent on the system used by a particular NICU.

More recently, Dannevig et al. (51) compared blood pressure obtained with

three different monitors (Dinamap Compact, Criticare Model 506 DXN2, and

Hewlett-Packard Monitor with the HP MI008B Module) with determinations

made with an invasive system (Hewlett-Packard). Twenty neonates (birth weight

531 to 4660 g) were studied during the first postnatal week. Difference between

oscillometric and invasive pressures (measurement deviance) was related to two

factors: (1) size of infant and (2) monitoring system. In smaller infants, the non-

invasively measured value tended to be too high, and as arm circumference

increased, measurement deviance decreased with all monitors. The Hewlett-

Packard gave lower pressure readings than either the Criticare or Dinamap (Fig.

3-3); Criticare and Dinamap tended to show too high a value in the smallest infants,

while Hewlett-Packard tended to give too low a value in the larger infants. These

investigators concluded that blood pressure should preferably be measured inva-

sively in severely ill neonates and preterm infants.

While caution in the interpretation of indirectly obtained blood pressure meas-

urements is prudent, the clinical usefulness of this technique has been demon-

strated. In many instances, the trend in blood pressure in a particular infant is of

critical importance, and the exact absolute value may be of less relevance.

Fortunately, those critically ill neonates in whom decisions regarding treatment

of possible hypotension need to be made are the patients most likely to have arterial

access. When the most frequently used site for direct access (umbilical artery) is not

available, as in the case presented at the beginning of this chapter, direct access via a

peripheral artery should be attempted.

The best method for routine non-invasive blood pressure measurement is the

oscillometric method, and the sophisticated bedside cardiorespiratory monitoring

systems in current use allow the clinician to monitor blood pressure at set intervals

and display the results on the same screen that shows heart rate, oxygen saturation,

and so forth. As noted above, use of the proper cuff size is critical. Although

differences among various oscillometric monitors have been demonstrated, at
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this time there does not seem to be conclusive evidence to favor a particular mon-

itor system over all others.

NORMATIVE DATA FOR BLOOD PRESSURE IN NEONATES

The establishment of normal values for blood pressure in newborn infants has been

attempted by numerous investigators, and there is fairly good agreement in the

results reported from various institutions (52). In most (but not all) studies, blood

pressure is higher in larger, more mature infants, and there is an increase in blood
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FIGURE 3-3 Bland–Altman plots comparing invasively measured arterial blood pressure and meas-

urements obtained with three oscillometric devices (DinamapTM, CriticareTM, Hewlett-PackardTM).

Dannevig I, Dale HC, Liestol K, Lindemann R. Blood pressure in the neonate: three non-invasive

oscillometric pressure monitors compared with invasively measured blood pressure. Acta Paediatr

2005;94:191–196, Fig. 1. Used with permission from Taylor & Francis.
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pressure with increasing postnatal age (6,15,53–70). Small for gestational age (SGA)

infants may have lower blood pressure than larger babies of comparable gestational

age (56,70–72), although comparable blood pressure values also have been reported

(73). It should be noted that ‘‘normative values’’ may be influenced by management

protocols within a given institution. Also, most studies have not determined

that the ‘‘physiologic range’’ for blood pressure is occurring simultaneously with

normal organ blood flow (74,75). Kluckow and Evans (75,76) reported a weak

correlation between mean blood pressure and superior vena cava (SVC) blood

flow used for the assessment of systemic blood flow in preterm infants < 32

weeks’ gestation during the first two postnatal days when shunting across the

fetal channels prevents the use of the left ventricular output as the measure of

systemic blood flow. Conversely, Munro et al. (77) reported that ELBW neonates

who were hypotensive during the first postnatal days had lower cerebral blood flow

than normotensive neonates.

Although in 1963 Moss and Duffie (78) reported that blood pressure was

higher in preterm versus term neonates, this finding could not be confirmed.

The report by Kitterman et al. (71) in 1969 was one of the earliest studies of

blood pressure in neonates, and these results were used widely in neonatal intensive

care units. However, this study included only nine patients with birth weights

�1500 g. Bucci et al. (56) measured systolic blood pressure indirectly using a

xylol-pulse indicator instrument. These investigators developed a regression equa-

tion for systolic blood pressure that included birth weight, gestational age, and

postnatal age in 189 neonates with birth weight 860 to 2300 g, gestational age 25

to 41 weeks, and postnatal age 3 to 96 h:

SPB ¼ 23:20þ 8:13�w þ 0:503�GA þ 0:226�PA � 0:00160�2
PA

where �w is body weight (in kg), �GA is gestational age (GA) (in weeks), �PA is

postnatal age (in hours), and systolic blood pressure (SBP) is in mm Hg.

The study published by Versmold et al. (72) in 1981 included 16 stable neo-

nates with birth weights 610 to 980 g (eight infants were small for gestational age);

blood pressure during the first 12 postnatal hours was measured directly through an

umbilical artery catheter. Despite this report, which demonstrated that the 95%

confidence limits for mean blood pressure ranged from 24 to 44 mm Hg, the value

of 30 mm Hg has been widely adopted as a critical lower limit for acceptable blood

pressure in preterm neonates. This notion was based on findings suggesting that the

lower limit of the cerebral blood flow autoregulatory curve was around 30 mm Hg

(77,79) and that neonates with mean arterial pressures <30 mm Hg had a high

likelihood of developing central nervous system pathology (see below).

Subsequently, Watkins et al. (80) reported that the 10th percentile for mean

blood pressure for a baby with a birth weight of 600 g was below 30 mm Hg

until 72 h postnatal (Table 3-1). Similar low values for extremely preterm neonates

were reported by Nuntnarumit et al. (6) (Fig. 3-4). This figure demonstrates clearly

the striking differences in mean blood pressure between term and preterm neonates,

but with parallel increases occurring over the first 72 h postnatal. Interestingly,

following an initial decrease during the first 6 to 12 postnatal hours, cerebral

blood flow also increases after delivery in both term and preterm neonates (81).

However, the initial decrease is more dramatic in the VLBW patient population,

and it is during the ensuing period of rapid improvement in cerebral blood flow

(reperfusion) that peri-intraventricular hemorrhage PIVH) occurs (75). Tan (82,83)

also has studied both term and preterm neonates, and found that the differences

between awake and asleep blood pressure values seen in term neonates were not

observed in VLBW neonates.

In 1999, Lee et al. (67) demonstrated that the lower 95% confidence interval

for mean blood pressure was even lower than reported by Versmold et al. (72), with
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values of 20 to 23 mm Hg observed in the 500 to 800 g infants. These authors

cautioned against treatment for a low blood pressure value alone unless there are

co-existing signs of hypoperfusion, such as poor capillary return, oliguria, and

metabolic acidosis (see below).

In 1983 Adams et al. (84) reported findings of a study of continuously recorded

blood pressure in 15 infants with birth weight �1500 g, utilizing a system capable of

measuring and storing 60 data points each minute. When a linear regression ana-

lysis of hourly mean blood pressure as a function of postnatal age was calculated,

these investigators found significant correlations for gestational age and birth

weight with the slopes and intercepts of the linear equations. While these authors

noted that the relatively steep rise in mean blood pressure in the less mature infants

may be a predisposing factor in the development of intraventricular hemorrhage, it

should be noted that birth weight was �1180 g in 13/15 neonates. Subsequently,

Cunningham et al. (85) performed continuous recordings of blood pressure and

noted cyclical variation with hypertensive ‘‘waves.’’ They postulated that this blood

pressure instability might predispose to intraventricular hemorrhage (86).

Cunningham et al. (87) subsequently reported mean blood pressure ranges in

232 very low birth weight neonates. Intraventricular hemorrhage (IVH) was

Table 3-1 Variation of Mean Blood Pressure* with Birth Weight at 3 to 96 h
Postnatal Age

TIME (h) POSTNATAL AGE

Birth weight (g) 3 12 24 36 48 60 72 84 96

500 35/23 36/24 37/25 38/26 39/28 41/29 42/30 43/31 44/33
600 35/24 36.25 37/26 39/27 40/28 41/29 42/31 44/32 45/33
700 36/24 37/25 38/26 39/28 42/29 42/30 43/31 44/32 45/34
800 36/25 37/26 39/27 40/28 41/29 42/31 44/32 45/33 46/34
900 37/25 38/26 39/27 40/29 42/30 43/31 44/32 45/34 47/35
1000 38/26 39/27 40/28 41/29 42/31 43/32 45/33 46/34 47/35
1100 38/27 39/27 40/29 42/30 43/31 44/32 45/34 46/35 48/36
1200 39/27 40/28 41/29 42/30 43/32 45/33 46/34 47/35 48/37
1300 39/28 40/29 41/30 43/31 44/32 45/33 46/35 48/36 49/37
1400 40/28 41/29 42/30 43/32 44/33 46/34 47/35 48/36 49/38
1500 40/29 42/30 43/31 44/32 45/33 46/35 48/36 49/37 50/38

*Numbers refer to average MBP/tenth percentile for MBP.
From: Watkins AMC, West CR, Cooke RWI. Blood pressure and cerebral haemorrhage and ischaemia in very low

birthweight infants. Early Hum Develop 1989;19:103–110, Figure 2. Used with permission from Elsevier Ltd.
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FIGURE 3-4 Mean blood pressure in neo-
nates with gestational ages of 23 to 43
weeks (n = 103, neonates admitted to
NICU). The graph shows the predicted mean

blood pressure during the first 72 h of life.

Each line represents the lower limit of 80% con-

fidence interval (two-tail) of mean blood pres-

sure for each gestational age group; 90% of

infants for each gestational age group will be

expected to have a mean blood pressure value

equal to or above the value indicated by the

corresponding line, the lower limit of the confi-

dence interval. Nuntnarumit P, Yang W, Bada-

Ellzey HS. Blood pressure measurements in the

newborn. Clin Perinatol 1999;26:981–996, Fig.

3. Used with permission from Elsevier.
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associated with low blood pressure on the day IVH was noted or on the day before.

Periventricular leukomalacia (PVL) was not associated with blood pressure.

In neonates with gestational age 24 to 28 weeks, Dimitriou et al. (88) observed

blood pressure rhythms (circadian and ultradian) on postnatal day two but not on

day seven. They concluded that this observation was secondary to lingering mater-

nal influence rather than an endogenous ‘‘clock.’’ Gemelli et al. (89) observed cir-

cadian rhythm of blood pressure at four days postnatal in males but not in females.

The highest values were in the morning between 0600 and 0900. These authors

emphasized the importance of physiological variances in correct clinical assessment.

Shortland et al. (58) studied 32 VLBW neonates and reported higher mean

blood pressures in infants with birth weight �1251 g versus those with birth weight

<1250 g. No relationship between blood pressure and postnatal age (days one to

six) was observed in infants in the latter group, while a significant correlation

(r = 0.34, P< 0.005) between mean blood pressure and postnatal age was found

in those with birth weight �1251 g.

Emery and Greenough (90) measured blood pressure in VLBW neonates over

the first 28 postnatal days. A significant relationship between mean blood pressure

and postnatal age was observed in infants who later developed and did not develop

chronic lung disease (r = 0.94, P< 0.02, and r = 0.92, P< 0.05, respectively). When a

correction was made for birth weight, it was determined by these investigators that

blood pressure was higher after day one and throughout the neonatal period in the

neonates later developing chronic lung disease.

In two reports, Hegyi et al. described blood pressure ranges in preterm infants

in the immediate postnatal period (91) and in the first postnatal week (92). Soon

after birth, 20 to 50% of those neonates with low Apgar scores had blood pressure

values below the 5th percentile for healthy infants. Of note, in healthy infants, as

well as in those who received mechanical ventilation and in those whose mothers

were hypertensive, the limits of systolic and diastolic blood pressure were found to

be independent of birth weight and gestational age. In the latter study (92), blood

pressure increased steadily during the first week of life. However, no relationships

between blood pressure variables and birth weight, gender, or race were observed.

In a retrospective study, Cordero et al. (93) examined mean arterial pressure in

101 neonates with birth weight �600 g during the first 24 postnatal hours. Mean

arterial pressure was similar at birth in stable and unstable neonates, but subsequent

increases over the first 24 h were less in the unstable group, despite a greater

incidence of therapy for hypotension (Fig. 3-5). These authors considered that

failure of mean arterial pressure to increase between 3 and 6 h postnatal and a

mean arterial pressure of �28 mm Hg at 3 h postnatal to be a reasonable predictor

of the need for therapy for hypotension. It should be noted that mean gestational

age was 27 versus 25 weeks in the stable and unstable groups, respectively.

Zubrow et al. (63) reported the findings of a large multicenter study conducted

by the Philadelphia Neonatal Blood Pressure Study Group. In this investigation,

systolic and diastolic blood pressure was significantly correlated with birth weight

gestational age, and post-conceptional age. In each of four gestational age groups,

systolic and diastolic blood pressure was significantly correlated with postnatal age

over the first five days of life.

Le Flore et al. (69) studied 116 VLBW neonates during the first 72 postnatal

hours. Mean blood pressure increased 38% during this period (r = 0.96). Increases

in blood pressure in infants with birth weight �1000 g are shown in Fig. 3-6. There

was a similar increase in blood pressure in the neonates with birth weight 1001 to

1500 g. However, mean blood pressure in the smaller infants was �20% less than in

the larger infants throughout the study.

The Joint Working Group of the British Association of Perinatal Medicine (94)

has recommended that mean arterial blood pressure, in mm Hg, should be
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maintained at or above the gestational age of the infant in weeks during the imme-

diate postnatal period. In light of the above studies this approach seems to have

merit (95), but further investigation will be required to establish its safety and

efficacy. Of course, whether one considers the acceptable blood pressure to be

the gestational age in weeks or a value higher than the 10th percentile for gestational

age or birth weight, it is important to remember that being born at a very early

gestation represents an abnormal situation, and that having a blood pressure in the

‘‘normal’’ range relative to one’s peers does not guarantee that this is a safe situa-

tion. A patient using crutches may be able to walk at a speed that is at the 50th

percentile for all patients on crutches, but this does not ensure safety in crossing a

busy street. Using a value for mean blood pressure that was below gestational age as

criteria for hypotension, Pellicer et al. (96) observed improved cerebral intravascu-

lar oxygenation following treatment with dopamine or epinephrine in VLBW neo-

nates during the first postnatal day. These findings suggest that mean arterial blood

pressures at or below gestational age in VLBW neonates during the first postnatal

day are below the autoregulatory blood pressure range for cerebral blood flow.

Indeed, the recent findings of Munro et al. (97) suggest that a mean blood pressure

of <30 mm Hg remains a useful clinical benchmark (79). Conversely, normal

cerebral electrical function may be observed in VLBW neonates when the blood

pressure is quite low (98), and a lack of correlation between mean blood pressure

and cerebral fractional oxygen extraction has been reported during the first post-

natal day (99). Interestingly, recent findings from the same group also suggest that

electrical brain activity may be affected at mean arterial blood pressures at or below

23 to 24 mm Hg in VLBW neonates during the first postnatal day (100). However,

one should remember that a likely temporally functional impairment does not

necessarily equate to a negative impact on brain development or damage to brain

structure just as fainting does not indicate that brain damage has necessarily

occurred.

36 STABLE ELBW INFANTS
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FIGURE 3-5 Regression lines and 80% con-

fidence limits: 531 MAP readings (stable),

MAP = (0.237�hours) + 29.90; 1066 MAP

readings (unstable), MAP = (0.196� hours) +

25.74. MAP indicates mean arterial pressure.

Cordero L, Timan CJ, Waters HH, Sachs LA.

Mean arterial pressures during the first 24 h

of life in �600 gram birth weight infants. J

Perinatol 2002;22:348–353, Fig. 1. Used with

permission from Nature Publishing Group.

I
P
A

T
H

O
P
H

Y
S
IO

LO
G

Y
O

F
N

E
O

N
A

T
A

L
S
H

O
C

K

50



50

60

70

80

90

100

40

30

20

10

0
726660544842363024181260

SBP

50

60

70

80

90

100

40

30

20

10

0
726660544842363024181260

DBP

50

60

70

80

90

100

40

30

20

10

0
726660544842363024181260

MBP

B
lo

od
 p

re
ss

ur
e 

(m
m

 H
g)

Postnatal age (h)

A

B

C

FIGURE 3-6 Change in systolic

blood pressure (SBP) (A), diastol-

ic blood pressure (DBP) (B), and

mean blood pressure (MBP) (C) in

neonates � 1000 g birth weight

(n = 36) during the initial 72 h post-

natal. Lines represent means

and 95% confidence intervals

(P< 0.0001). Equations for lines of

best fit were: SBP = 0.17x + 43.2;

DBP = 0.13x + 25.8; MBP =

0.14x + 32.9. In each instance, the

y-intercept was significantly lower

(P< 0.001) than the value for com-

parable lines of best fit in infants

with birth weights 1001–1500 g;

however, no significant differences

in slopes for the lines of best fit

were observed between the two

birth weight groups. LeFlore JL,

Engle WD, Rosenfeld CR.

Determinants of blood pressure in

very low birth weight neonates:

lack of effect of antenatal steroids.

Early Hum Dev 2000;59:37–50, Fig.

2. Used with permission from

Elsevier.
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Clearly, more studies relating blood pressure, organ flow, and subsequent out-

come are needed especially in the VLBW patient population during the first post-

natal days when most of the severe central nervous system pathology may develop.

With regard to the case described to at the beginning of the chapter, if this infant’s

mean blood pressure had been stable in the low-to-mid 30s, it would seem reason-

able to continue with frequent oscillometric determinations.

The mechanism for the gradual rise in blood pressure during the first postnatal

week is unknown. We previously reported that urinary prostaglandin E2 and plasma

6-keto-prostaglandin F1a (stable metabolite of prostacyclin) decreased during the

first three postnatal days in preterm neonates (101). This could result in a rise in

vascular tone and increased vascular reactivity (102,103). However, the hormonal

mechanisms of the postnatal cardiovascular adaptation are more complex than

could be explained by changes in one hormone or paracrine system alone as, for

instance, the concomitant decrease in catecholamine and vasopressin levels would

favor lower blood pressures. Indeed, more recently it has been reported that vas-

cular smooth muscle protein expression and contractility demonstrate functional

maturation during development (104,105). Thus, the rise in blood pressure during

the fetal–neonatal transition may reflect decreases in the activity and synthesis of

vasodilators, which are critical to fetal survival, as well as intrinsic changes in

vascular smooth muscle function occurring prior to and following birth, both of

which appear to be developmentally regulated. Hemodynamic adjustment of the

immature myocardium to the relatively high resistance imposed suddenly at the

time of birth plays a role as well (4).

In summary, blood pressure is lower in preterm versus term neonates on the

first postnatal day, and there is a direct relationship between blood pressure and

gestational age over a broad range of maturity at birth. This difference persists

through the first week of life, as relatively parallel increases in blood pressure are

observed in all gestational age groups. Blood pressure continues to increase in

preterm and term infants during the first four postnatal months, and when systolic

and diastolic blood pressure are plotted against weight, the slopes for VLBW neo-

nates are greater than those observed in low birth weight neonates or those with

normal birth weight (65).

ADJUNCTS TO BLOOD PRESSURE MEASUREMENT IN THE
DIAGNOSIS OF COMPROMISED CIRCULATORY FUNCTION

Perkin and Levin (106) have described three stages of shock, and it is important to

remember that in the initial or compensated stage there may be no or minimal

derangement in blood pressure (107). Indirect evidence of changes in nonvital

organ perfusion during the compensated phase of shock include oliguria, prolonged

capillary refill (greater than 3 s), excessive temperature gradient between surface

and core, tachypnea, tachycardia, and pallor (108). In the uncompensated phase,

blood pressure and vital (brain, heart, and adrenal glands) organ perfusion also

decrease. Clinical observations of the indirect signs of organ perfusion are impor-

tant, but can be misleading when used in isolation, especially during the immediate

postnatal transition of the VLBW neonate. These signs are most helpful when used

together and in conjunction with continuous or frequent blood pressure

determinations.

Urine Output

The presence of normal urine output is considered to be an indicator of adequate

circulatory function, and might suggest that a blood pressure that appears to be

marginal is, in fact, physiologic for that neonate. Conversely, decreased urine
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output is often cited as evidence that there is circulatory inadequacy and that blood

pressure may be too low. These assessments assume, of course, that fluid admin-

istration is sufficient, intrinsic renal function is normal, and the impact of the

normally high levels of vasopressin and catecholamines on renal function immedi-

ately after delivery have been taken into consideration. In addition, there are patho-

logical situations in which concern regarding hypotension is high, e.g. neonates

with a hypoxic–ischemic insult, but in whom the kidneys often have sustained

significant damage (109). In this case, the ability to assess urine output as an

indicator of cardiovascular function is lost.

As referred to above, the other significant problem with quantification of urine

output in the clinical decision-making process regarding possible hypotension is

that low urine output is physiologic in the first day or so following birth.

Accordingly, in some normal term and preterm infants, the first void may not

occur until 24 h after delivery (110). Unfortunately, this period coincides with a

time of great concern, particularly in preterm neonates, for hypotension and pos-

sible organ hypoperfusion, particularly of the central nervous system (4).

Despite these concerns, low urine output (assuming accurate assessment and/

or collection) may be an important clinical indicator of circulatory compromise,

particularly if there has been previous normal and stable output. If intake has not

changed, and the environment is the same (e.g. the patient has not been moved

from an incubator to a radiant warmer), then a significant decrease in urine output

probably indicates a circulatory problem that needs to be addressed. It is important

to remember that at this stage (compensated shock), the blood pressure may be

normal because of distribution of organ blood flow to the vital organs, with

decreased blood flow to the kidneys as well as other nonvital vascular beds (106).

Conversely, the presence of normal urine output is evidence in favor of adequate

circulation.

Metabolic Acidosis

Metabolic acidosis often is considered in a somewhat similar light as oliguria, i.e. in

its absence there is a tendency to assume that the circulatory status is normal. With

inadequate tissue perfusion, tissue hypoxia ensues, and lactic acid is produced.

Although sometimes subtle, most clinicians regard development of metabolic acid-

osis (in a patient whose pulmonary gas exchange is adequate) as an ominous

finding that supports the presence of circulatory inadequacy.

Occasionally, peripheral perfusion is so poor that lactate is formed but not

‘‘mobilized’’ to the general circulation and the site of blood gas determination.

When this is the case, the clinician often has findings other than metabolic acidosis

(e.g. very low blood pressure) to help with the diagnosis of circulatory insufficiency.

Finally, the clinician must differentiate anion-gap (lactic) acidosis from non-

anion-gap (bicarbonate wasting) acidosis in the neonate. This is of particular

importance in the VLBW patient population where renal bicarbonate wasting

due to renal tubular immaturity is the rule rather than the exemption. Therefore,

only following the changes in base deficit may not be sufficient for the indirect

assessment of the hemodynamic status, and measurement of serum lactate levels

may be indicated when the status of tissue perfusion is unclear.

Hyperkalemia

Kluckow and Evans (111) examined the relationship between low systemic blood

flow (as estimated by SVC blood flow) and early changes in serum potassium in

preterm neonates. The mean minimum blood flow was significantly lower in those

neonates who became hyperkalemic versus those with normokalemia, and a rate of
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rise of serum potassium greater than 0.12 mmol/L/h in the first 12 h predicted a low

flow state with 93% accuracy. This interesting observation deserves further study,

but it provides the clinician with another tool for overall assessment of cardiovas-

cular stability. However, the complexity of the regulation of the distribution of total

body potassium between the intra- and extracellular compartments (primarily

determined by the functional maturity and activity of the sodium–potassium

ATPase) and that of the function of the immature kidneys warrants cautiousness

when using the changes in serum potassium levels as supporting or refuting evi-

dence of poor systemic perfusion in the neonate, especially during the period of

immediate postnatal adaptation.

Heart Rate

The association of tachycardia with shock is a classic observation frequently made

in combat situations and in civilians with severe trauma and blood loss. For the

neonate, an increase in heart rate is the most effective way to increase cardiac

output, since the ability to increase stroke volume is somewhat limited. Thus,

one might assume that tachycardia is a reliable sign of hypotension and circulatory

inadequacy, however it is important to note that most hypotensive neonates are not

hypovolemic, particularly in the early postnatal period (112).

Problems with the use of heart rate to indicate hypotension are many,

however. Firstly, there is a wide range of normal for heart rate (113). Secondly,

there are many factors other than hypotension that cause a neonate to be

tachycardic, such as hunger, pain, agitation, elevated body temperature, excessive

noise levels, and pharmacologic agents. Heart rate was lower in lambs whose

mothers received betamethasone (114). Thirdly, a neonate with hypotension also

may be hypoxic, and the typical response of the neonate (unlike the older child or

adult) to hypoxia is a vagally mediated decrease in the heart rate. Also, if myocardial

damage has occurred and is responsible for the observed hypotension, the heart

may not be able to maintain a sustained increase in rate. In a recent study

of preterm neonates, systemic blood flow and heart rate were not significantly

correlated (75).

Despite these issues, assessment of heart rate may be useful and should be

considered in the neonate with suspected hypotension. A clear increase from a

previously stable baseline, in the absence of others factors causing tachycardia,

should suggest that a measured blood pressure that seems to be marginal may

truly represent significant circulatory compromise.

Capillary Refill Time and Central–peripheral Temperature
Difference

Capillary refill time (CRT) has been studied extensively in neonates, children, and

adults, and is an assessment that tends to provoke strong emotions among those

who either do or do not consider it useful clinically (115–117). The CRT is deter-

mined by blanching an area of skin and measuring the elapsed time until baseline

color returns. The test was described originally by Beecher et al. (118) in 1947, was

part of the Trauma Score (119,120), and is used as a tool in life support programs,

including Pediatric Advanced Life Support. Numerous studies of CRT have deter-

mined that age, ambient and skin temperature, anatomical site of measurement,

and duration of pressure influence the value obtained (121,122).

Wodey et al. (123) studied 100 neonates who required intensive care and found

no correlation between CRT and shortening fraction, left atrial diameter/aortic

diameter ratio, blood pressure, or heart rate. However, a significant correlation

between CRT and cardiac index was observed. LeFlore and Engle (124) studied
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healthy term newborns at 1 to 4 h after delivery. Brief (1 to 2 s) and extended

(3 to 4 s) pressure was applied at various anatomic sites. Although an inverse

relationship between CRT and blood pressure would be expected, this was not

observed. In several instances, a highly significant direct relationship was observed,

suggesting that vasoactive substances present in the early post-delivery period

caused increased vascular resistance, increased blood pressure and prolonged CRT.

Osborn et al. (125) studied the ability of CRT, central–peripheral temperature

difference (CPTd) �2 8C and blood pressure to detect low SVC flow in neonates

< 30 weeks’ gestation. Results for CPTd and CRT are shown in Table 3-2. Sensitivity

improved to 78% when mean blood pressure < 30 mm Hg and central CRT � 3 s

were used in combination. Tibby et al. (126) found that neither CRT nor CPTd

correlated well with any hemodynamic variables in post-cardiac surgery children.

Measurement of CRT has become a routine part of physical examination. Its

use should be accompanied by an appreciation of its limitations. The use of CPTd, a

test not performed as frequently as CRT, has similar limitations.

CLINICAL FACTORS THAT MAY AFFECT BLOOD PRESSURE

As discussed above, it appears that birth weight, gestational age, and postnatal age

are significant determinants of blood pressure in the VLBW neonate. Additional

demographic and clinical variables that may influence blood pressure in this high-

risk population are reviewed below. Clinical situations associated with severe altera-

tions in blood pressure, such as blood loss, asphyxia, and sepsis, are discussed

elsewhere in this book.

Maternal Age and Blood Pressure

In a large study (Project Viva, Harvard Vanguard Medical Associates), Gillman et al.

(127) observed a direct relationship between maternal age and newborn systolic

blood pressure. In 96% of neonates, blood pressure was measured before 72 h post-

natal age. In a mixed linear regression model, systolic blood pressure in newborns

Table 3-2 Relationship Between CPTd and CRT and Other Parameters
at 3 and 10 h Postnatal Age

CPTd or CRT Sn Sp PPV NPV LR+ LR�

CPTd �28C
3 h 29 (15–42) 78 (65–90) 20 (8–32) 85 (74–96) 1.29 0.92
10 h 41 (27–55) 66 (52–79) 41 (27–55) 66 (52–79) 1.19 0.90
All observations 40 (32–48) 69 (61–77) 23 (16–30) 83 (77–90) 1.30 0.87
CRT �3 s
3 h 54 (45–63) 79 (72–86) 23 (16–31) 93 (89–98) 2.55 0.58
10 h 59 (50–68) 75 (67–82) 51 (42–60) 80 (73–87) 2.33 0.55
All observations 55 (50–60) 80 (76–84) 33 (29–38) 91 (88–94) 2.78 0.56
CRT �4 s
3 h 38 (30–47) 93 (88–97) 38 (30–47) 93 (88–97) 5.24 0.66
10 h 26 (18–33) 97 (93–100) 77 (70–84) 74 (67–82) 7.44 0.77
All observations 29 (24–33) 96 (94–98) 55 (50–60) 88 (85–91) 6.84 0.75

Values in parentheses are 95% confidence intervals.
LR+, Positive likelihood ratio; LR�, negative likelihood ratio; NPV, negative predictive value; PPV, positive pre-

dictive value; Sn, sensitivity; Sp, specificity.
Data from: Osborn DA, Evans N, Kluckow M. Clinical detection of low upper body blood flow in very premature

infants using blood pressure, capillary refill time, and central-peripheral temperature difference. Arch Dis Child, Fetal
Neonatal Ed 2004;89):F168–F173, Table 3. Used with permission from BMJ Publishing Group.
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(mean gestational age 39.7 weeks) increased by 0.8 mm Hg for each increase of five

years in maternal age, even after controlling for potentially confounding factors.

Maternal blood pressure was also a strong independent predictor of newborn

blood pressure. For every 10 mm Hg rise in third trimester maternal systolic blood

pressure, newborn systolic blood pressure increased by 0.9 mm Hg (127).

Route of Delivery

Faxelius et al. (128) compared sympathoadrenal activity and peripheral blood flow

in term infants delivered vaginally and by cesarean section. Peripheral vascular

resistance was higher both at birth and at 2 h postnatal in the vaginally delivered

infants, corresponding to higher catecholamine concentrations. However, in this

relatively small study (n = 24) mean blood pressures were similar between the

groups. More recently, Agata et al. (129) reported significantly higher catechol-

amine concentrations in vaginally delivered infants versus those delivered by cesar-

ean section; left ventricular output and its regional distribution showed a similar

pattern in the two groups. Pohjavuori and Fyhrquist (130) found an association

between cord blood arginin vasopressin (AVP) and adrenocorticotropin hormone

(ACTH) levels, route of delivery, and blood pressures. Vaginally delivered infants

had the highest blood pressures and AVP and ACTH levels, followed by those

delivered by cesarean section with labor and then those delivered by elective cesar-

ean section. These studies (128–130) were performed in term neonates; in VLBW

infants (69) blood pressures were similar in infants delivered vaginally versus those

delivered by cesarean section. Likewise in the study noted above by Zubrow et al.

(63), stepwise multiple linear regression analysis did not identify route of delivery

as a significant determinant of blood pressure variation in preterm neonates. Breech

delivery has been associated with blood pressure in the lower range of normal

(131). Finally, the amount of placental transfusion (as well as postnatal transfusion)

may affect blood pressure (132).

Patent Ductus Arteriosus

Cardiovascular effects of patent ductus arteriosus (PDA) in preterm lambs were

studied by Clyman et al. (133) in a model in which ductal size could be regulated.

Highly significant decreases in diastolic blood pressure were observed with any size

left-to-right ductal shunt, while systolic blood pressure did not change with a small

shunt and changed only slightly with either moderate or large shunt.

Ratner et al. (134) studied 34 preterm infants of whom 17 developed clinically

significant PDA. These investigators noted that diastolic blood pressure <28 mm

Hg was suggestive of the presence of PDA. While diastolic blood pressure was

significantly decreased in the PDA group from the first postnatal day, of note,

systolic blood pressure was lower after the second day only. Blood pressures were

similar to those in the non-PDA group following ligation of the PDA.

Evans and Moorcraft (135) found similar blood pressures with or without PDA

in infants with birth weight 1000 to 1500 g. However, in those with birth weight

<1000 g, mean, systolic, and diastolic blood pressures were lower in infants with

PDA versus those without PDA. Furthermore, these hemodynamic effects could be

demonstrated well before the PDA became clinically apparent. These authors cau-

tioned against the use of volume expanders and/or inotropic agents in this popula-

tion, since these treatments might be counterproductive if the etiology of the

hypotension were a hemodynamically significant but clinically silent PDA.

Furthermore, volume expansion appears to be a risk factor for development of a

symptomatic PDA in VLBW neonates (136,137). It is apparent that problems with

low blood pressure related to PDA, especially diastolic blood pressure, may result in
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inadequate perfusion of many organs secondary to the ‘‘vascular steal’’ phenome-

non (138). Management of this clinical problem is, of course, best directed at

closure of the PDA rather than at increasing the blood pressure by other means.

Apnea

Circulatory changes resulting from apnea in the neonate have been summarized by

Miller and Martin (139). The initial decrease in heart rate is accompanied by a rise

in pulse pressure, usually secondary to an increase in systolic pressure, occasionally

accompanied by a fall in diastolic pressure (140). These events presumably are

secondary to increased filling volume associated with bradycardia which leads to

enhanced stroke volume in accordance with Starling’s law. As the severity of apnea

and bradycardia increases, blood pressure may decrease, along with a fall in cerebral

blood flow velocity (141). Thus, during prolonged apnea, cerebral perfusion may

decrease significantly, placing the infant at risk for brain injury.

Respiratory Support

Infants with severe respiratory distress syndrome (RDS) may have lower blood

pressure than that observed in premature neonates without RDS or in infants

with less severe RDS (142,143). An association in infants with RDS between

marked fluctuations in arterial blood pressure and fluctuating cerebral blood-

flow velocity has been demonstrated (144); the association between this pattern

and intraventricular hemorrhage (IVH) may be mediated as much by alterations on

the venous side of the cerebral circulation as by alterations on the arterial side

(144,145). In a study in which a lower coefficient of variation of systolic blood

pressure was observed, blood pressure fluctuation actually was lower in infants who

developed IVH (146). Also, an association between acute hypocarbia and marked

systemic hypotension has been reported (147). This association places infants at

very high risk for central nervous system injury.

Three aspects of respiratory management in preterm neonates might be

expected to have an effect on blood pressure: (1) use of increased airway pressures,

given either by constant positive airway pressure (CPAP) or conventional or high-

frequency ventilation, (2) suctioning of the airway, and (3) instillation of an ex-

ogenous surfactant preparation into the airway. Holzman and Scarpelli (148)

reported no effect of positive end-expiratory pressure (PEEP) on mean arterial

pressure in normal dogs. In neonates, Yu and Rolfe (149) observed no change in

mean arterial pressure with or without CPAP. In some studies in which systemic

blood pressure did not fall despite high airway pressures (150,151), it was shown

that an increase in systemic vascular resistance occurred. Kluckow and Evans (76)

and Evans and Kluckow (152) observed a highly significant negative influence of

mean airway pressure on mean blood pressure in preterm neonates requiring

mechanical ventilation. Similarly, Skinner et al. (153) reported a negative correla-

tion between systemic blood pressure and mean airway pressure in 33 preterm

neonates with hyaline membrane disease. Decreases in blood pressure fluctations

during mechanical ventilation may be achieved through use of various methods of

synchronized mechanical ventilation as shown by Hummler et al. (154).

Perlman and Volpe (155) studied 35 intubated preterm neonates undergoing

routine suctioning. Mean blood pressure increased during suctioning in all but one

patient, and these investigators concluded that the observed increases in cerebral

blood flow velocity and intracranial pressure were directly related to the increased

blood pressure. Perry et al. (61) reported that blood pressure elevations were

temporally related to suctioning and other procedures, and they associated systol-

ic blood pressure above a ‘‘stability boundary’’ with increased risk for PIVH.
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Omar et al. (156) studied blood pressure responses to care procedures (suctioning,

chest auscultation and physiotherapy, mouth rinsing, diaper changing, and naso-

gastric feeding) in 22 ventilated, preterm infants. In general, blood pressure

responses were biphasic, with a decrease in blood pressure followed by a greater

and longer-lasting increase.

Numerous investigators have studied physiologic effects of surfactant instilla-

tion in neonates, and differences in these reports may be secondary to dosing,

technique of administration, adjustments in ventilator settings to avoid significant

changes in PCO2 levels, or other factors (6,157–161). In most studies, any effects on

blood pressure were transient. There may be greater hemodynamic effects associ-

ated with natural surfactant preparations, perhaps related to their generally more

rapid pulmonary effects and greater ability to release local vasoactive mediators

when compared with artificial surfactant preparations (6,159,161).

Antenatal Steroids

Infusion of cortisol into the sheep fetus results in increased arterial pressure and

decreased blood volume (162). Stein et al. (163) observed that neonatal sheep who

received hydrocortisone prenatally had increased cardiovascular function despite a

marked attenuation in the anticipated surge of plasma catecholamine concentra-

tions and a decrease in epinephrine secretion rate. Adenyl cyclase activity in myo-

cardial tissue was increased (163).

Several reports have suggested that neonatal blood pressure is higher in pre-

term infants whose mothers received antenatal steroids to hasten fetal lung maturity

(164,165). This finding would not be unexpected, since previous studies have

suggested that sick preterm neonates may have relative adrenocorticosteroid insuf-

ficiency (166–168), and successful treatment with hydrocortisone or dexametha-

sone of hypotension refractory to conventional therapies has been documented

(169–174).

Kari et al. (164) performed a randomized, controlled trial to study whether

prenatal dexamethasone improves the outcome of preterm neonates who receive

exogenous surfactant. While neonates whose mothers received dexamethasone

tended to have higher mean arterial blood pressure during the first three postnatal

days, this relationship was less clear when adjustment for birth weight was made, in

which case a significant difference in blood pressure was noted only 2 h following

the initial dose of surfactant. Subsequently, Moise et al. (165) studied the amount of

blood pressure support required by extremely preterm infants (23 to 27 weeks’

gestation) whose mothers did or did not receive antenatal steroids. Infants not

exposed to antenatal steroids had lower mean blood pressures from 16 to 48 h

postnatally. Furthermore, the use of dopamine was increased in the infants not

exposed to antenatal steroids. Garland et al. (175) linked the reduction in severe

IVH observed in infants whose mothers received antenatal steroids to normal blood

pressures in those infants. More recently, Demarini et al. (176) reported that mean

blood pressures during the first 24 h postnatal were increased in VLBW infants

whose mothers received antenatal steroids, and that volume expansion and vaso-

pressor support were decreased in those infants. These findings in human neonates

have been supported by studies in lambs (114) and baboons (177,178).

Conversely, LeFlore et al. (69) reported no differences in blood pressures in 116

VLBW neonates whose mothers did or did not receive antenatal steroids. Similar

results were obtained by Omar et al. (179) and Cordero et al. (93). Mantaring and

Ostrea (180) reported a tendency for higher mean blood pressure in infants �1000 g

whose mothers received antenatal steroids but a tendency for lower mean blood

pressure in infants <1000 g who were exposed to antenatal steroids. Leviton et al.

(181) found no difference in the incidence of lowest mean blood pressure<30 mm Hg
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in infants whose mothers did or did not receive a complete course of antenatal glu-

cocorticoid prophylaxis. Recently, Dalziel et al. (182) reported that blood pressure at

six years of age did not differ between children exposed prenatally to betamethasone

and those not exposed.

Other Indicators of Changes in Circulatory Function

Maternal smoking may be associated with increased diastolic blood pressure in the

neonate (64). Beratis et al. (183) reported that both systolic and diastolic blood

pressure were increased in infants of mothers who smoked, that there was a direct

relationship between neonatal blood pressure and the number of cigarettes smoked,

and that the effect could persist for at least 12 months. Although maternal hyper-

tension may be a factor associated with higher neonatal blood pressure, this is not

consistently reported (69,91,92,180,184–186). Cocaine exposure in utero has been

shown to be associated with increased blood pressure on the first day of life in term

neonates (187,188) and increased circulating catecholamine concentrations have

been demonstrated (189,190). Mean arterial pressure was unchanged, but arterial

pressure variability was decreased with both pancuronium and pethidine (meper-

idine) (191); while fentanyl and midazolam may cause hypotension in neonates. In

a recent study, Simons et al. (192) concluded that overall mean blood pressures

were similar in ventilated neonates who received morphine versus placebo.

Numerous studies have demonstrated that blood pressure may increase (145) as

well as decrease (193) with pneumothorax. Seizure activity may have variable effects

on blood pressure (145). Finally, increased neonatal blood pressure has been docu-

mented in infants with chronic lung disease who receive dexamethasone therapy

(194,195).

CONCLUSIONS

Recent studies have broadened our knowledge of the complex processes controlling

fetal and neonatal blood pressure. Clinical studies in VLBW neonates have provided

normative data for blood pressure, especially in the first few postnatal days, and

have demonstrated that many of the more immature preterm infants have mean

blood pressures in the 20 to 25 mm Hg range especially during the first postnatal

day. On the other hand, as noted above, having a blood pressure in the ‘‘normal

range’’ does not necessarily guarantee that it is safe. Adjunctive assessments such

as urine output and CRT may be helpful, particularly when considered together,

but the clinician at the bedside often faces a difficult dilemma in weighing the

risks and benefits of therapy for presumed low blood pressure. Further outcome-

based studies are needed to address the issue of confirmation of acceptable

cardiovascular status in preterm and term neonates adjusted for gestational and

postnatal age.
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This chapter describes the methods available to assess organ blood flow in the

neonate, and discusses their strengths, weaknesses, and sources of errors. Most

detail is given on Doppler ultrasound and near-infrared (NIR) spectroscopy,

since these are the most practical methods, they have been used at the bedside,

and are likely to produce new research data in the near future. The measurement of

cerebral blood flow (CBF) is described first and in more detail, since this is where

most of the experience is. A brief section at the end then addresses the experience

with assessment of blood flow to other organs.

Organ blood flow is usually expressed in mL/min, as this is the most descriptive

unit when an organ is supplied from a single artery and/or drained via a single vein.

Indeed, in animal experimentation the simplest method to measure blood flow to an

organ is to drain the venous outflow into a calibrated container. The description of

blood flow in mL/min has been used to judge the flow to an organ expressed as a

fraction of cardiac output. Whether this fraction changes during development or

under pathological conditions such as hypoxia, arterial hypotension, and/or low

cardiac output states are important and clinically relevant questions in the field of

developmental physiology and pathophysiology. Finally, to allow comparison among

groups of infants of different gestational age and thus body weight, it is useful to

normalize blood flow for body weight and express it as mL/min/kg.
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However, organ blood flow can also be expressed in mL/100 g tissue/min. This

measure may refer to an organ as a whole or to a specific region or compartment in

a given organ, depending on the method of measurement. The simplest methods to

assess organ blood flow use Fick’s principle for inert tracers: ‘‘Flow equals the rate of

change in tissue concentration of tracer divided by the arterio-venous concentra-

tion difference of the tracer.’’ This measure is especially useful to assess the flow in

relation to metabolism and organ function.

It is important to emphasize that blood flow is a complex and dynamic

variable. Aside from physiologic fluctuations in organ blood flow governed by

the changes in functional activity and thus the metabolic demand of a given

organ, blood flow may significantly change within seconds under pathological

conditions such as with abrupt changes in blood pressure or the onset of hypoxia.

In addition, blood flow may vary from one part of an organ to the other as

during functional activation, or during stress, the distribution may change

markedly.

For several decades authors on perinatal circulation have been pointing out

the need to consider blood flow, rather than only arterial blood pressure.

Therefore, thoughtful neonatal practice would include the use of indirect mea-

sures of blood flow, such as skin color, peripheral–core temperature difference,

capillary refill time, urine output, and lactic acidosis. Unfortunately, these indirect

signs of tissue perfusion either lack sensitivity and specificity (i.e. peripheral–core

temperature difference, capillary refill time) or do not represent the changes in

the hemodynamic status in a timely manner (i.e. urine output and lactic

acidosis).

As for the methods available for the more direct assessment of organ blood

flow in neonates, very few units routinely utilize these tools. Why is this so?

There are four main reasons why assessment of organ blood flow has not

been done routinely in the clinical practice. First, none of the many methods

which have been tried in research settings has achieved broader application

because none satisfies the requirements in terms of ease, precision, accuracy,

non-invasiveness, and cost. In reality, therefore, no method is truly available to

clinicians who want to upgrade their clinical practice. Methods using standard

equipment (such as ultrasound) require much skill, while the ones which in

principle are ‘‘push-button’’ methods require special instruments and validation.

Second, no method has truly sufficient precision. For research, a method of

measurement is considered appropriate if it is unbiased. By analysis of results

from groups of subjects it is still possible to achieve statistically significant results.

For clinical use, however, it is absolutely necessary that a single measurement is

sufficiently precise. Third, research on organ blood flow in neonates has focused

on physiology and pathophysiology and done little in the way of defining the

clinical benefit of having measures of blood flow in ill infants. This means that

there is only little incentive for the clinician to overcome the difficulties presented

above. Finally, as with the now routine direct measurement of arterial blood

pressure, ideally organ blood flow should be monitored continuously and

expressed as absolute flow (mL/min). To date, none of the methods come even

close to this requirement.

DOPPLER ULTRASOUND

Doppler ultrasound to assess changes in CBF was first used in neonates in 1979 (1).

As clinical and research interest focussed on CBF during this time, several methods,

including Doppler ultrasound, were introduced to assess blood flow to the brain of

the neonate. The use of Doppler ultrasound for functional echocardiography in the

neonate is described in Section II, Chapter 5 in detail.
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The Doppler Principle

According to the Doppler principle, the frequency shift of the reflected sound (the

‘‘echo’’) is proportional to the velocity of the reflector. Since erythrocytes in blood

reflect ultrasound, blood flow velocity can be measured based on simple physics.

This equation states that the frequency shift equals the flow velocity multiplied by

the emitted frequency divided by the speed of sound in the tissue. However, there

are several factors that need to be taken into consideration and corrected for with

the use of the Doppler principle. First, the apparent velocity has to be corrected for

the angle between the blood vessel and the ultrasound beam. Second, it should be

kept in mind that multiple frequencies are detected when performing an ultrasound

study of a vessel, since the flow velocity decreases from the center of the stream

toward the vessel wall. In addition, even the vessel wall itself contributes to the

signal and the velocity is pulsating in nature, as it is faster in systole than in diastole

(Fig. 4-1).

The First Instruments

The instruments of the 1970s and early 1980s were continuous wave (with

no resolution of depth, with no image, and a crude mean frequency shift estimator).

Finding an arterial signal was done blindly, using general anatomical knowledge and

an audible signal with the frequency shift in the 50 to 500 Hz range while searching

for the loudest pulsating signal with the highest pitch. This left the angle and the true

spatial average undetermined, and therefore the scale of measurement uncertain.

Indices of pulsatility (resistance index: [(peak systolic flow velocity � end diastolic

flow velocity)/end diastolic flow velocity] and pulsatility index: [(peak systolic flow

FREQ
FOCL
DEPTH
WIDTH
SUPPR
GAIN
ANGLE
EXT
LIMIT

MAX
MEAN

SIZE

VOL
DIAM

10.00
1–3
1.40
18
2
25
60
1

1.20

0.06
00

000
2

MHZ
CM
CM
MM

CM/S
DB

DEG

M/S

M/S
CM/S

4

ML/M
MM

16 CM/S/DIV

FIGURE 4-1 Output from a prototype Doppler instrument with multiple gates built in the late 1980s. The

vertical lines represent the mean velocity detected in each of the 128 gates every 50 ms. Together the 128 gates span

18 mm, i.e. approximately 0.15 mm is covered by each. The probe was placed on the neck of a newborn infant to

measure flow in the common carotid artery. The vertical line is 1.4 cm under the skin. The flow profile is parabolic as

expected and steeper during systole. From the flow profile, the diameter can be estimated to be approximately 3 mm at

608 angle of insonation. This is the principle behind color-coded Doppler ultrasound. As a result of the speed of data

processing, new instruments have the Doppler information as part of the two-dimensional ultrasound image. The vessel

diameter is then read from the color image by the investigator using electronic calipers. Two principles can be used to

estimate mean flow velocity for volumetric Doppler. The sample volume is set so that the entire vessel is covered. The

machine can weigh the received mixture of frequency shifts (i.e. velocities) by their intensity, i.e. by the mass of

erythrocytes flowing at each velocity. However, intensity is not a perfect measure of mass and not all ultrasound

transducers produce homogenous sonification of the entire vessel. Alternatively, the maximum velocity can be used

and divided by a factor of 2. This corresponds to equality of the volume of a parabola with a cylinder of half the height.

Maximum frequency is normally well measured, but the method will fail if the flow profile is not parabolic.

4
U

S
E

O
F

O
R
G

A
N

B
LO

O
D

FLO
W

A
S
S
E
S
S
M

E
N

T
IN

T
H

E
D

IA
G

N
O

S
IS

71



velocity � end diastolic flow velocity)/mean flow velocity]) were often used since

these indices are independent of the angle of insonation.

Indices of Pulsatility

Indices of pulsatility reflect downstream resistance to flow and pulsatility in the

umbilical artery has achieved great clinical importance in fetal monitoring (2).

In newborn infants, however, the resistance index in the anterior cerebral artery

was only weakly associated with cerebral blood flow as measured by 133Xe clearance

(3). In addition, further, more sophisticated modeling revealed that arterial blood

pressure pulsatility and arterial wall compliance are as important determinators of

the indices of pulsatility as is the downstream resistance (4). In summary, Doppler

data on resistance indices may be valid and have often been corroborated by other

methods, but could be imprecise and heavily biased. In an elegant paper, however,

the pulsatility index was shown to carry independent prognostic ability in term

infants with neonatal hypoxic–ischemic encephalopathy (5).

Blood Flow Velocity

With the technical advances in the 1980s, duplex scanning combining imaging and

Doppler, range-gating limiting flow detection to a small sample volume, and

frequency analysis allowing proper maximum and mean frequency shift estimation

became available and contributed to more reliable measurement of blood flow

velocity. However, this still left the question of accurate determination of the

arterial caliber unanswered. This is an important point, as the calculation of abso-

lute organ blood flow in mL/min equals flow velocity (cm/s) multiplied by arterial

cross-sectional area (cm2). The inability to accurately measure the arterial cross-

sectional area precludes comparison from one infant to another, one organ to

another and, in essence, from one state to another, since arterial caliber varies

dynamically in the immature individual (6,7). In summary, although improved

techniques now allow more accurate and precise measurement of flow velocity, it

is still uncertain if this has really improved the value of this modality, since mea-

surement of absolute blood flow is more informative that determination of blood

flow velocity alone.

Volumetric Measurements

This last hurdle to absolute, volumetric measurement of flow has been addressed

using ultrasound imaging to measure arterial cross-sectional area as part of the

method. In large-diameter vessels this can be now used quite accurately. For

instance, to measure left and right ventricular output, the diameter of the ascending

aorta and the pulmonary trunk, respectively, need to be precisely determined. The

diameter of these two major vessels is 6 to 10 mm, and an error of 0.5 mm on the

first generation of duplex scanners translated to a reproducibility of 10 to 15%.

Recently, for measurement of superior vena cava (SVC) flow at the vessel’s entry

into the right atrium with a diameter of 3 to 6 mm, reproducibility of SVC flow of

14% was reported using a 7 MHz transducer (8). With the advent of color-coded

imaging and the use of higher ultrasound frequencies, volumetric measurement of

distributary arteries have also become possible in the newborn. For instance, meas-

urement of blood flow in the right common carotid artery with a diameter of 2 to 3

mm was reported to have a reproducibility of 10 to 15% using a 15 MHz transducer

(9), while that in both internal carotid and both vertebral arteries with diameters of

1 to 2 mm was found to be 7% for the sum of the blood flows in the four arteries

using a 10 MHz transducer (10).
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NEAR-INFRARED SPECTROSOPY

NIR spectroscopy is also discussed in Section II, Chapter 6. Transillumination of the

head of small animals is possible using NIR spectroscopy and the first clinical

research use of this technology was carried out in newborns (11). Quantitative

spectroscopy was subsequently performed in 1986 (12). Over the following years

a large number of papers on NIR spectroscopy in newborns have been published.

Geometry

The newborn infant’s head is ideally suited for NIR spectroscopy. The overlying

tissues are relatively thin, which ensures that the signal is dominated by brain

tissue including both the white and gray matter. NIR spectroscopy recordings can

be performed with the light applied to one side of the head and received on the other

side (transmission mode) in the low-birth-weight infant with biparietal diameters

from 6 to 8 cm. In this situation a large part of the brain is included in the measure-

ment, and the results may be interpreted as assessment of ‘‘global’’ brain blood flow.

Larger babies can only be investigated with the emitting and receiving fibers in an

angular arrangement (reflection mode), usually with both optodes on the same side of

the head. In this situation a smaller volume of brain tissue between the optodes is

investigated. This may be chosen on purpose, also in smaller babies, to obtain

‘‘regional’’ results. With a shorter interoptode distance, blood flow in a narrow and

shallow tissue volume is investigated with a relatively larger fraction of extracerebral

tissues. Therefore, interoptode distances of less than 3 cm are not recommended.

Algorithms and Wavelength

Several different types of NIR spectroscopy instruments have been used. The

number of wavelengths used has also varied from two to six. With the use of

different wavelengths, the mathematical algorithms used to separate the signals of

oxyhemoglobin (O2Hb), deoxyhemoglobin (HHb), and the cytochrome aa3 oxi-

dase difference signal (Cyt.ox), have differed (13). This may have had an impact of

our ability to appropriately analyze the differences in the findings among the dif-

ferent papers, particularly among those published earlier, as some of the differences

may have been due to differences in the NIR spectroscopy methodology applied.

Pathlength

The pathlength of light traversing the tissue must be known to calculate concentra-

tions, i.e. to measure quantitatively. The pathlength in tissue exceeds the geomet-

rical distance between the optodes by a factor of 3 to 6 and this factor is named the

differential pathlength factor (DPF). Correct estimation of pathlength is one of the

basic problems in NIR spectroscopy as it varies up to 20% among infants. Although

instruments exist which allow direct measurement of pathlength, these are not

commonly used.

Quantification of Cerebral Blood Flow

Measurement of blood flow by NIR spectroscopy is based on Fick’s principle (14) and

utilizes a rapid change in arterial oxyhemoglobin used as the intravascular tracer. By

using the change in the oxygenation index (OI) observed after a small sudden change

in the arterial concentration of oxygen, CBF (in mL/100 g/min) can be calculated

as CBF ="OI/(k�
R

Sa,O2� dt), where OI is measured in units of mmol/L, and
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k = Hgb� 1.05� 100. Hgb is blood hemoglobin in mmol/L (tetraheme), Sa,O2 is

given in %, and t is time, in min (Fig. 4-2).

Assumptions

The method of measuring CBF rests on several assumptions. First, during meas-

urement CBF, cerebral blood volume (CBV), and oxygen extraction are assumed to

be constant. Second, the period of measurement must be less than the cerebral

transit time (approximately 10 s). Finally, this method of CBF measurement also

has significant practical limitations For instance, in infants with severe lung disease,

Sa,O2 may be fixed at a low level despite administration of oxygen, whereas in

infants with normal lungs, Sa,O2 is near 100% in room air. Although this problem

could be overcome by using air–nitrogen mixtures and then switching to room air,

results of such experiments have not been reported. In addition, there are signif-

icant ethical considerations when using a hypoxic gas mixture in healthy newborns

even if for only a brief period of time.

Reproducibility and Validation

Measurements of blood flow with NIR spectroscopy have a reported reproducibility

of 17 to 24% and have been validated against 133Xe clearance in sick newborns.

These comparisons constitute important direct external validation of NIR spectro-

scopy in the brain of human neonates. The agreement between the two methods

was found to be acceptable (15,16).
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FIGURE 4-2 Measurement of CBF by NIR spectroscopy in a newborn infant. Arterial satura-

tion (as monitored by a pulse oximeter) is stable at 90 to 91% until Fi,O2 is increased. Within a few

seconds the arterial saturation rises to 95% and above. The rise in cerebral concentration of oxyhe-

moglobin is slower due to the time it takes for the more highly oxygenated arterial blood to fill the

vascular bed of the brain. By restricting the analysis to the first 6 to 8 s as it is assumed that the venous

saturation is still unchanged, a simplified version of the Fick’s principle can be used. NIR spectroscopy

using an intravascular tracer and measuring over a few seconds gives results of ‘‘global’’ cerebral

blood flow similar to the result obtained with the use of 133Xe clearance. Xenon is a diffusible tracer

equilibrating between blood and tissue. Wash-out is much slower and measurements are made over

8 to 15 min.
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Indocyanine Green as an Alternative Tracer

A dye, indocyanine green, given by intravenous injection, has been used in place of

oxygen utilizing a special fiber-optic instrument to measure intra-arterial indocya-

nine green concentration (17). The results were similar but the reproducibility of

this technique was better (15%) than that of conventional NIR spectroscopy.

Recently, an improvement of this method has also been proposed, using a convo-

lution algorithm to account for venous outflow and a non-invasive pulse dye-

densitometer for measurement of arterial indocyanine green concentration.

Although the findings are encouraging in piglets (18), this newest method has

not yet been applied in human infants. Similarly to the conventional NIR spectro-

scopy methodology, where the sensitivity of the pulse oximeter presents one of the

technical problems, the pulse dye-densitometer is the major technical limitation of

the NIR spectroscopy method using indocyanine green as the tracer molecule.

Trend Monitoring of Hemoglobin Signals

In principle, NIR spectroscopy allows on-line trending of changes in O2Hb and

HHb, and hence those of total hemoglobin (tHb). Total hemoglobin, the sum of

[O2Hb] and [HHb], is proportional to changes in cerebral blood volume (CBV),

which in turn can be used as a surrogate measure of CBF. The appropriateness of

this assumption, however, has only been established for reactions to changes in

arterial CO2 tension (19). Furthermore, constant optode distance is crucial in trend

monitoring and if the head circumference changes even by a fraction of a millimeter

as a result of change in CBV or brain water content, the trends are significantly

biased. In addition, minor changes in the optode–skin contact induce large tran-

sients in the signal and/or baseline shifts. Despite these limitations, several inves-

tigators have successfully accomplished trend monitoring.

The Hemoglobin Difference, or Oxygenation Index

The difference between [O2Hb] and [HHb] is called Hbdiff and, when divided by a

factor of two, it is known as the oxygenation index (OI). The Hbdiff is an indicator of

the mean oxygen saturation of the hemoglobin in all types of blood vessels in the

tissue. This measure has been shown to change appropriately in many experimental

models and clinical studies, but has important limitations. First, in terms of inter-

pretation, it is not known how much of the signal originates from blood in the arteries,

capillaries, or veins. Data in piglets suggest that the arterial-to-venous ratio is about

1:2 (20). The signal can also be seriously confounded by concomitant changes in tHb,

as tHb affects the amount of blood distributed in the arterial, capillary or venous

compartments. Finally, the lack of a fixed zero-point makes it impossible to specify a

threshold for intervention or even an alarm level for clinical use.

Quantification of Hemoglobin-oxygen Saturation

Three different principles are being used in second-generation instruments to meas-

ure hemoglobin–oxygen saturation in absolute terms without manipulation of Fi,O2

or using another tracer like a dye. With spatially resolved spectroscopy, the detec-

tion of the transmitted light at two or more different distances from the light

emitting optode allows monitoring of the ratio of absolute [O2Hb] to [tHb], i.e.

the hemoglobin saturation. The hemoglobin saturation measured by this method is

called the tissue oxygenation index (TOI) (21). This measure is the weighted aver-

age of arterial, capillary, and venous blood oxygenation, and hence cannot easily be

validated. The measurement depends on the tissue being optically homogeneous,
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which is unlikely to be the case. Nevertheless, TOI values near cerebrovenous values

have been found, and appropriate changes in TOI have been documented with

changes in arterial oxygen saturation and arterial PCO2. As the signal-to-noise

ratio is not as good as that of OI, TOI is less useful for quantifying the response

to rapid therapeutic interventions. The other two principles are time-resolved

spectroscopy, which detects the time-of-flight of very short light pulses (22), and

phase shift spectroscopy, which detects the phase shift and phase modulation of a

continuous frequency-modulated source of light (23). With the use of these two

methods it is also possible to estimate the absolute concentrations of O2Hb and

HHb, and from these to calculate TOI.

Bias of the Tissue Oxygenation Index

TOI, similar to OI (see above), cannot be compared directly to any other measure-

ment because it represents the findings in a mixture of blood in the arteries, capillaries,

and veins. Interestingly, though, TOI has recently been validated on the head of young

infants with heart disease during cardiac catheterization (24). In this study, across a

TOI range of 40 to 80%, the mean value was almost identical to oxygen saturation in

jugular venous blood as measured by co-oximetry. This suggests a significant negative

bias as, in addition to venous blood, the TOI also represents arterial and capillary

blood. In addition, TOI has not been compared to any other measures of venous

saturation in preterm or term neonates, not even internal consistency of TOI with

Sv,O2 measured by NIRS during obstruction of venous outflow has been reported.

Precision of the Tissue Oxygenation Index

In the study in young infants with heart disease (24), while the mean difference was

negligible, limits of agreement of individual measurements were as wide as �12 to

+11%. Since co-oximetry is very precise, this variation represents an estimate of the

error of TOI. Using the same commercial instrument in newborns and young infants,

the limits of agreement after optode replacement were found to be �17 to +17%

(25). In preterm or term neonates, the variation associated with replacement of the

optodes could fully account for this poor precision (26). Therefore, it is conceivable

that the main reason for the significant variability of TOI lies in the small anatomical

differences between the different positions of the optodes causing the assumption of

scatter isotropy to fail. For comparison, arterial hemoglobin oxygen saturation can

be measured by pulseoximetry with limits of agreement of ±6%.

Importance of the Low Precision of the Tissue Oxygenation Index

TOI is a surrogate measure of cerebrovenous saturation. This important physio-

logical variable is tightly regulated with the normal values being between 60 and

70%. During hypoxemia, or cerebral ischemia, when CBF decreases without a

change in cerebral oxygen consumption, cerebrovenous saturation falls. Hence,

cerebrovenous saturation is a useful measure of the sufficiency of cerebral perfu-

sion. However, the major technical problem is that for instance a 30% decrease in

the CBF will only lead to a drop from 70 to 60% in the cerebrovenous oxygen

saturation, which is well within the limits of the error of measurement.

MAGNETIC RESONANCE IMAGING

Although magnetic resonance imaging (MRI) is discussed in detail in Section II,

Chapter 7 the present chapter reviews the basics of methodology. The nucleus

hydrogen is stable but magnetically asymmetric and hence behaves like a magnetic
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dipole. Subjected to a strong magnetic field (0.2 to 3 T), it will tend to align with

the field (longitudinal magnetization), in the sense that it rotates around the direc-

tion of the magnetic field. This rotation (called precession, like a spinning top)

occurs at a frequency proportional to the strength of the magnetic field. Exposed to

a pulse of electromagnetic energy of proportional frequency at a 908 angle of the

field, the rotation may be synchronized resulting in transverse magnetization and a

decrease in the longitudinal magnetization. After the pulse, the synchrony continues

and re-emits electromagnetic energy for some time. Imaging depends on the gra-

dients in the magnetic field, which makes a particular frequency specific to a spe-

cific plane. By the use of gradients in the X, Y, and Z plane, a three-dimensional

reconstruction is possible. Image contrast comes from the fact that tissues differ

according to the chemical and physical constitution of their hydrogen nuclei.

Measurement of Blood Flow

Blood flow is essentially moving water, i.e. moving hydrogen nuclei, which tend to

cause loss of signal. In the simplest way, global CBF may be estimated by imaging

the four arteries on the neck and multiplying their cross-sectional area with the

blood flow velocity, estimated by the loss of magnetization caused by fresh blood

(water) flowing into the plane of imaging. This procedure, however, is more com-

plex than the use of ultrasound with and is likely to be less precise.

Decay corr distribution image (counts/10sqmm)
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FIGURE 4-3 Flow images in a near-term newborn infant with a large right frontal sub-
dural hematoma. The four slices are axial at 10, 20, 30, and 40 mm above the orbito-meatal line.

The images show no measurable flow to the entire right frontal lobe. Furthermore, flow is high in

the central parts of the brain and also appears to be higher in cortex compared to the white matter.

However, the latter is not well illustrated due to limited spatial resolution (nominally 8 mm FWHM

for this image). The image was made by HMPAO, a ‘‘chemical microsphere’’ labeled with 99mTc

given intravenously. The HMPAO fixes in tissue during the first pass. The image really is just the

distribution of the tracer, i.e. of bolus distribution. To translate such an image to flow, in addition to

linearization, an estimate of arterial input is required. The latter is very difficult to achieve for

HMPAO, but it is easier for some other tracers.
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Qualitative Flow Imaging (Fig. 4-3)

For qualitative flow imaging, tracer is being used. The tracer usually is gadolinium

bound to ethylenediamine tetraacetic acid (EDTA) so that it stays in the vascular

compartment (27). Gadolinium is paramagnetic, i.e. it affects the nearby hydrogen

nuclei by reducing their relaxation time and hence strongly influences the image.

When given intravenously, it accumulates in brain tissue and clears in the same way

as an intravascular dye for NIR spectroscopy. In adults, gadolinium concentration

has been measured near the middle cerebral arteries in order to obtain an arterial

input function for the quantification of CBF.

Quantitative Flow Imaging

Arterial spin labeling is performed by applying the radio-frequency pulse to a thick

slice (slab) at the base of the skull. This labels the blood in segments of the large

arteries supplying the brain. After allowing for the arterial transit time (a little less

than a second) to pass, imaging of as many slices as technically possible commences.

Regions with higher flow will contain more labeled blood (the bolus distribution

principle) and hence a higher signal. Flow is quantified by measuring the relative

difference in signal intensity divided by the duration of the labeling pulse. This

method also requires correcting for the blood–brain water partition coefficient, any

incomplete arterial labeling, and the imaging delay compared to the relaxation time

in the blood (28). This method was recently used in 25 neonates with congenital

heart disease during normal ventilation and during inhalation of added CO2 (29).

All babies were mechanically ventilated and sedated. Mean slice CBF was 19.7±9.2

mL/100 g/min and 40.1±20.3 before and during CO2 inhalation, respectively, giving

an overall CBF–CO2 reactivity of 1 mL/Torr or 35% change per kPa. Although these

values appear plausible, the potential for underestimation of CBF has to be recog-

nized. This may because the arterial transit time at low blood flow is prolonged

causing the overestimation of the arterial input. Indeed, Doppler studies have

demonstrated that flow velocity in the brain may go as low as 5 cm/s.

THE KETY–SCHMIDT METHOD

Fick’s principle for metabolically inert tracers states that the change of the mean

tracer concentration in a tissue equals the perfusion rate (flow) multiplied by the

arterio-venous concentration difference of the tracer and can be expressed as dCt/

dt = F� (Ca�Cv). The Kety–Schmidt method was developed specifically to mea-

sure blood flow to the brain. Fifteen percent nitrous oxide, a freely diffusible inert

gas, is administered by inhalation and tracer concentration in arterial and jugular

venous blood is determined by taking six to eight precisely timed blood samples

over 10 min after the start of the inhalation. The concentration of nitrous oxide in

the brain is estimated by multiplying its venous concentration by the tissue–blood

partition coefficient with an equilibrium assumed. By integration of the equation

above, blood flow is calculated as the nitrous oxide concentration in the brain at

10 min divided by the area under the curve of the arterio-venous concentration

difference in time points between 0 and 10 min.

However, the assumption of equilibration may not be correct even after 10 min,

if parts of the brain are perfused at low rates and therefore remain unsaturated. This

may frequently be the case in infants (30). In this situation, the wash-in must be

followed for at least 15 min. Obviously, regions of the brain that are nonperfused will

not be represented. Since a counter-current exchange of nitrous oxide from artery to

vein may also take place, the difference between venous concentration and tissue

concentration will be even greater. The result is an overestimation of the CBF.
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The value of CBF obtained by the Kety–Schmidt method is the mean flow over

the wash-in period and relates to the part of the brain drained by the jugular vein at

the sampling site. Of note is that even at the jugular bulb there may be a small

admixture of extracerebral blood.

The Kety–Schmidt method has been used in newborn infants (30–32). There

are several limitations of this method, including a relatively large 2 to 3 mL blood

volume requirement for sampling and an unknown reproducibility. However, its

main drawback is that the application is strictly limited by the need for arterial

and jugular venous blood sampling. Catheterization of the jugular bulb in a

newborn is technically difficult, and carries a greater risk than catheterization

in larger infants and children. In special cases, however, when such a catheter

is in place for clinical use, the method can be applied without significant addi-

tional risks and it has a great advantage, as it makes possible to measure global

CMRO2 and CMRglu by multiplying the CBF by the cross-brain extraction of

oxygen or glucose.

133XE CLEARANCE

133Xe is a radioactive isotope and also inert. Measurement of CBF by 133Xe clearance

is based on a modification of the Kety–Schmidt method. If instantaneous equili-

bration between brain and venous blood is assumed, the venous concentrations can

be derived from tissue concentrations as measured by external detection of the

gamma radiation emitted by the 133Xe in the brain. Thus, the need for jugular

vein catheterization can be circumvented. When xenon is given intravenously dis-

solved in saline, the arterial concentration can be estimated by external detection

over the chest, assuming equilibrium between alveolar air and arterial blood. In the

small neonatal brain, 133Xe clearance provides a measure of global CBF since the

detector samples from a brain volume of about 200 mL. The clearance curve ana-

lysis allows separate estimates of blood flow to gray and white matter, but the most

stable estimate is the mean blood flow (CBF 1). This is identical to the estimate

obtained by the Kety–Schmidt method and is determined over 5 to 10 min (33) and

has a reproducibility of 10 to 15% (34)

SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY

Tomographic images of radiotracer localization may be obtained by methods

similar to computed X-ray tomography. Gamma emitting decays (photons)

across the brain are detected by a number of collimated detectors from a large

number of angles around the head circumference. The image is constructed by

back-projection and usually subjected to various smoothing procedures (filters).

There is no theoretical limit to the spatial resolution, but the narrow collimation

required for high resolution reduces the sensitivity and requires more counts to

fill the larger number of pixels (image elements). Furthermore, Compton scatter

tends to mask ‘‘cold’’ areas, whereas small high flow structures will be under-

estimated due to partial volume effects. Spatial resolution is 6 to 12 mm full

width at half-maximum (FWHM). The distribution of the radioactive tracers

is fixed in the brain tissue during the first passage. Slowly rotating gamma

cameras may image the distribution of radioactively labeled substances, such as
131I-iodoamphetamine (35) or 99mTc-HMPAO (hexamethylpropylene amine

oxime) (36). The advantage of these compounds is that they may be injected

intravenously at any time, whereas the imaging may take place several hours later.

Their disadvantage is that only the distribution of flow can be obtained without

the ability to calculate absolute flows. Finally, equipment rotating in 5 to 10 s may

follow the local uptake and clearance of 133Xe (37).

4
U

S
E

O
F

O
R
G

A
N

B
LO

O
D

FLO
W

A
S
S
E
S
S
M

E
N

T
IN

T
H

E
D

IA
G

N
O

S
IS

79



STABLE XENON-ENHANCED COMPUTED TOMOGRAPHY

This method is also a variant of the Kety–Schmidt method. Detection of the tracer

(stable or nonradioactive xenon) in the brain is based on the high density of xenon to

X-rays. By performing repeated X-ray CTscans during inhalation of 35% xenon, brain

saturation can be followed. In principle, the spatial resolution is as good as it is for

conventional CT scanning. However, the low brain–blood partition coefficient of

xenon in newborn brain results in a low signal-to-noise ratio. Despite these limita-

tions, very low levels of CBF have been documented in young, brain–dead infants (38).

POSITRON EMISSION TOMOGRAPHY

Positron emission tomography (PET) is similar to SPECT in image reconstruction,

but differs in that PET utilizes the fact that positron annihilation results in two

photons emitted always at an angle of 1808. Therefore localization is achieved by

only accepting the counts that occur simultaneously at two oppositely positioned

detectors and collimation is not needed. Hence the sensitivity is better at high

resolution compared to SPECT and the resolution now approaches the theoretical

maximum of 3 to 5 mm representing the average positron movement before anni-

hilation. Existing studies, however, have so far provided much less spatial resolu-

tion, typically in the 10 to 14 mm range, which is insufficient for imaging of the

preterm infant’s cortex.

Biologically relevant positron-emitting isotopes exist, e.g. 11C, 13N, and 15O

and many biochemical substances can also be labeled. PET is ideally suited for

receptor studies using specific ligands, since imaging and quantification can be

done with picomoles of tracer. As the positron emitting isotopes are very short-

lived (2 min to 2 h), PET requires a nearby cyclotron facility.

Finally, CBF, CBV, cerebral oxygen extraction fraction, CMRO2, and CMRglu

may all be measured by PET (39–42).

OTHER METHODS

Venous occlusion plethysmography is a standard method for measurement of limb

blood flow and has been used to estimate jugular blood flow (43). In spite of its

virtues of technical simplicity and low risk in healthy infants, the method has fallen

into disuse, mostly because of concern that low skull compliance yields falsely low

values of cranial blood flow.

The slightly pulsatile transcephalic impedance may be measured by applying a

small alternating electrical current. The pulsatility correlates with CBF (44), although

the precise basis of the impedance pulsatility remains unclear. This method only has

theoretical risks, but only gives qualitative information and is sensitive to movement.

Although it appears well suited for long-term monitoring, it has rarely been used.

Measurement of Flow to Other Organs

Doppler ultrasound has been used in newborns for measuring indices of resistance

and/or flow velocity in the renal, celiac, superior mesenteric, carotid, and vertebral

arteries. A few volumetric studies have been published: whereas recent studies have

given plausible values the earlier studies appears to have overestimated flow, most

likely caused by overestimation of arterial cross-sectional area due to insufficient

resolution at 5 MHz (see Chapter 2).

Flow can easily be measured by venous occlusion and NIR spectroscopy.

Recently, it was shown that the modulation (amplitude) of the plethysmographic

signal of a pulseoximeter correlates well with flow (45).
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CONCLUSION

This chapter has described a number of methods, nearly all tried in newborns

because they had worked in adults and because of the need to know more of

anormal brain function and blood supply, brain injury and long-term neurodevel-

opmental sequelae of prematurity, perinatal insult, or critical neonatal illness. Some

methods have been discarded by the authors themselves. Other methods have just

been tried a few times and characterized as ‘‘promising.’’ However, quite a few

methods, such as ultrasonography, NIRS, PET and, more recently, MRI, have

been workhorses for individual researchers or groups of researchers. Yet, none of

these methods has really been established as a reference. This is a concern because

the results obtained by using these more favored yet not cross-validated methods

have less credence and usefulness.

Blood flow is probably too complex a physiologic variable for it to be mean-

ingful to even think of a ‘‘true’’ value or a ‘‘gold standard’’ in any given organ.

Quoting the late Niels Lassen, my mentor in the measurement of CBF, ‘‘A method

[measuring CBF] must have acceptable precision with a reproducibility of about

10%, and be able to demonstrate a plausible CBF–CO2 reactivity and a reasonable

CBF–MABP autoregulation in patients with a normal brain.’’ For the use in new-

borns, it must furthermore be feasible and safe in the intensive care unit and be able

to determine absolute CBF and continuously monitor the changes. Unfortunately,

none of the methods developed and available has so far lived up to these

requirements.
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One major limitation in the intensive care of the newborn infant is the lack of tools

with which to monitor cardiovascular and hemodynamic function. In most NICUs,

there is the ability to continuously monitor invasive blood pressure and heart rate

and that is all. Beyond that, heavy reliance is often placed on unvalidated and

probably rather crude measures of hemodynamic wellbeing such as acid-base

status, skin capillary refill time, and urine output. In the intensive care of the

older subject, there is a range of tools for monitoring cardiac output such as ther-

modilution, continuous Doppler methodologies, and derivations from blood pres-

sure waveforms (1). None of these are available for the neonate, partly because of the

need to miniaturize, partly because of commercial conceptions of the NICU as a

limited market, and partly because of the complexities of the transitional circulation.

Doppler echocardiography provides a non-invasive technique from which it is

possible to derive estimates of a wide range of hemodynamic parameters.

Traditionally, it has been specialists who work predominantly outside the NICU

(mainly cardiologists) who have had the skills to derive these measures. This resulted

in a predominantly snapshot picture of neonatal hemodynamics. Increasingly, neo-

natal intensivists are developing echocardiographic skills themselves (2). The fact
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that they are in the NICU all the time has allowed more systematic serial studies,

which, in turn, is allowing the research and clinical monitoring potential of these

methodologies to develop further. This chapter will describe the functional Doppler

echocardiographic measures that can be used in the assessment of the sick newborn

infant and how they can be used in common clinical scenarios. Other chapters in this

book will provide more details on findings using some of these methods and how the

information derived might be used to guide clinical management.

DOPPLER ULTRASOUND

In the simplest terms, ultrasounds reflect off solid or liquid interfaces of different

densities to allow definition of structure. In the heart, this is the interface between

muscle, fiber, and blood. Projection of these structures against time allows defini-

tion of movement, both of the structures themselves but also relative to other

structures. This is the essence of M-mode and two-dimensional (2-D) imaging.

The Doppler principle can be applied to ultrasounds because they change

frequency as they reflect off moving objects. The direction of change in frequency

depends on the direction of movement of the object. Movement toward the trans-

mission source increases frequency while movement away decreases the frequency.

This frequency shift is directly proportional to the velocity of the moving object as

long as the direction of movement is within 208 of straight toward or straight away

from the transmission source. This difference between the direction of the ultra-

sound beam and the reflecting object is called the ‘‘angle of insonation.’’ So when

this is applied to blood moving in the heart and blood vessels, the various types of

Doppler allow determination of two factors: direction and velocity of blood flow.

Accurate determination of velocity allows two further factors to be derived.

Firstly, the pressure gradient can be determined via the modified Bernoulli equation.

This describes the relationship between pressure gradient and velocity in a fluid

stream (pressure gradient = 4� velocity2). Secondly, because flow of a fluid in stream-

line is the product of mean velocity and cross-sectional area of the stream, if we can

estimate the diameter of a blood vessel and measure the mean velocity of the blood, we

can estimate blood flow. In the neonate, these flow measures can really only be made in

major vessels, as smaller peripheral vessels are too small to measure accurately.

TWO-DIMENSIONAL IMAGING AND NORMAL CARDIAC
STRUCTURE

The prerequisite to developing skills in functional echocardiography is a good

understanding of cardiac anatomy and the ability to obtain and understand 2-D

images from each of the four main ultrasound windows. A common starting point

for people wanting to learn echocardiography has been to look over the shoulder of

an experienced operator. Many an ultrasound ambition has fallen fallow in this

wasteland of a learning approach. You will never learn this way; your understanding

will always be one step behind the operator. As ultrasound is essentially a process of

converting a 3-D structure into a series of 2-D cuts, if you understand the anatomy

in spatial terms, the 2-D images will explain themselves. If you do not understand

the anatomy, the 2-D images will remain a mystery. The heart is more difficult to

conceptualize in 3-D space than other organs because it is not symmetrical but with

application this understanding is possible.

It is beyond the scope of this chapter to describe normal 2-D imaging in detail

and other resources for this are available to the reader (3,4). However, to illustrate

the points made above, the reader is taken through one view that is particularly

useful for hemodynamic assessment: the low parasternal long axis view of the

pulmonary artery. Figure 5-1 has four images, which represent the chambers of
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the heart being progressively built up from back to front, a fuller explanation of the

spatial anatomical relationships is described in the legend to the figure. On each

image, the white line represents where the ultrasound beam will cut in the image

that is being described. By examining how the line transects each of the structures,

you should be able to build up in your own mind how the image will look. This is

shown (with more detailed explanation in the legend) for both the heart model and

an ultrasound image in Fig. 5-2. The pulmonary artery is particularly good for

Doppler studies because its posterior direction takes the blood directly away from

the transducer at a minimal angle of insonation. A basic understanding of 2-D

imaging can be derived from learning three to four images like this for each of the

four ultrasound windows, subcostal, apical, and low and high parasternal.

M-mode ultrasound was the precursor to 2-D imaging and is where ultra-

sounds down one transmission line are plotted against time (Fig. 5-3). It remains

a useful modality for assessing movement of structures and for more accurate

measurement of dimensions at defined time points in the cardiac cycle.

TYPES OF DOPPLER

There are three main types of Doppler in common usage: pulsed wave, continuous

wave, and color Doppler. Pulsed wave Doppler is most commonly used because it

LV
RV

LA

RA

A B C D
FIGURE 5-1 These four frames show the chambers of the heart being progressively added from back to front. The

white line shows where the ultrasound beam will transect the heart. (A) The left atrium (LA) at the back of heart with two

pulmonary veins coming in each side posteriorly. (B) The right atrium (RA), which is to the right and slightly in front of the

LA. (C) The endocardial surface of the left ventricle (LV), which receives blood towards the apex through the mitral valve

and ejects it into the ascending aorta, which runs towards the right shoulder in front of the LA. (D) The anterior nature of

the right ventricle, which wraps in front of the LV outflow tract before ejecting blood posteriorly into the pulmonary

artery. (See color plate.)

MPA

MV

MV

LA

RV
RV

LV

PV

LV

PV

LA

PA

FIGURE 5-2 A heart model and an ultrasound picture cut in the same plane as shown in
Fig. 5-1. The RV is seen at the front connecting with the posteriorly directed pulmonary artery.

Behind the RV is the LV outflow tract and the LA and mitral valve. (See color plate.)
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allows you to focus your velocity assessment at a particular site through an operator

guided ‘‘range gate’’ (Fig. 5-4). The limitation of pulsed wave is that it cannot assess

velocities over about 2 m/s. Continuous wave Doppler allows assessment of higher

velocities but is less focused, receiving signals from the whole line of transmission.

Typically both pulsed and continuous wave Doppler are displayed as a velocity time

plot, with flow towards the transducer shown as a positive plot and away as a

negative plot, Fig. 5-4.

Color Doppler is a development of pulsed wave Doppler where the frequency

shift is mapped onto the 2-D image, with flow towards and away from the trans-

ducer plotted as different colors. Conventionally, flow away is mapped as blue and

towards is mapped as red. Color Doppler has a range of uses but is particularly

useful in functional echocardiography to guide pulsed Doppler study and to assess

patency of the ductus arteriosus (Fig. 5-4).

WHAT CAN BE MEASURED WITH FUNCTIONAL
ECHOCARDIOGRAPHY IN THE NICU?

There is a range of parameters that can be assessed using functional echocardiog-

raphy, including ductal and atrial shunting (presence, direction, and degree),

M-mode beam

RV

Cal= 5mm

0

70

LV

LVEDD LVESD

RV

LV

FIGURE 5-3 M-mode plots the ultra-
sound signals from the single beam
(shown on a 2-D image) against time.
This allows movement and dimensions to be

more accurately measured. The LV end dia-

stolic diameter (LVEDD) and LV end systolic

diameter (LVESD) are shown. (See color

plate.)

II
D

IA
G

N
O

S
IS

O
F

N
E
O

N
A

T
A

L
S
H

O
C

K

86



pulmonary artery pressure, flow measures (right and left ventricular output and

superior vena cava flow), and myocardial function measures. One factor to empha-

size is the close interrelationship of many of these measures. It is a basic rule of fluid

mechanics that measurement at a single point in a stream line can be influenced by

factors both upstream and downstream of that point. So it is in the heart where, if

you take a single measurement, you will often not be able to interpret that measure

unless you know what is happening both upstream and downstream from that

measure. A commonly encountered example of this in neonatology is a left to

right ductal shunt, which will increase the volume load (preload) on the left ven-

tricle and reduce the afterload. So measures of left ventricular input and output in

the presence of a significant ductal shunt will be high and measures of function very

good, but neither will give you any information about the wellbeing of the systemic

circulation. For this reason, studies, whether for research or clinical reasons, need to

be as complete as possible.

It also needs to be emphasized that, in common with all non-invasive

measures, there are limitations to the accuracy of Doppler ultrasound measure-

ments. Most will have intra-observer variability of about 10% and inter-observer

variability of about 20%. The findings need to be interpreted with these limitations

to accuracy in mind. These limitations will be minimized if you use more than one

method to measure a parameter as a cross-check, take averages from repeated

measures, and curtail the number of different observers taking a measurement in

the same baby.

We now start by discussing the factors that define the complexity of the tran-

sitional circulation relative to the mature circulation, the shunts through the fetal

channels, and the potential lability of pulmonary vascular resistance and hence

pulmonary arterial pressure.

MPA

SVC

PW:4.0MHz PW:4.0MHz

.88

.88

1.0

m/s .80

.20

m/s

A B

–ve flow away from transducer

+ve flow towards transducer

LV

RV

.55

.55

FIGURE 5-4 Pulsed Doppler assesses flow velocity at a defined location (= sign on 2-D
image). Flow away from the transducer is negative (A) and towards the transducer positive (B).

Color Doppler maps those signals onto the 2-D image with flow away coded blue (A) and towards

coded red (B). (See color plate.)
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DUCTAL SHUNTING

Many neonatologists have a conception of the ductus arteriosus as a dichotomous

variable, i.e. it is either open or closed. Nothing could be further from the truth

and, when looking at the duct with ultrasound, we are struck by the variability of

the ductus both in size or degree of constriction and the direction of shunting. The

duct can be directly imaged with 2-D ultrasound. Anatomically, it is a continuation

of the main pulmonary artery that is slightly offset to the left reflecting the arch it

describes into the descending aorta (Fig. 5-5). Thus, with the ultrasound transducer

placed at the left upper sternal edge and the beam in a true sagittal plane (straight

up and down the body), the duct can be seen leaving the main pulmonary artery

close to the junction with the left pulmonary artery and describing an arch into the

descending aorta. Patent ducts that are minimally constricted are readily apparent

on 2-D imaging (Fig. 5-6), but differentiating a functionally closed from a con-

stricted duct needs color Doppler. Figure 5-7A shows the predominantly blue color

Doppler of flow in the main and left pulmonary artery with no flow apparent

through the duct. Two-dimensional imaging with color Doppler allows assessment

not only of ductal patency but also the degree of ductal constriction. The contrast

between the well-constricted duct in Fig. 5-7B and the unconstricted one in

Fig. 5-7C is readily apparent. With a well-optimized color Doppler study, it is

possible to derive a semi-quantitative assessment of the degree of constriction by

measuring the minimum diameter of the shunt within the course of the ductus (5).

Color Doppler also allows some assessment of the direction of shunting but accur-

ate assessment of direction of shunting requires pulsed Doppler. The direction of

blood flow through the duct is determined by the continuum of the relative pres-

sure at each end. When pulmonary pressures are clearly below systemic the shunt

will be left to right (Fig. 5-8A), when they are well above systemic pressures, the

shunt will be right to left (Fig. 5-8C). When pulmonary pressures are close to but

are not clearly above or below systemic pressures throughout the cardiac cycle,

varying degrees of bidirectional shunt are seen (Fig. 5-8B and 5-8C). This range

Left ventricle

Duct

Desc.
aorta

Aortic arch

Pulmonary artery

FIGURE 5-5 A model of the heart viewed
from the left-hand side. It can be seen that

the ductus arteriosus is a continuation of the

pulmonary artery and describes an arch into

the descending aorta. It is slightly offset to the

left reflecting the need to connect with the

left-sided descending aorta. (See color plate.)
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of shunt pattern allows assessment of pulmonary artery pressure in a way that will

be described in more detail below.

Echocardiographic determination of patency and shunt direction is relatively

straightforward; more controversial are the criteria that should be applied to deter-

mine hemodynamic significance. In cardiology, the size of a left to right shunt is

often expressed as the ratio of pulmonary to systemic blood flow (Qp:Qs); this, in

turn, can be derived by measuring both ventricular outputs with Doppler. With a

ductal shunt, the left ventricular output measures the pulmonary blood flow and

the right ventricular output, the systemic blood flow. Unfortunately, you cannot use

this routinely in the transitional circulation because of the atrial shunts, discussed

below, which confound right ventricular output as a measure of systemic blood

flow (6). We were able to measure Qp:Qs in a cohort of preterm babies with a PDA

in whom there was minimal atrial shunting and compare it to a variety of suggested

criteria of ductus arteriosus hemodynamic significance (7). The criteria that had the

closest correlation with Qp:Qs was the diameter as measured from the color

Doppler as shown in Fig. 5-7. In babies <1500 g during the postnatal week,

if the ductal diameter was <1.5 mm, the shunt was usually insignificant and,

if >1.5 mm, the shunt was usually significant. If the diameter was over 2 mm,

the Qp:Qs was usually more than 2:1 (i.e. twice as much pulmonary blood flow as

systemic). The other measure that was useful was the pattern of diastolic flow in the

postductal descending aorta. Normally this flow is forwards but, in the presence of

an increasing shunt back through a duct, this flow direction becomes progressively

absent and then retrograde (Fig. 5-9). In the above-cited studies (7), retrograde

diastolic flow was associated with a mean Qp:Qs of 1.6 (i.e. pulmonary blood flow

is 60% more than systemic). The same phenomenon that reduces diastolic flow in

the postductal aorta also increases diastolic flow in the branch pulmonary arteries.

So increased diastolic velocities in the left pulmonary artery has been described as a

MPA

PDALPA

FIGURE 5-6 A 2-D image of a patent

duct adjacent to the root of the left pul-

monary artery, which is seen this section

as a diverticulum inferior to the duct. The

duct describes an arch that is in continu-

ity with the anterior wall of the main pul-

monary artery. (See color plate.)
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marker of significance (8). This measure does have the advantage of being techni-

cally easier than Doppler in the postductal aorta, just requiring a small adjustment

of the Doppler range gate from the ductus into the left pulmonary artery

(Fig. 5-10). In clinical practice, we use a combination of the diameter of the duct

and the direction of diastolic flow in the descending aorta.

In healthy term babies, the ductus constricts quickly after birth but some shunt-

ing is commonly apparent on color Doppler during the first 12 to 24 h (9,10). In term

PA

MPA

LPA Closed duct

Desc Aorta

A B C

MPA
Constricted

Patent duct

Desc Aorta

FIGURE 5-7 Three-color Doppler images of the ductal ultrasound cut. (A) Shows a closed duct with the blue

streams of the pulmonary artery and descending aorta. The absence of color in the line of the duct shows that it is

functionally closed. (B) Shows the red stream of a left to right shunt through a constricted duct, streaming back up the

anterior wall of the pulmonary artery. (C) Shows a left to right shunt though an unconstricted duct. (See color plate.)

Doppler Gate Doppler Gate Doppler Gate

Lt to Rt Shunt

CAL=.50m/s CAL=.50m/s CAL=.50m/s

A B C

.64

.64

.77

.77

/ /

1.5

m/s

.50

Lt to Rt

Rt to Lt

.55

.55

Small Lt to Rt

Rt to Lt

1.0

m/s

1.0

.50

m/s

1.0

FIGURE 5-8 The range of pattern of ductal shunt on pulsed Doppler. (A) Shows the positive (towards the

transducer) trace of a pure left to right shunt. (B) Shows a bidirectional shunt with both left to right (positive) and

right to left (negative) components. (C) Shows a predominantly right to left (negative) shunt but with some left to right

shunt in diastole. Pure right to left ductal shunts are uncommon. (See color plate.)
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babies with high oxygen requirements, the ductus also usually constricts quickly,

particularly when the problem is primarily in the pulmonary parenchyma. A minor-

ity of such babies will have a patent ductus after postnatal day 1 (11). In term babies

with primary persistent pulmonary hypertension of the newborn (PPHN), the

ductus is more likely to remain patent but is still often well constricted (11).

In the preterm population, the constriction of the ductus in the early hours

after birth varies widely from those where the constriction would be equivalent to a

term baby to those where there is no constriction (12,13). Contrary to popular

belief, even at this early time, the dominant direction of shunting is left to right. In

those babies where constriction fails, large systemic to pulmonary shunts can result.

So the hemodynamic impact of a ductal shunt in reducing systemic blood flow and

increasing pulmonary blood flow can be present from very early after birth (13).

These shunts are invariably clinically silent in the first two days, so will only be

detected if looked for echocardiographically (14,15). The degree of early ductal

constriction also predicts persisting patency, so early echocardiography may offer

a way of targeting early treatment of the duct (5,12,13,16).

ATRIAL SHUNTING

The foramen ovale is commonly considered as a site for right to left shunting but

not for the much more common phenomenon of left to right shunting through an

incompetent foramen ovale (Fig. 5-11) (6,7). The atrial septum is best imaged from

the subcostal four chamber view. From this window, it can be imaged in its full

length with the foramen ovale easily distinguishable as the loose foraminal flap

tissue moves both ways during the cardiac cycle. Some assessment of the relative

pressures in the two atria can be derived from this movement but assessment of

shunting needs color Doppler. The color Doppler needs to be optimized for the

usual low velocity of inter-atrial shunts and, when placed over the foramen ovale,

CAL=.50m/s CAL=.50m/s

Post ductal

Pre-ductal aorta

PT :

.77

.77

2.0

0.0

m/s

A B

Retrograde flow

5.0MH

HR=1
18:

Antegrade flow

FIGURE 5-9 Compares the normal forward diastolic flow (A), which is also seen with a patent

ductus arteriosus (PDA) in the pre-ductal aorta with the retrograde diastolic flow seen in the post

ductal aorta in the presence of a significant PDA. (See color plate.)
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the stream of any shunt should be apparent (Fig. 5-11). Some assessment of

the degree of atrial shunting can be derived from the size of the color stream

and the ease with which it is imaged (6,7). Like in the ductus, color Doppler

gives a good impression of shunt direction but accurate assessment requires

pulsed Doppler. The shunt patterns between the atria are complex reflecting a

complex pressure relationship. Some shunting through the foramen ovale is

commonly apparent even in normal healthy babies and although the dominant

direction of shunting is left to right, it is very common to detect a short right

to left component in diastole (Fig. 5-12). Thus some degree of bidirectional

shunting is a normal finding in the newborn. Indeed, Hiraishi et al. (17) demon-

strated that right to left atrial shunting for up to 30% of the cardiac cycle was

normal in the neonate. As right heart pressures rise, the duration of right to left

shunting within the cardiac cycle will increase. A pure right to left atrial shunt is

surprisingly uncommon in babies with pulmonary hypertension although you do

see it in extreme cases. A pure right to left atrial shunt should always raise the

possibility of congenital heart disease such as total anomalous pulmonary venous

drainage.

In the term baby, left to right atrial shunting is usually trivial and transient but,

in the preterm baby, it can be both significant and quite persistent (6). The foramen

ovale becomes smaller relative to the rest of the heart during the last trimester, so

some of this may relate to structural immaturity. However, it is also related to

ductal shunting, which will volume load the left atrium increasing the pressure

and driving the left to right atrial shunt. It is not uncommon in babies with

quite significant ductal shunts to find there is even more blood moving left to

right at the atrial level than at the ductal level, and thus both shunts will contribute

to a high pulmonary blood flow (6,7).

PW:4.0MHz
CAL=.50m/s

PDALPA

.75

.75

1.5

m/s

A B

Diastolic flow

5.

H

.77

.77

LPA

1.5

0.0

m/s

FIGURE 5-10 Compares the diastolic velocity seen in the left pulmonary artery with a closed duct

with the increased diastolic velocity (in this case 0.5 m/s) seen with a significant PDA. (See color

plate.)
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Ductal and atrial shunts may not necessarily be in the same direction. This

reflects the fact that atrial shunting is determined predominantly by filling (or

diastolic pressures) while ductal shunting is determined by pressure throughout

the cardiac cycle. Thus, it is not uncommon to have a predominantly right to left

but bidirectional ductal shunt together with a predominantly left to right atrial

shunt.

PULMONARY ARTERY PRESSURE

There are three main methods for estimating pulmonary artery pressure, each of

which has strengths and weaknesses. The best methods, because they give you a

number, involve application of the modified Bernoulli equation to a ductal shunt or

a tricuspid incompetence jet.

Pulmonary Artery Pressure from a Ductal Shunt

The modified Bernoulli equation states that the pressure gradient down which a

fluid stream is traveling will be 4� velocity2. Thus, if we know the pressure in the

systemic circulation and we know velocity of a ductal shunt, we can calculate the

pressure gradient across the ductus and so derive the pulmonary artery pressure.

For example, if a baby has a left to right ductal shunt with a maximum velocity of

2 m/s then the pulmonary artery pressure must be 4� 22 = 16 mm Hg less than the

systemic pressure. If the shunt were right to left at 2 m/s then the pulmonary artery

pressure must be 16 mm Hg more than systemic pressure.

This is not so straightforward with the common bidirectional ductal shunt

pattern that appears as pulmonary pressures start to rise. This bidirectional pattern

results from the fact that the pressure wave at each end of the duct is not synchro-

nous (Fig. 5-13). The pressure wave from the right heart arrives before that from

LA

.48

.48

Atrial
shunt

RA

Foramen
ovale

LA

RA

BA
FIGURE 5-11 (A) The 2-D appearance of the atrial septum and foramen ovale in the subcostal

four chamber view. (B) The color Doppler of a left to right shunt through an incompetent foramen

ovale. (See color plate.)
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the left. This means that you start to see some right to left shunting in early systole

well before pulmonary pressures exceed systemic. It can be seen from Fig. 5-13 that,

as pulmonary artery pressure rises relative to systemic, so the velocity and duration

of right to left shunting will increase. Musewe et al. (18) estimated that, when the

duration of right to left shunt was more than about 30% of the cardiac cycle,

pulmonary artery pressure was usually supra-systemic. Less than 30% of the cardiac

cycle suggests pulmonary artery pressure is less than systemic. So our approach

with bidirectional shunting is to measure the duration of right to left shunting then,

if it is more than 30%, use the right to left velocity to estimate the pulmonary artery

pressure (PAP). On the other hand, if it is less than 30%, we use the left to right

velocity. Apart from this complication, the ductal shunt is very useful for estimating

PAP. The main limitation is obviously that the duct is often not patent, particularly

in more mature babies.

Pulmonary Artery Pressure from Tricuspid Incompetence

Incompetence of the tricuspid valve in systole is common in the neonate during the

transitional period. It is also more likely to be present with pulmonary hypertension,

probably because of the tendency for a dilated right ventricle to dilate the tricuspid

LA

.46

.46

RA

Atrial shunt

0

Left to right

Right to left

+B CALD CAL

3.6 mm

.80

.40

m/s

FIGURE 5-12 Pulsed Doppler of a normal

bidirectional atrial shunt with a short period

of right to left shunting followed by left to

right shunting. (See color plate.)
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valve ring. The velocity of this incompetent jet can be measured with Doppler and,

again using the modified Bernoulli equation, the pressure gradient across the tri-

cuspid valve between the right ventricle and right atrium can be assessed. Because we

know that right atrial pressure is usually low (5 to 10 mm Hg), this gradient will

approximate to the right ventricular systolic pressure. As long as the pulmonary

valve is normal, right ventricular systolic pressure will be the same as pulmonary

artery pressure. So if the maximum velocity of a tricuspid incompetence jet is 3 m/s,

then the pressure gradient is (4� 32 = 36 mm Hg. Conventionally, 5 mm Hg is

added to this gradient to reflect right atrial pressure. So the estimated systolic pul-

monary artery pressure in this case would be 41 mm Hg (Fig. 5-14).

The accuracy of this method is dependent on minimizing the angle of insona-

tion. Tricuspid incompetence jets can vary in direction, so this is an important

potential source of error. When present, this is probably the most accurate of the

indirect methods (19,20). However, the main limitation is that many babies in

whom you want to measure pulmonary artery pressure will not have a tricuspid

incompetence jet. It was present in only 50% of a cohort of term babies with high

oxygen requirements that we studied. Further when pulmonary artery pressure

drops, the tricuspid incompetence often disappears, so it is not a very good

method for serially monitoring change in pulmonary artery pressure.

Pulmonary Artery Doppler Time to Peak Velocity

This method relies on the observation that as the pulmonary artery pressure rises so

the time taken for systolic blood flow to reach its peak velocity in the main pul-

monary artery will get shorter (21). This time to peak velocity can be measured and

is usually expressed as a ratio to the total right ventricular ejection time. This

method has important limitations to its accuracy and is vulnerable to a range of

confounders such as right ventricular dysfunction or position of the Doppler range

gate. It has also been shown to be of limited accuracy when PAP is raised due to left

Duct

.55

.55

Ao

PA

Rt
to Lt

Lt
to Rt

x

CAL=.50m/s

1.0

1.0

m/s

MPA

y

PT:
FIGURE 5-13 The two waveforms repre-

sent the simultaneous pressure wave at

the pulmonary (blue) and aortic (red) end

of the duct. The pressure wave at the pul-

monary end rises before that at the aortic

end. As pulmonary pressure rises (but

remains sub-systemic) some right-to-left

shunting occurs in early systole. As pulmon-

ary pressure rises further so the duration of

this right to left shunt (x) increases. When

the duration of right to left shunt is more

than about 30% of the cardiac cycle, pul-

monary pressure is usually suprasystemic.

(See color plate.)
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to right shunting (22). Pressure is the product of flow and resistance and may be

raised if either or both are raised. Considering the physics of this phenomenon, it is

probably more a measure of resistance or compliance of the pulmonary circulation.

Hence it may be more accurate when pressure is high due to high resistance rather

than high flow. It is probably best regarded as a ‘‘ballpark’’ measure when neither of

the other two methods discussed above are available. Using this approximation

approach, TPV:RVET ratios above 0.3 are normal, 0.2 to 0.3 suggest moderately

raised pulmonary artery pressure and less than 0.2 suggests significantly raised

pulmonary artery pressure (23,24).

MEASUREMENT OF BLOOD FLOW AND CARDIAC OUTPUT

Blood flow within a vessel is the product of the mean velocity of flow and the cross-

sectional area of that vessel. With Doppler, it is possible to measure velocity assum-

ing a minimal angle of insonation and, with the major vessels around the heart, it is

possible to derive cross-sectional area, either directly or by estimating from a meas-

ured diameter. These two measures have different methodological requirements, in

that velocity measurement requires the blood to be flowing at 08 or 1808 to the

direction of the ultrasound beam and the best measurement of edges with ultra-

sound is achieved when the ultrasound beam hits the vessel at 908. These issues

mean that there is a significant intrinsic error associated with these measurements.

This is particularly true when cross-sectional area is derived from diameter where

the conversion will magnify the error. Notwithstanding these problems, we do not

have any better method for measuring blood flow in major vessels around the heart

.46

.46
RV

RA

CAL=2.0m/s

0.0

4.0

m/s

TR Vmax

Vmax       =       3.79m/s
PGRAD    =       57.5mmHg

TI Jet

FIGURE 5-14 An example of tricuspid
incompetence. The maximum velocity

(Vmax) is 3.79 m/s. This means that the pres-

sure gradient (PGRAD) across the valve is

4�3.792 = 57.5 mm Hg. Adding 5 mm Hg

for right atrial pressure, this means that the

RV systolic pressure is about 63 mm Hg; this

will be the same as pulmonary artery systolic

pressure. (See color plate.)
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in neonatology. The most commonly used measures of blood flow in the heart have

been the ventricular outputs, particularly left ventricular output.

Left Ventricular Output

Left ventricular (LV) output is derived by measuring blood flow in the ascending

aorta. The ascending aorta leaves the heart heading in the direction of the right

shoulder. This direction makes it a great vessel for measuring diameter but an

awkward vessel for minimizing angle of insonation to measure velocity. Diameter

is usually derived by imaging the ascending aorta in the long axis from the low

parasternal window (Fig. 5-15). There is some argument in the literature about the

best site for diameter measurement. We have always used in the end-systolic inter-

nal diameter just beyond the coronary sinus (Fig. 5-15). Others argue that the

diameter of the aortic valve ring or of systolic leaflet separation is more accurate.

Probably, where you measure is less important than measuring at a consistent site,

in a consistent way and at a consistent time in the cardiac cycle. Cross-sectional area

is derived from �r 2. Velocity is best measured from the apical or the suprasternal

window but from either view it is difficult to minimize the angle of insonation.

Our preference is the apical long axis view because it is better tolerated by the

babies (25). The Doppler range gate is placed just beyond the aortic valve and the

velocity time trace is recorded. Mean velocity is usually measured as the area under

the systolic envelope called the velocity time integral (VTI) and we would usually

average this from five cardiac cycles. Using these measures:

Aoa b

RV

LV

.80

.80

LA

LV

Asc Ao

1.0

m/s

AoV VTI = 0.117 m
Vmax = 0.80 m/sec

Pk Grad = 2.5 mmHg
∆t = 223 msec

LA

A B
FIGURE 5-15 (A) Shows the site of measurement of aortic diameter. Some authors recommend

measurement of valve ring or leaflet separation (a); we usually use the internal diameter beyond the

coronary sinus (b). (B) Shows pulsed Doppler assessment of ascending aortic velocity from the apical

long axis view. Velocity time integral (VTI) is derived by tracing around the systolic spectral envelope

(VTI = 0.117 m in this case). (See color plate.)
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stroke volume ¼ VTI� cross-sectional area ðmLÞ

and

cardiac output ¼ stroke volume� heart rate ðmL=minÞ

usually also divided by body weight to give mL/kg/min.

This method of measuring LV output has been validated against other more

invasive methods (26,27). In general, the correlation against a range of ‘‘gold stan-

dards’’ is good although there is significant inter- and intra-observer variability.

Intra-observer variability is estimated at about 10% and inter-observer at about

20%, so ideally serial studies should be made by the same person (28). The main

problem with LV output as a measure of systemic blood flow in the neonate, par-

ticularly the premature neonate, is the extent to which it is confounded by a left to

right ductal shunt. If you consider Fig. 5-16, you can see that, in the presence of a

ductal shunt, LV output is the sum of systemic blood flow and the shunt across the

duct and so it will overestimate systemic blood flow. In fact within this hemody-

namic situation, LV output is actually measuring pulmonary blood flow and it is the

right ventricular (RV) output that is measuring systemic blood flow. For this

reason, RV output is a better measure of systemic blood flow than LV output.

Right Ventricular Output

This is derived by measuring blood flow in the main pulmonary artery. The main

pulmonary artery (MPA) heads in a predominantly posterior direction before

bifurcating into the two main branches. This direction makes the MPA a great

vessel on which to perform Doppler from the low parasternal window with a

minimal angle of insonation but not such a good vessel in which to derive diameter.

The pulmonary artery is imaged in the long axis as described under the section on

‘‘Two-dimensional imaging and normal cardiac structure’’ earlier in this chapter.

We measure diameter from the 2-D image at the insertion of the pulmonary valve

leaflets, advancing frame by frame until end-systole, just before the valve closes (Fig.

5-17). The anterior wall is often the most difficult to get a clear view of and there is

often a need to experiment with different transducer positions. Doppler is per-

formed from the same window with the range gate just beyond the valve leaflets

(Fig. 5-17). This minimizes any disturbance to the flow pattern from ductal shunt-

ing. The measures are then used to calculate RV output in the same way as

Syst.
blood
flow

Pulm.
blood
flow

RVO=
SBF

LVO=
PBF

Lungs

Body

RA LA

RV

DUCT

LV

FIGURE 5-16 This schematic diagram of the heart high-

lights how, in the presence of a left to right ductal shunt,

LV output (LVO) is measuring the sum of systemic blood

flow and the ductal shunt. This is actually pulmonary blood

flow and it is RV output (RVO) that is measuring systemic

blood flow.
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described for the LV output. Normal values for both right and left ventricular

output would be in the range of 150 to 300 mL/kg/min.

There has been no direct validation of RV output measured in this way. In a

group of babies with no atrial or ductal shunting, we found a close correlation

between RV output and the directly validated LV output (7). Just as LV output can

be confounded by a left to right ductal shunt, RV output can be confounded by a

left to right atrial shunt (6,7). While large ductal shunts can develop quite quickly

after birth, atrial shunts often take longer to develop, so RV output is a reasonably

accurate means of assessing systemic blood flow during the first 24 postnatal hours.

However, this variable and unpredictable confounding of both ventricular outputs

as measures of systemic blood flow limits their use for studying the natural history

of systemic blood flow in babies. Because of this, we developed the concept of

measuring cardiac input rather than output, specifically measuring flow returning

to the heart via the superior vena cava (SVC).

SUPERIOR VENA CAVA FLOW

Any pump within a closed fluid circuit can only pump out what returns to it and

will only return to it what it pumps out. So input to the pump has to be the same as

the output, so it is with the heart. The SVC is a good vessel for Doppler as the angle

of insonation on flow is small from the low subcostal window and good images for

diameter can be obtained from the parasternal window. From a physiologic point of

view, SVC flow is not confounded by shunts through the fetal channels and it

represents the portion of systemic blood flow that we are most interested in, that

from the upper body and brain (14,29). It is difficult to find firm data in the

A B

MPA

RV

LV

x

x

.80

.80
RV

Main PA

.20

.80

m/s

VTI = 0.104 m
Vmax = 0.62 m/sec

Pk Grad = 1.6 mmHg
∆t = 243 msec

FIGURE 5-17 (A) Shows the site of measurement of pulmonary artery diameter, in end-systole at

the valve hinge points. (B) Shows pulsed Doppler assessment of main pulmonary artery velocity with

the range gate just beyond the valve. Velocity time integral (VTI) is derived by tracing around the

systolic spectral envelope (VTI = 0.104 m in this case). (See color plate.)
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literature as to what proportion of upper body blood flow is cerebral blood flow

(CBF), although estimates of 70 to 80% have been suggested for the neonate (30).

Doppler velocity in the SVC is measured from the subcostal window with the

transducer as low as possible to minimize the angle of insonation (29). The range gate

is placed in the mouth of the SVC just as it enters the right atrium. The velocity traces

in the SVC can be quite pleomorphic particularly in babies that are breathing spon-

taneously and there is often some retrograde flow associated with atrial systole. So we

would usually average from 10 cardiac cycles and would include any negative trace

(Fig. 5-18). For diameter measurement, the SVC is imaged in the long axis from a low

to mid-parasternal position and the SVC can be seen entering the right atrium, often

deviating anteriorly just before entry (29). This can be technically the most challen-

ging part of this technique as, with postnatal age, the right lung often inflates over the

window. The SVC also varies more in size than the great arteries during the cardiac

cycle. To allow for this, we average a maximum and minimum diameter. Whether this

is the physiologically correct way to compensate for the variation in diameter is open

to question but we adopted this approach because it is simple and easy to apply.

These maximum and minimum diameter measurements are much easier from an M-

mode trace (Fig. 5-18). However, as with all M-mode diameter measurement it is

important to make sure the ultrasound beam is transecting the vessel at right angles.

The calculation for SVC flow is then the same as for LV output. Mean SVC flows

M-mode beam

RA

Cal= 5mm .55

.55

RA

SVC

.80

.20

19

49

m/s

VTI = 0.126 m
Vmax = 0.46 m/sec

Pk Grad = 0.9 mmHg
∆t = 467 msec

SVC

Min

Max

A B
FIGURE 5-18 (A) Measurement of superior vena cava (SVC) diameter from a mid-parasternal

sagittal view. The M-mode beam is dropped through the SVC at the point that is starts to funnel

out into the RA. Diameter is averaged from a maximum (max) and minimum (min) diameter. (B)

Pulsed Doppler assessment of SVC velocity from a low subcostal view. Velocity time integral (VTI) is

derived by tracing around the systolic spectral envelope including any negative trace if present

(VTI = 0.126 m in this case). (See color plate.)
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increase over the first 48 postnatal hours from about 70 mL/kg/min at 5 h of age to

90 mL/kg/min at 48 h. The normal range during the time frame would be between 40

and 120 mL/kg/min and, in babies with minimal shunting, SVC flow is usually

between 30 and 50% of total ventricular output (14,29).

Like RV output, SVC flow has not been directly validated against invasive

measures but has been validated against Doppler measured LV output in babies

with no shunts (29). It is a more difficult technique to master than the ventricular

outputs and is similarly vulnerable to error, probably more so when the SVC is

difficult to image for diameter measurement. Its role is probably more as a research

tool than a routine clinical tool and it has given us a consistent means with which to

study the natural systemic blood flow in the very premature baby. The findings of

these studies are touched on below but they will be covered in much more detail in

Section III, Chapter 8 and in Section IV.

MYOCARDIAL FUNCTION MEASURES

Neonatologists often place great importance on the traditional LV myocardial func-

tion measures of ejection fraction and fractional shortening, possibly because these

can be the only hemodynamic measures given in routine echocardiography reports.

My view would be that they are not very useful measures in the study of neonatal

hemodynamics unless the myocardial dysfunction is severe, in which case you do

not need to measure anything to know there is a myocardial problem.

Ejection fraction and fractional shortening are essentially derivations of the

same measures, which is the difference between the diastolic and systolic dimen-

sions of the left ventricle. They are most commonly derived from an M-mode study

of the left ventricle with the M-mode beam transecting the left ventricle at the tips

of the mitral valve (Fig. 5-3). The antero-posterior diameter of the left ventricle is

measured in end-systole (LVESD) and end-diastole (LVEDD; Fig. 5-3). The frac-

tional shortening (%) is derived as [(LVEDD� LVESD)/LVEDD]� 100. The ejec-

tion fraction is really the same measure but cubes the diameter measurements to

convert to an assumed ventricular volume, so is derived as [(LVEDD3
� LVESD3)/

LVEDD3]� 100. There are several problems with these measures in the neonate,

most importantly M-mode only reflects the movement of the anterior and posterior

wall of the left ventricle. In preterm babies because of the complexities of the

transitional circulation, the anterior wall of the neonatal LV moves relatively little

during contraction compared to the posterior and lateral walls, so A–P M-mode

derivations of these measures underestimate LV function. In light of this observa-

tion, Lee et al. (31) proposed a method of deriving circumferential shortening by

imaging the LV in short axis and tracing the LV endocardial circumference in end-

diastole and end-systole and converting to circumferential shortening using the

same equation as fractional shortening. The advantage of this method is that it

reflects the movement of the entire circumference of the left ventricle not just two

walls. The velocity of fractional (or circumferential) fiber shortening (VCF) is

another way to derive a function measure from both these measures by using

the LV ejection time (LVET). VCF is derived from following equation

VCF = (LVEDD� LVESD)/(LVEDD)(LVET). As VCF is also influenced by the

heart rate, some investigators recommend to correct for the heart rate using the

following equation: VCFC = VCF/ˇRR interval where VCFC is the velocity of cir-

cumferential fiber shortening corrected for heart rate.

In essence, VCF measures how fast the myocardium is contracting rather than

how far. Mean fractional shortening in healthy newborns is about 35% with a range

from 26 to 40% (3), although values lower than this were found by Lee et al. (31) in

healthy preterm babies for the reasons cited above. Normal velocity of VCF in a

group of preterm babies ranged from 0.8 circ/s (±0.15) shortly after birth to
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1.0 circ/s (± 0.18) on postnatal day 5. In term babies, the average was 0.9 circ/s

(±0.15) at both times (32).

The overriding problem of all these measures in the neonate is the extent to

which they are affected by the load conditions on the left ventricle. Myocardial

contractility has three major determinants, the health of the myocardium (which

is what we want to assess), the preload on the ventricle (more will improve contrac-

tility up to a certain point) and the afterload (more will eventually reduce contrac-

tility as the myocardium goes off the top of the Starling curve). So anything that will

affect the load conditions will affect these contractility measures. Again ductal shunt-

ing is the biggest confounder here, because it increases the preload and reduces the

afterload on the left ventricle and so results in excellent measures of contractility in a

situation where hemodynamic health may not be good. Other important confound-

ers include hypovolemia, which will reduce contractility, and very high pulmonary

vascular resistance in PPHN. The latter can have interesting effects on myocardial

function because the high resistance may compromise RV function but the resulting

low pulmonary blood flow will also cause low LV preload and hence apparently poor

LV function. None of this is possible to work out if you only have a single measure of

LV function and do not know what is happening in the rest of the heart.

The above scenario highlights that RV function is probably just as important as

LV but the shape of the RV does not lend itself as well to reproducible function

measures. However, some investigators have started to look at this by deriving

normal values for right ventricular volume measures (33), although it is probably

too early to say whether these will develop into clinically useful measures.

One development of the above measures, which is supposed to be more load

independent, is the relationship between VCF and LV wall stress (WS). WS is

essentially a calculation of afterload and is derived from an equation that included

measures of end-systolic blood pressure (ESP), end-systolic LV posterior wall thick-

ness (h) and end systolic diameter (Des). The latter is calculated by dividing the

end-systolic circumference by p to reduce error from irregularity of the LV shape.

The formula is:

VWS ¼ 0:34ðDesÞðESPÞ=h ½1þ ðh=DesÞ�

Generally, as LV WS increases so VCFs will slow down, so a plot of the two will

produce a negative correlation slope. The steepness of this slope reflects myocardial

function; in other words, the more VCF slows in response to an increase in after-

load, the worse the myocardial function. The need to derive a slope means that this

needs repeated measures at different wall stress. This limits its use in an individual

but it may give useful information in cross sectional data in populations of babies.

Figure 5-19 compares the VCF versus WS slopes at 3 h of age in preterm infants

who did and did not develop low systemic blood flow. The steeper slope in the

babies with low systemic blood flow is apparent (34).

MYOCARDIAL FUNCTION: FUTURE DEVELOPMENTS

Data are beginning to emerge in the newborn on two further methodologies for

assessing myocardial function, namely measures of diastolic function and tissue

Doppler measures. At the moment these data are predominantly limited to nor-

mative values, so the role of these methods in clinical or research assessment of

hemodynamic pathophysiology is not yet clear. I will describe both briefly here.

Diastolic Function

Diastolic relaxation is an active process in the heart and a compromise of this

relaxation can have just as marked effects on cardiac output as compromised systolic
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function. In essence, these measures are all derived from the Doppler waveform of

the ventricular inflow (Fig. 5-20). This flow pattern reflects the two phases of diastole

with an early peak in flow velocity reflecting early ventricular filling (the E wave)

with ventricular relaxation and a later peak reflecting active filling as a result of atrial

systole (the A wave). A variety of measures of diastolic function can be derived from

this flow pattern, most of which are reflections of either velocities of the two phases

(maximum, mean, and relative E and A wave ratios) or the acceleration and decel-

eration times of the two phases. The latter measures need correcting for heart rate

1.5
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0.5

0.0

0 25 50 75

m
V

cf
s 

(c
irc

/s
)

LV stress (g/cm2)

0 25 50 75

LV stress (g/cm2)

NORMAL FLOW (n=59) LOW FLOW (n=35)FIGURE 5-19 The relationship between

mean velocity of circumferential shorten-

ing (mVCF) and LV wall stress in babies

who maintained normal systemic blood

flow (SBF) and those who developed low

SBF. The low SBF babies have a steeper

slope suggesting more limited myocardial

response to increased LV wall stress.

LV

LA
.64

.64

.50

.50

m/s

Mitral flow

Act E-wave

A-waveE-wave

FIGURE 5-20 Shows the normal neonatal

pulsed Doppler velocity trace of mitral valve

flow that is used to measure diastolic func-

tion. The E-wave represents early filling due

to active ventricular relaxation while the

A-wave represents filling due to atrial systole.

Act E-wave shows the acceleration time of

early diastolic filling. (See color plate.)
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and, at faster heart rates in the newborn, the A wave can be difficult to distinguish

from the E wave. Velocity measures taken in isolation will also be as much a reflec-

tion of the load conditions as the diastolic function, again the duct will be a big

confounder especially in neonates during the immediate postnatal transition.

In the mature healthy heart, 80% of filling occurs in early diastole, so relative

dominance of the A wave is a marker of impaired diastolic function. However, in

healthy term and preterm neonates, the mean ratio is 1.1:1 and 1:1, respectively,

suggesting that reduced diastolic function is normal in the neonate (3). In both

term and preterm babies, diastolic function measures improve over the first few

months after birth (35). Like most myocardial function measures, there are more

data available for the left than right side of the heart. While these measures give

interesting physiological insight into the precarious state of the preterm circulation,

their relationship to clinical outcome and their role in the assessment of an indi-

vidual infant have not been clarified.

Tissue Doppler

This methodology uses the low Doppler shift frequencies of high energy generated

by the ventricular wall motion, frequencies that are purposely filtered out in stand-

ard Doppler blood flow studies (36). There are essentially three variables in ven-

tricular wall motion; velocity, acceleration and displacement. Further, ventricular

function depends on contraction of longitudinally and circumferentially orientated

fibers. The M-mode myocardial function measures discussed above will give infor-

mation on displacement and circumferential contraction but tissue Doppler allows

much better assessment of velocity, acceleration, and longitudinal contraction.

Longitudinal contraction is mainly due to contraction of sub-endocardial fibers

and there is evidence from older subjects that abnormalities of wall motion may

initially appear in the longitudinal axis. Because the apex of the heart stays relatively

stationary during the cardiac cycle, longitudinal motion is assessed best from a four

chamber apical view with the Doppler range gate at the base of the heart (Fig. 5-21).

From this view, motion of ventricular septal base and tricuspid and mitral annulus

can be assessed. The velocity spectral trace has waves that reflect wall velocity in

systole and the two phases of diastole.

In older subjects, where much of the tissue Doppler research has been done,

there is some evidence that this methodology has significant advantages over more

traditional measures of myocardial function (36). Mori et al. (37) have established

some normal data in term newborns in comparison to older children but there is

little other published work to date. Like diastolic function measures, the clinical

usefulness of these measures in the assessment of an individual infant remains to be

established.

FUNCTIONAL ECHOCARDIOGRAPHY IN THE NICU IN SPECIFIC
CLINICAL SITUATIONS

Although at present there is no evidence that the use of functional echocardiography

improves neonatal outcomes, it can provide useful hemodynamic information in

almost any sick baby. Because the functional echocardiographer in a NICU will

mainly examine structurally normal hearts, the ability to recognize the abnormal

patterns of congenital heart disease (CHD) comes quite early in the learning process.

Indeed some training in recognizing common congenital heart abnormalities should

be part of that learning process. However, this should not be relied on to exclude

CHD. In any situation where the primary question is ‘‘Does this baby have a struc-

turally normal heart?’’ it is vital that an echocardiogram is performed early in the

clinical course by someone skilled in establishing structural normality, usually a
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pediatric cardiologist. In most babies where the primary question is ‘‘What are the

hemodynamics in this sick baby?’’ the heart will be structurally normal. But there are

babies in whom both questions must be answered. Hence, if a neonatologist is going

to undertake functional echocardiography, I cannot emphasize strongly enough the

importance of working in close collaboration with a pediatric cardiologist.

There are four common scenarios where functional echocardiography plays an

important role: (1) the very preterm baby during the transitional period; (2) the

baby with suspected PDA; (3) the baby with clinically suspected circulatory

compromise (usually hypotensive); and (4) the baby with suspected persistent pul-

monary hypertension of the neonate (PPHN). In all these situations, the echocar-

diogram should be as complete as possible but below I will outline measures that

are particularly important in each situation.

The Very Preterm Baby During the Transitional Period

The hemodynamic pathology of the first 12 h of life of the very preterm infant is

described in more detail in Section III, Chapter 8. It is a period of exquisite vul-

nerability to low systemic blood flow and, in our studies, this low systemic blood

flow has been associated with a range of adverse preterm outcomes (13,38). We try

to perform an echocardiogram between 3 and 9 h of age in all babies born before 28

weeks and babies born after 27 weeks with significant respiratory compromise. This

LV

LA

RV

RA

.05

.10

m/s

Range gate at base
of ventricular septum

Sw

Ew
Aw

FIGURE 5-21 Shows the tissue Doppler

velocity spectrum of longitudinal wall

motion at the base of the ventricular

septum. Sw shows peak systolic motion vel-

ocity, Ew is peak early diastolic filling motion

velocity and Aw is peak atrial systolic motion

velocity. (See color plate.)
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echocardiogram includes a measure of systemic blood flow and an assessment of

early ductal constriction and shunt direction

Measurement of Systemic Blood Flow

We recommend measuring both RV output and SVC flow as a cross-check against

each other. SVC flow will usually be between 30 and 50% of total systemic blood

flow (SBF). For clinical purposes, RV output is a reasonably accurate marker of low

SBF because atrial shunts are not usually large early after birth (see above). Full flow

measures are time-consuming to derive and, because velocity in the MPA is the

dominant determinant of RV output, measuring the maximum velocity in the MPA

(PA Vmax) provides a simple way to screen for low SBF (Fig. 5-22). In our studies, if

the PA Vmax is over 0.45 m/s, low SBF is unlikely and, if the PA Vmax is less than 0.35

m/s, most babies have low SBF. Between 0.35 and 0.45 m/s is a gray zone where

discriminatory accuracy is less good. In practice, I would recommend screening

with PA Vmax and then doing full RV output and/or SVC flow measures in those

with a PA Vmax less than 0.45 m/s (39).

Assessment of Early Ductal Constriction and Shunt Direction

We would assess the degree of ductal constriction by measuring minimum diameter

from the color Doppler and the pattern of shunting. The latter is usually predo-

minantly left to right but often has a bidirectional component at this stage. We do

this because it has been shown that constriction at this stage predicts subsequent

persisting patency (5,12,13,16).

The Preterm Infant with Suspected PDA

This will usually be a baby beyond the first 24 h with signs and/or symptoms

suggestive of a PDA. In our hands, an echocardiogram on such a baby includes:

PA MPA

CAL=.50m/s

PT : PT :

CAL=.50m/s 5
.23

.23

1.0

1.0

m/s

.50

.50

m/s

A B
FIGURE 5-22 Doppler velocity in the pulmonary artery in two babies. (A) The low Vmax of

about 0.2 m/s in a baby with low systemic blood flow (SBF) compared with (B) with a normal Vmax of

about 0.6 m/s. (See color plate.)
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� Color Doppler confirmation of patency and minimum diameter from the

color Doppler, as a means of assessing likely significance.

� Pulsed Doppler assessment of shunt direction.

� Pulsed Doppler assessment of direction of diastolic flow in the post-ductal

descending aorta.

� Pulsed Doppler assessment of velocity of diastolic flow in the left pulmonary

artery.

In babies born before 30 weeks with a PDA with a predominantly left to

right shunt, a minimum diameter between 1.5 and 2 mm will usually mark a

significant shunt and, when over 2 mm, the shunt will almost always be significant.

Retrograde diastolic flow in the post-ductal descending aorta and increase velocity

diastolic flow in the LPA support the observation that the shunt is likely to be

significant.

The Baby with Clinically Suspected Circulatory Compromise

The approach here will vary depending on the presentation. The term baby

presenting at birth with low Apgar scores and persisting pallor will usually be

due to post-hypoxic acidosis. But an acute fetal bleed with hypovolemia can

present this way and the characteristic poorly filled ventricles seen on echocardi-

ography can be helpful in making this diagnosis quickly. In an acute postnatal

circulatory collapse in a term baby, then, the need to exclude a ductal dependent

systemic circulation is paramount. In the preterm baby undergoing intensive care,

such acute collapses will usually have a respiratory origin but it may be cardiac,

e.g. cardiac tamponade from a long line extravasating into the pericardium or a

ductal dependent systemic circulation. In such situations, prompt diagnosis with

echocardiography will be life-saving. The commoner situation for the neonatol-

ogist will be the preterm baby with persisting hypotension. These babies usually

have a structurally normal heart and functional echocardiography in our practice

includes the following:

� A full assessment of ductal patency and significance. PDA causes a global

reduction in systolic and diastolic blood pressure during the first postnatal

week (40).

� A measure of systemic blood flow, RV output, and/or SVC flow. As the

baby grows older, more caution is needed in using pulmonary artery

velocities to screen for low flow because significant atrial shunts become

more common. In fact, low systemic blood flow is quite uncommon

after the first 24 h. Most hypotensive babies after day 1 will have normal

or sometimes high systemic blood flow suggesting loss of vascular

tone is more important than low cardiac output after the transitional

period (13,41,42).

� A visual assessment of myocardial contractility is important in these babies.

If it looks poor, I would measure LV fractional shortening.

The Baby with Suspected PPHN

This is usually the term or near-term baby with high oxygen and ventilator require-

ments. Congenital heart disease can present this way, so these babies must have this

possibility excluded early on in their course. Once structural abnormality has been

excluded, functional echocardiography in our practice includes the following.
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� An assessment of pulmonary artery pressure, ideally from a tricuspid

incompetence jet or a ductal shunt. Measure both, if they are present, as

a cross-check against each other. Pulmonary artery pressure is surprisingly

difficult to predict from a baby’s clinical condition (11). The highest pul-

monary pressure is found in babies with primary idiopathic PPHN (who

may not have very high Fi,O2 requirements) and babies with severe lung

disease.

� An assessment of systemic blood flow, RV output and or SVC flow. These

measured are commonly low in such babies, particularly in the first 24 h (11).

� An assessment of ductal constriction and direction of shunting. The ductus

usually constricts early and closes in these babies; often well before the

oxygen requirement falls (11).

� An assessment of degree and direction of atrial shunting.

CONCLUSION

There is a wealth of hemodynamic information that can be derived by functional

echocardiography in the sick neonate. A common theme to many of our research

findings in this area is how different actual hemodynamic findings are from what

one might expect from conventional thinking in particular clinical scenarios.

Further, it is striking how variable hemodynamics are between individual babies

and also within the same baby with time. Without echocardiography, you will be

guessing the hemodynamics and much of our data would suggest that you will be

wrong a fair amount of the time. For functional echocardiography to fulfill its

clinical potential, it needs to be available at any time and at short notice in the

NICU. Some NICUs will have external diagnostic services that can provide this sort

of service but many do not have this sort of access. In these situations, there is much

to be said for the neonatologists themselves developing echocardiographic skills in

close collaboration with their cardiologists.
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LV
RV

LA

RA

A B C D
FIGURE 5-1 These four frames show the chambers of the heart being progressively added from back to front. The

white line shows where the ultrasound beam will transect the heart. (A) The left atrium (LA) at the back of heart with two

pulmonary veins coming in each side posteriorly. (B) The right atrium (RA), which is to the right and slightly in front of the

LA. (C) The endocardial surface of the left ventricle (LV), which receives blood towards the apex through the mitral valve

and ejects it into the ascending aorta, which runs towards the right shoulder in front of the LA. (D) The anterior nature of

the right ventricle, which wraps in front of the LV outflow tract before ejecting blood posteriorly into the pulmonary

artery.
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FIGURE 5-4 Pulsed Doppler assesses flow velocity at a defined location (= sign on 2-D
image). Flow away from the transducer is negative (A) and towards the transducer positive (B).

Color Doppler maps those signals onto the 2-D image with flow away coded blue (A) and towards

coded red (B).
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FIGURE 5-3 M-mode plots the ultra-
sound signals from the single beam
(shown on a 2-D image) against time.
This allows movement and dimensions to be

more accurately measured. The LV end dia-

stolic diameter (LVEDD) and LV end systolic

diameter (LVESD) are shown.
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FIGURE 5-2 A heart model and an ultrasound picture cut in the same plane as shown in
Fig. 5-1. The RV is seen at the front connecting with the posteriorly directed pulmonary artery.

Behind the RV is the LV outflow tract and the LA and mitral valve.



Left ventricle

Duct

Desc.
aorta

Aortic arch

Pulmonary artery

FIGURE 5-5 A model of the heart viewed
from the left-hand side. It can be seen that

the ductus arteriosus is a continuation of the

pulmonary artery and describes an arch into

the descending aorta. It is slightly offset to the

left reflecting the need to connect with the

left-sided descending aorta.

MPA

PDALPA

FIGURE 5-6 A 2-D image of a patent

duct adjacent to the root of the left pul-

monary artery, which is seen this section

as a diverticulum inferior to the duct. The

duct describes an arch that is in continu-

ity with the anterior wall of the main

pulmonary artery.
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FIGURE 5-8 The range of pattern of ductal shunt on pulsed Doppler. (A) Shows the positive (towards the

transducer) trace of a pure left to right shunt. (B) Shows a bidirectional shunt with both left to right (positive) and

right to left (negative) components. (C) Shows a predominantly right to left (negative) shunt but with some left to right

shunt in diastole. Pure right to left ductal shunts are uncommon.
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Retrograde flow
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18:
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FIGURE 5-9 Compares the normal forward diastolic flow (A), which is also seen with a Patent

ductus arferiosus (PDA) in the pre-ductal aorta with the retrograde diastolic flow seen in the post

ductal aorta in the presence of a significant PDA.
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FIGURE 5-10 Compares the diastolic velocity seen in the left pulmonary artery with a closed duct

with the increased diastolic velocity (in this case 0.5 m/s) seen with a significant PDA.
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FIGURE 5-11 (A) The 2-D appearance of the atrial septum and foramen ovale in the subcostal

four chamber view. (B) The color Doppler of a left to right shunt through an incompetent foramen

ovale.
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FIGURE 5-12 Pulsed Doppler of a normal

bidirectional atrial shunt with a short period

of right to left shunting followed by left to

right shunting.

PA
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LPA Closed duct

Desc aorta

A B C

MPA
Constricted Patent duct

Desc aorta

FIGURE 5-7 Three-color Doppler images of the ductal ultrasound cut. (A) Shows a closed duct with the blue

streams of the pulmonary artery and descending aorta. The absence of color in the line of the duct shows that it is

functionally closed. (B) Shows the red stream of a left to right shunt through a constricted duct, streaming back up the

anterior wall of the pulmonary artery. (C) Shows a left to right shunt though an unconstricted duct.
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FIGURE 5-13 The two waveforms repre-

sent the simultaneous pressure wave at

the pulmonary (blue) and aortic (red) end

of the duct. The pressure wave at the pul-

monary end rises before that at the aortic

end. As pulmonary pressure rises (but

remains sub-systemic) some right-to-left

shunting occurs in early systole. As pulmon-

ary pressure rises further so the duration of

this right to left shunt (x) increases. When

the duration of right to left shunt is more

than about 30% of the cardiac cycle, pul-

monary pressure is usually suprasystemic.
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PGRAD    =       57.5mmHg

TI Jet

FIGURE 5-14 An example of tricuspid
incompetence. The maximum velocity

(Vmax) is 3.79 m/s. This means that the pres-

sure gradient (PGRAD) across the valve is

4�3.792 = 57.5 mm Hg. Adding 5 mm Hg

for right atrial pressure, this means that the

RV systolic pressure is about 63 mm Hg; this

will be the same as pulmonary artery systolic

pressure.
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Pk Grad = 2.5 mmHg
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FIGURE 5-15 (A) Shows the site of measurement of aortic diameter. Some authors recommend

measurement of valve ring or leaflet separation (a); we usually use the internal diameter beyond the

coronary sinus (b). (B) Shows pulsed Doppler assessment of ascending aortic velocity from the apical

long axis view. Velocity time integral (VTI) is derived by tracing around the systolic spectral envelope

(VTI = 0.117 m in this case).
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FIGURE 5-17 (A) Shows the site of measurement of pulmonary artery diameter, in end-systole at

the valve hinge points. (B) Shows pulsed Doppler assessment of main pulmonary artery velocity with

the range gate just beyond the valve. Velocity time integral (VTI) is derived by tracing around the

systolic spectral envelope (VTI = 0.104 m in this case).
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FIGURE 5-18 (A) Measurement of superior vena cava (SVC) diameter from a mid-parasternal

sagittal view. The M-mode beam is dropped through the SVC at the point that is starts to funnel

out into the RA. Diameter is averaged from a maximum (max) and minimum (min) diameter. (B)

Pulsed Doppler assessment of SVC velocity from a low subcostal view. Velocity time integral (VTI) is

derived by tracing around the systolic spectral envelope including any negative trace if present

(VTI = 0.126 m in this case).
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FIGURE 5-20 Shows the normal neonatal

pulsed Doppler velocity trace of mitral valve

flow that is used to measure diastolic func-

tion. The E-wave represents early filling due

to active ventricular relaxation while the

A-wave represents filling due to atrial systole.

Act E-wave shows the acceleration time of

early diastolic filling.
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FIGURE 5-21 Shows the tissue Doppler

velocity spectrum of longitudinal wall motion

at the base of the ventricular septum. Sw

shows peak systolic motion velocity, Ew is

peak early diastolic filling motion velocity

and Aw is peak atrial systolic motion velocity.
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FIGURE 5-22 Doppler velocity in the pulmonary artery in two babies. (A) The low Vmax of

about 0.2 m/s in a baby with low systemic blood flow (SBF) compared with (B) with a normal Vmax of

about 0.6 m/s.
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Light-based approaches to the assessment of a tissue’s oxygen status are attractive to

the clinician because they provide the possibility of continuous non-invasive meas-

urements. For example, pulse oximetry, which relies on emission and absorption of

light in red and infrared frequencies (660 and 940 nm, respectively), has become

widely used in clinical practice. However, this technology only measures hemoglo-

bin oxygen saturation, which is variably related to the partial pressure of oxygen in

arterial blood and not oxygen delivery. The arterial oxygen saturation is estimated

by measuring the transmission of light through the pulsatile tissue bed; the micro-

processor analyses the changes in light absorption due to pulsatile arterial flow and

ignores the component of the signal which is non-pulsatile and which results from

blood in the veins and tissues. Near-infrared (NIR) spectroscopy technology takes

this further and utilizes light in the near-infrared range (700 to 1000 nm).

Using one NIR spectroscopy technique (the continuous wave method with

partial venous occlusion, described in more detail below), venous oxygen saturation

can be determined, and, from this, oxygen delivery and consumption can be meas-

ured. Blood flow can also be measured by continuous wave NIR spectroscopy and

the Fick approach, either with a bolus of oxygen or with dye (1,2). However, these

methods only allow for intermittent measurements and, more recently, another

NIR spectroscopy technique (the time-of-flight method, also described in more

detail below) has been used to measure an index of tissue oxygenation continuously

(3). Cytochrome activity can also be assessed (4,5), but this has not been achieved

in any regular clinical or even research application.

NIR spectroscopy instrumentation consists of fiber-optic bundles or optodes

placed either on opposite sides of the tissue being interrogated (usually a limb or

the head of a young baby) to measure transmitted light, or close together to mea-

sure reflected light. Light enters through one optode and a fraction of the photons

are captured by a second optode and conveyed to a measuring device. Multiple light
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emitters and detectors can also be placed in a headband to provide tomographic

imaging of the brain.

In this chapter, we will review the principles of NIR spectroscopy, quantific-

ation of physiological variables, and finally some clinically relevant observations

that have been made using this technology.

PRINCIPLES OF NEAR-INFRARED SPECTROSCOPY

Near-infrared spectrophotometers are applied in the food industry, geological sur-

veys, and in laboratory analysis. Jöbsis first introduced its use for human tissue in

1977 (6). Since 1985, near-infrared spectrophotometers have been used in newborn

infants.

NIR spectroscopy relies on three important phenomena:

� Human tissue is relatively transparent to light in the near-infrared region of

the spectrum

� Pigmented compounds known as chromophores absorb light as it passes

through biological tissue

� In tissue, there are compounds whose absorption differs depending on their

oxygenation status

Human tissues contain a variety of substances whose absorption spectra at

near-infrared wavelengths are well defined. They are present in sufficient quantities

to contribute significant attenuation to measurements of transmitted light. The

concentration of some absorbers such as water, melanin, and bilirubin remain

virtually constant with time. However, the concentrations of some absorbing com-

pounds, such as oxygenated hemoglobin (HbO2), deoxyhemoglobin (HbR), and

oxidized cytochrome oxidase (Cyt aa3) vary with tissue oxygenation and metabo-

lism. Therefore changes in light absorption can be related to changes in the con-

centrations of these compounds.

Dominant absorption by water at longer wavelengths limits spectroscopic stu-

dies to less than about 1000 nm. The lower limit on wavelength is dictated by

the overwhelming absorption of HbR below 650 nm. However, between 650 and

1000 nm, it is possible with sensitive instrumentation to detect light that has

traversed 8 cm of tissue (7).

The absorption properties of hemoglobin alter when it changes from its oxy-

genated to its deoxygenated form. In the near-infrared region of the spectrum, the

absorption of the hemoglobin chromophores (HbR and HbO2) decreases signifi-

cantly compared to that observed in the visible region. However, the absorption

spectra remain significantly different in this region. This allows spectroscopic sep-

aration of the compounds using only a few sample wavelengths. HbO2 has its

greatest absorbency at 850 nm. Absorption by HbR is maximum at 775 nm, so

measurement at this wavelength enables any shift in hemoglobin oxygenation to be

monitored. The isobestic points (the wavelength at which two substances absorb

light to the same extent) for HbR and HbO2 occur at 590 and 805 nm, respectively.

These points may be used as reference points where light absorption is independent

of the degree of saturation.

The major part of the NIR spectroscopy signal is derived from hemoglobin (8),

but other hemoglobin compounds, such as carboxyhemoglobin, also absorb light in

the near-infrared region. However, the combined error due to ignoring these com-

pounds in the measurement of the total hemoglobin signal is probably less than 1%

in normal blood. Nevertheless, when monitoring skeletal muscle using NIR spectro-

scopy, myoglobin and oxymyoglobin must be considered because their near infra-

red absorbance characteristics are similar to hemoglobin.
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NEAR-INFRARED SPECTROPHOTOMETERS

Three different methods of using near-infrared light for monitoring tissue oxygen-

ation are currently used:

� Continuous wave method (9–11)

� Time-of-flight method (also known as time-domain or time-resolved) (12)

� Frequency domain method (11)

The continuous wave method has a very fast response but registers relative

change only and it is therefore not possible to make absolute measurements using

this technique. Nevertheless, these instruments have been widely used for research

studies (1,2,5,13–25). The time-of-flight method needs extensive data processing but

provides more accurate measurements. It enables one to explore different informa-

tion provided by the measured signals and has the potential to become a valuable tool

in research and clinical environments. The third approach, which uses frequency

domain or phase modulation technology, has a lower resolution than that of the

time-of-flight method but has the potential to provide estimates of oxygen delivery

sufficiently quickly for clinical purposes. This frequency domain or phase modulation

technology is potentially the best candidate for the neonatal intensive care setting and

for bedside usage. The principles used in the three methods are described below.

Continuous Wave Instruments

In continuous wave spectroscopy (9), changes in tissue chromophore concentrations

from the baseline value can be obtained from the modified Beer–Lambert law. The

original Beer–Lambert law describes the absorption of light in a non-scattering

medium and states that, for an absorbing compound dissolved in a non-absorbing

medium, the attenuation is proportional to the concentration of the compound in

the solution and the optical pathlength. Therefore, A = E�C� P, where

A = absorbance (no units), E = extinction coefficient or molar absorbtivity (meas-

ured in L/mol/cm), P = pathlength of the sample (measured in cm), and

C = concentration of the compound (measured in mol/L). Wray et al. (26) charac-

terized the extinction coefficient of hemoglobin and oxygenated hemoglobin

between the wavelengths of 650 and 1000 nm. The extinction coefficients determined

by them at four specific wavelengths are as shown in Table 6-1. Mendelson et al.

showed that the absorption coefficients of fetal and adult hemoglobin are virtually

identical (27).

However, the application of the Beer–Lambert law in its original form has

limitations. Its linearity is limited by:

� Deviation in the absorption coefficient at high concentrations (>0.01 M)

due to electrostatic interaction between molecules in close proximity; for-

tunately such concentrations are not met in biological media

Table 6-1 Extinction Coefficients of HbO2 and Hb and Different
Wavelengths

Wavelength (nm) HbO2 Hb

772 0.71 1.36
824 0.983 0.779
844 1.07 0.778
907 1.2520 0.892
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� Scattering of light due to particulate matter in the sample

� Ambient light

When light passes through tissue, it is scattered because of differences in the

refractive indices of various tissue components. The effect of scattering is to

increase the pathlength traveled by photons and the absorption of light within

the tissue. Cell membranes are the most important source of scattering. In neo-

nates, skin and bone tissue become important when the optodes are placed less than

2.5 cm apart (28).

Thus, for light passing through a highly scattering medium, the Beer–Lambert

law has been modified to include an additive term, K, due to scattering losses, and a

multiplier to account for the increased optical pathlength due to scattering.

Where the true optical distance is known as the differential pathlength (DP),

P is the pathlength of the sample, and the scaling factor is the differential pathlength

factor (L): thus, DP = P� L. The modified Beer–Lambert law, which incorporates

these two additions, is then expressed as A = P� L� E�C + K, where A is absorb-

ance, P is the pathlength, E is the extinction coefficient, C is the concentration of

the compound, and K is a constant. Unfortunately, K is unknown and is dependent

on the measurement geometry and the scattering coefficient of the tissue investi-

gated. Hence this equation cannot be solved to provide a measure of the absolute

concentration of the chromophore in the medium. However, if K is constant during

the measurement period, it is possible to determine a change in concentration (DC)

of the chromophore from a measured change in attenuation (DA). Therefore,

DA = P� L� E�DC, or

DC ¼
DA

P � L � E

The differential pathlength factor describes the actual distance traveled by light. As

it is dependent on the amount of scattering in the medium, its measurement is not

straightforward. The differential pathlength factor has been calculated on human

subjects of different ages and in various tissues. Van der Zee et al. (28) and Duncan

et al. (29) conducted optical pathlength measurements on human tissue and their

results are as shown in Table 6-2.

There is a small change in optical pathlength with gestation, but this is negli-

gible and a constant relationship is assumed (30). Despite gross changes in oxy-

genation and perfusion before and after death in experimental animals, the optical

pathlength at near-infrared wavelengths was found to be nearly constant (max-

imum difference <9%) (31).

A compound that absorbs light in the spectral region of interest is known as a

chromophore. In a medium containing several chromophores (C1, C2, and C3) the

overall absorbance is simply the sum of the contributions of each chromophore.

Therefore,

A ¼ ðE1C1 þ E2C2 þ E3C3ÞP� L

Table 6-2 Differential Pathlength Factors as Determined by Van
Der Zee et al. (28) and Duncan et al. (29)

Van der Zee Duncan

Preterm head 3.8 � 0.57 –
Term head – 4.99 � 0.45
Adult forearm 3.59 � 0.78 4.16 � 0.78
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For a medium containing several chromophores C1, C2, C3

DC1 ¼ Q1DA1 þ R1DA2 þ S1DA3 þ T1DA4

DC2 ¼ Q2DA1 þ R2DA2 þ S2DA3 þ T2DA4

DC3 ¼ Q3DA1 þ R3DA2 þ S3DA3 þ T3DA4

where DA1, DA2, DA3, and DA4 represent changes in absorption at wavelengths such

as 774 nm, 825 nm, 843 nm, and 908 nm. DC1, DC2, and DC3 represent changes in

the concentrations of C1, C2, and C3 (such as HbR, HbO2, and Cyt aa3). The 12

values of Q, R, S, and T are functions of the absorption coefficients of HbR, HbO2,

and Cyt aa3. They are termed near-infrared coefficients. Since the pathlength is

wavelength dependent (32), a modification of these inverse matrix coefficients has

been made in Table 6-3.

Examples of instruments using continuous wave technology are the NIRO 500

and NIRO 100, made by Hamamatsu Photonic, Japan.

Spatially Resolved Spectroscopy

The continuous wave method, which measures only the intensity of light, is very

reliable, but allows only relative or trend measurements due to the lack of infor-

mation available about pathlength (9). To address this problem using current con-

tinuous wave instruments, multiple optodes operating simultaneously are placed

around the head. This allows for a pathlength correction, but only when the tissue

being interrogated is assumed to be homogeneous. This modification is called

spatially resolved spectroscopy. It has reasonable signal to noise ratio and the

depth of brain tissue, which can be measured from the surface, varies typically

between 1 and 3 cm.

Spatially resolved spectroscopy is a method that measures hemoglobin oxygen

saturation. In contrast to standard continuous wave NIR spectroscopy, this tech-

nique gives absolute values. A light detector measures tissue oxygenation index with

three sensors at different distances from the light source. Scatter and absorption

attenuate light passing into tissue. If the distance between the light source and the

sensor is large enough (more than 3 cm), the isotropy of scatter distribution

becomes so homogeneous that the loss due to scatter is the same at the three

sensors. Tissue oxygenation index (TOI) is calculated according to the diffusion

equation as follows:

TOIð%Þ ¼
KHbO2

KHbO2
þ KHbR

where K is the constant scattering contribution.

The NIRO 300 (Hamamatsu Inc., Hamamatsu, Japan) was used to determine

the cerebral TOI in 15 preterm infants between 26 and 29 weeks, gestation during

the first three days after birth. The median TOI increased progressively during the

days after birth. It was 57% (95% CI, 54 to 65.7%) on the first day, 66.1% on the

Table 6-3 Inverse Matrix Coefficients for Hb, HbO2, and
Cytochrome aa3 at Different Wavelengths

774 nm 825 nm 843 nm 908 nm

Hb 1.363 �0.9298 �0.7538 0.6747
HbO2 �0.7501 �0.5183 �0.0002 1.8881
Cyt aa3 �0.1136 0.7975 0.4691 �1.0945
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second day (95% CI, 61.9 to 82.3%) and 76.1% on the third day (95% CI, 67.8 to

80.1%) (33). In a group of eight preterm infants with hypothermia (body temper-

ature < 358C), the TOI was found to increase on warming four infants with peri-

natal asphyxia (34). Naulaers and colleagues have suggested that by using TOI as a

measure of venous oxygen saturation, it is possible to measure an equivalent of the

fractional extraction of oxygen continuously (34). Recently, Dullenkopf and associ-

ates recently examined the reproducibility of cerebral TOI (35). Sensor-exchange

experiments (removing the sensor and re-applying another sensor at the same

position) and simultaneous left to right forehead measurements revealed only

small mean differences (<5%) and no significant differences between correspond-

ing values (35). The same group also showed that much of the variability of cerebral

TOI was due to cerebral venous oxygen saturation (36).

Quaresima et al. concluded that TOI reflected mainly the saturation of the

intracranial venous compartment of circulation (37). There has been variability in

the results of studies aimed at correlating TOI with jugular venous bulb oximetry,

possibly because of assumptions made about the distribution of cerebral blood

between the arterial and venous compartments; several studies used a fixed ratio

of 25:75 (38–40), but Watzman et al. described an arterial-to-venous ratio of 16:84

in normoxia, hypoxia and hypocapnia and also observed considerable biological

individual variability (41).

Time-of-flight Instruments

This time-resolved technique consists of emitting a very short laser pulse into an

absorbing tissue and recording the temporal response (time of flight) of the

photons at some distance from the laser source (12). This method uses a mathe-

matical approximation that is based on diffusion theory to allow for the separation

of effects due to light absorbance from those due to light scattering. Thus, the

time-of-flight method permits differentiation of one tissue from another. In addi-

tion, the scattering component provides further useful information, which may be

used for imaging. Functional imaging is an exciting application of the time-of-flight

method because, in conjunction with hemoglobin status, scattering changes, which

can be mapped optically, may provide information about the electrical and vascular

interaction, which determines the functional status of the brain. Disadvantages of

this technique, which still need to be addressed, are the large amount of data, which

means that data are collected and analyzed relatively slowly (minutes), and infor-

mation obtained at bedside is not displayed instantaneously but rather a few

minutes later.

There have only been a few reports on the use of time of flight instruments in

neonates (3). Measurements in neonates at the bedside have not been possible

because of the size and the cost of typical laboratory equipment needed for these

measurements. However, a new portable TRS device (TRS-10, Hamamatsu

Photonics K.K., Hamamatsu, Japan), which has a high data acquisition rate, was

recently used clinically. This TRS system can be used (1) for continuous absolute

quantification of hemodynamic variables, and (2) for better estimation of light-

scattering properties by measurement of differential pathlength factors.

Frequency Domain Instruments

The frequency domain method is based on the modulation of a laser light at given

frequencies (11). The frequency domain instrument determines the absorption

coefficient and reduces scattering coefficient of the tissue by measuring the AC,

DC, and phase change as functions of distance through the tissue. This method

allows for correction of the detected signal for the different scattering effects of the
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fluid and tissue components of the brain using data processing algorithms.

Moreover, the phase and amplitude shifts can be used for localization of the

signal. Since pathlength is measured directly, the hemoglobin saturation can be

measured to �5% in in vitro models and �10% in piglets. Problems include

noise and leakage associated with the high frequency signal, but the devices are

very compact and appropriate for bedside/incubator use. Further refinement of the

technology will be needed to improve accuracy in the clinical setting.

Examples of instruments using this frequency domain technology are manu-

factured by ISS, Inc., Champaign, IL.

MEASUREMENTS OF PHYSIOLOGICAL VARIABLES

As previously stated, continuous wave NIR spectroscopy does not result in absolute

quantitative measurements. In order to derive quantitative values for physiological

variables, it is necessary to produce changes in the concentrations of the measured

chromophore. This has been done by changing the volume of the cerebral venous

compartment, either by tilting the subject head-down (42) or, as we have done, by

partial venous occlusion (20), or by using changes in cerebral blood volume in-

duced by ventilation (43). By observing the ratio of the changes in chromophores or

the change in chromophore concentration in comparison to another measured

variable, it is possible to calculate different physiological variables.

Some assumptions are made. It is assumed that the receiving and transmitting

fiber optodes do not move in position and that the distance between the optodes

and the scattering characteristics of the tissue remain constant during a measure-

ment. Also, for cerebral measurements it is assumed that there is no contribution to

the NIR spectroscopy signal from extra-cerebral hemoglobin (44).

Continuous wave NIR spectroscopy has been used in a number of ways to

make measurements relevant to neonatal cerebral and peripheral hemodynamics.

The technique has been used to measure peripheral and cerebral venous oxygen

saturation, and cerebral and peripheral blood flow.

Venous Oxygen Saturation

Intermittent measurements of both cerebral and peripheral venous oxygen satura-

tion (SvO2) have been made using this technology (16,20,42,43,45). The assumption

is made that in a steady state, arterial, and venous blood flows are equal. The

approach for measuring both cerebral and peripheral SvO2 is similar, namely to

induce a brief increase in the venous compartment (and hence in the concentration

of venous hemoglobin) and then to measure that change.

Cerebral Venous Oxygen Saturation

Three techniques have been described for the measurement of cerebral SvO2 using

NIRS (20,42,43). Each involves the calculation of cerebral SvO2 from the relative

changes in HbO2 and total hemoglobin (the sum of oxygenated and deoxygenated

hemoglobin or HbT) that occur when there is an increase in the venous blood

volume of the brain. As mentioned earlier, this is achieved either by gravity using a

tilt technique (42), or by partial jugular venous occlusion (20) or by using changes

in cerebral blood volume induced by ventilation (43).

The partial jugular venous occlusion technique for the measurement of cere-

bral SvO2 was developed by our group in Liverpool, UK, and validated by Yoxall

et al. (20). In this technique, the monitoring optodes were positioned on the

infant’s head in the temporal or frontal regions of the same side. The optodes

were held firmly in place without any movement using a Velcro band (Ohmeda).

A minimum inter-optode distance of 2.5 cm was ensured. In order to establish a
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baseline, the NIRS data were monitored for a short period when no changes were

made. Then a brief jugular venous occlusion was made using gentle pressure on the

side of the neck over the jugular vein. The compression lasted for about 5 to 10 s,

after which the pressure was released. The brief compression of the jugular vein led

to an increase in the blood volume in the head. Since there was no arterial occlusion

and because the occlusion was brief, all the increase in hemoglobin concentration

monitored using NIR spectroscopy may be assumed to be due to venous blood

within the head. The relative changes in HbO2 concentration and HbT concentra-

tion monitored could then be used to calculate the saturation of venous blood

within the tissue studied.

Data were recorded every 0.5 s on to a laptop computer using the Onmain

program developed at University College London. The differential pathlength factor

was set according to Table 6-2. The inter-optode spacing was measured accurately

using calipers.

Using a spreadsheet, the HbR and HbO2 data were visually inspected to deter-

mine the point at which both started to rise. The 10 data points (5 s) preceding this

were averaged to give a baseline (Fig. 6-1). The increase from this baseline was

calculated at each point for the next 5 s (10 data points). The venous saturation

every 0.5 s for 5 s following the occlusion was calculated from the change in the

concentration of HbO2 (DHbO2) as a proportion of the change in total hemoglobin

concentration (DHbT). Therefore,

cerebral SvO2 ¼
DHbO2

DHbT

The SvO2 was then calculated as the mean of the 10 values thus obtained. Before

calculating the value of cerebral SvO2, the data obtained during each occlusion were

observed to check for a steady baseline and a smooth increase after the occlusion.

Five consecutive occlusions were made over a period of approximately

1 to 2 min and the value of cerebral SvO2 was obtained from the mean of these

five occlusions. Using this technique, cerebral SvO2 was measured non-invasively

with minimal disturbance of the subject and repeated measurements could

be made.
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FIGURE 6-1 Changes in hemoglobin (Hb) and oxygenated hemoglobin (HbO2) following a
partial jugular venous occlusion. A 5 s baseline is initially recorded. The partial occlusion lasts for

5 to 10 s. Data are acquired by the NIRO every 0.5 s.
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This partial jugular venous occlusion technique was validated by comparison

with SvO2 measured by co-oximetry from blood obtained from the jugular bulb

during cardiac catheterization (20). Fifteen children were studied, aged three

months to 14 years (median, two years) (20). Cerebral SvO2 by co-oximetry

ranged from 36 to 80% (median, 60%) (20). The mean difference (co-

oximeter�NIR spectroscopy) was 1.5% (20). Limits of agreement were �12.8%

to 15.9% (20). Using partial jugular venous occlusion, measurements were possible

in almost all the children studied, including those who were awake and not venti-

lated and those who were sick and unstable. By contrast, measurements were only

possible in 10 of 15 patients studied using the technique described by Wolf et al.

(43) and results were only obtained in nine of the 22 patients studied using the tilt

technique (42). However, the values obtained using the different techniques are

reasonably comparable, considering the different populations studied.

Peripheral Venous Oxygen Saturation

Peripheral SvO2 can be measured by two methods using NIRS (16,46). One

approach, which is described in more detail below, involves measuring changes

following venous occlusion. It is similar to that used for cerebral SvO2 and was

developed by Wardle et al. (16) for preterm infants by adapting a method described

and validated by De Blasi et al. in adult patients (47). Another approach is a method

involving the use of oxygen as an intravascular tracer and it can be used in the same

way that measurements of cerebral blood flow are made (see below) (46).

In the venous occlusion method, the optodes were positioned on the upper

arm and the interoptode distance was measured using calipers. The optodes were

held in place using a small Velcro band (Ohmeda). A brief venous occlusion with a

blood pressure cuff around the upper arm was achieved by manually inflating the

cuff to 30 mm Hg for approximately 5 to 10 s. This compression of the arm resulted

in a rise in the blood volume within the forearm. Since the venous occlusion was

brief and there was no arterial occlusion, all the measured increase in hemoglobin

within the tissues monitored could assumed to be attributed to an increase in the

venous blood. During the initial part of a venous occlusion, hemoglobin accumu-

lated in the tissues owing to cessation of venous flow and the rate of hemoglobin

flow was equal to the rate of tissue hemoglobin accumulation during the initial part

of the occlusion.

The changes in HbR and HbO2 concentration were used to calculate the sat-

uration of venous blood within the forearm tissues.

Data were recorded and analyzed as for NIRS measurements of cerebral SvO2

using partial jugular venous occlusion.

Peripheral SvO2 ¼
DHbO2

DHbT

NIR spectroscopy measures DHbT every 0.5 s (Fig. 6-2). Using a similar approach

to that for cerebral venous saturation, the HbT data were visually inspected to

determine the point at which it started to rise, the ten data points (5 s) preceding

this were averaged to give a baseline and the increase from this baseline was

calculated at each point for the next 2 s (four data points). As with cerebral SvO2

measurements, before calculating the value of the peripheral SvO2 the data from

each occlusion were observed to check for a steady baseline and a smooth increase

following the occlusion. Five consecutive occlusions over a period of approximately

1 to 2 min were made and the value of peripheral SvO2 was obtained from the mean

of these five occlusions.

The SvO2 measurements using the venous occlusion technique made both from

the forearms of adults and babies have been compared with co-oximetry measure-

ments. The agreement between the methods was close (21,22). In 19 adult
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volunteers, there was a significant correlation between forearm SvO2 measured by

NIR spectroscopy and SvO2 of superficial venous blood measured by co-oximetry

(r = 0.7, P< 0.0001) (22). When the study was repeated in 16 newborn infants there

was again a significant correlation between the two measurements (r = 0.85,

P< 0.0001) (21). The mean difference between the two techniques was 6% and

the limits of agreement were �5.1% to 17.1% (21).

Once venous saturation (using partial venous occlusion and continuous wave

NIR spectroscopy) and arterial saturation (using pulse oximetry) are known, frac-

tional oxygen extraction can be measured (see below).

Blood Flow

NIR spectroscopy has also been used as a research tool for measuring cerebral and

peripheral blood flow. The methods are described below.

From the measurements made using partial venous occlusion, hemoglobin

flow (Hb flow) can also be calculated from the slope of a line through the DHbT

values during the first 2 s of an occlusion using a least squares method, i.e. the rate

of increase of HbT within the forearm is used to calculate Hb flow. Hence,

Hb flow ¼

Z
DHbT dt

as shown in Fig. 6-3; and,

blood flow ¼
Hb flow

½Hb�

where [Hb] is hemoglobin concentration.

Blood flow (mL/100 mL/min) is calculated by dividing Hb flow (mmol/100 mL/

min) by venous [Hb] in mmol/mL. Since the molecular weight of hemoglobin is

64,500 g/mol, blood flow is:
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FIGURE 6-2 Changes in hemoglobin (Hb) and oxygenated hemoglobin (HbO2) following a
forearm venous occlusion. A 5 s baseline is initially recorded. The partial occlusion lasts for 5 to 10

s. Data are acquired by the NIRO every 0.5 s.
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Hb flow � 6:45

½Hb�

where blood flow is in mL/100 mL/min, Hb flow is in mmol/100 mL/min, and [Hb]

is in g/dL.

An alternative approach to measure flow by NIR spectroscopy is to use a bolus of

oxidized hemoglobin as a non-diffusible intravascular tracer (1,2,25). In this technique,

the monitoring optodes were positioned on the infant’s head in the temporal or frontal

regions of the same side. The optodes were held firmly in place without any movement

using a Velcro band (Ohmeda). A minimum inter-optode distance of 2.5 cm was used.

In order to establish a baseline, the NIR spectroscopy data were monitored for a short

period where no changes were made. The measurement is based on the Fick principle,

which states that the amount of a non-diffusible intravascular tracer accumulated in a

tissue over a time t is equal to the amount delivered in the arterial blood minus the

amount removed in the venous blood. If the blood transit time for the brain (t) is less

than 6 s, then the amount removed by venous flow will be zero and so increase in tissue

tracer content is equal to the amount of tracer delivered by arterial blood flow. Hence,

the amount of HbO2 delivered by arterial flow is ½arterial Hb flow �
R t

0
DSaO2

�, whereR t

0
DSaO2

is the rate of increase in arterial oxygen saturation (SaO2) and is measured by

pulse oximetry. The equation can be rearranged as

Hb flow ¼
DHbO2Z t

0

DSaO2
dt

Total hemoglobin content [HbT] must remain constant through the measurement.

The rise in HbO2 must therefore be accompanied by an equal fall in HbR. To

increase the signal to noise ratio DHbO2 is substituted by DHbD/2 where

HbD = HbO2�HbR. The equation now reads:

hemoglobin flow ¼
DHbD

2

Z t

0

DSaO2
dt
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FIGURE 6-3 Changes in total hemoglobin following a forearm venous occlusion. A 5 s baseline

is initially recorded. The partial occlusion lasts for 5 to 10 s. Data are acquired by the NIRO every 0.5 s.
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where the hemoglobin flow is in mmol/L/min. The SaO2 is increased by about 5% over

less than 6 s. As SaO2 is measured peripherally and the HbD is measured on the

forehead, there may be an interval of not more than 2 s between the rises of each.

Since the molecular weight of hemoglobin is 64,500 g/mol and the tissue

density of the brain is 1.05, cerebral blood flow (mL/100 g/min) is

Hb� 6:14

½Hb�

where Hb flow is in mmol/L/min and [Hb] is in g/dL.

The oxygen tracer technique has a major drawback in that it self-selects infants

within a range of oxygen requirement. Infants who are saturating close to 100% in

room air or in small amounts of oxygen cannot increase their oxygen saturations

any further with an oxygen bolus. In addition, infants who are on or close to 100%

oxygen cannot be given an oxygen bolus.

PHYSIOLOGICAL OBSERVATIONS USING NIRS

Oxygen Delivery

Oxygen delivery (DO2) is the total amount of oxygen delivered to the tissue per

minute (48). Cerebral oxygen delivery is usually measured as mL of oxygen per

100 g of brain tissue per minute (mL/100g/min) (23).

Oxygen delivery can be calculated from the formula (23):

DO2 ¼ cardiac output� arterial oxygen content

¼ cardiac output� ðoxygen bound to hemoglobin þ dissolved oxygenÞ

¼ cardiac output� ½ð½Hb� � SaO2 � 1:39Þ þ ðdissolved oxygenÞ�

where 1.39 is the oxygen-carrying capacity of hemoglobin. As dissolved oxygen is

negligible, DO2 = cardiac output� ([Hb]� SaO2� 1.39). While the above formula

gives the oxygen delivery to the entire body, oxygen delivery to the brain = cerebral

blood flow� ([Hb]� SaO2� 1.39). Similarly, oxygen delivery to the peripheral

tissue = peripheral blood flow� ([Hb]� SaO2� 1.39).

Factors Determining Oxygen Delivery

From the equation DO2 = cardiac output� ([Hb]� SaO2� 1.39) it can be seen that

the factors affecting oxygen delivery to the brain are blood flow, hemoglobin con-

centration, and arterial oxygen saturation. Any one of these measurements alone

does not adequately describe oxygen delivery. For example, DO2 to an organ may be

inadequate due to decreased cerebral blood flow despite the presence of normal

oxygen saturation and hemoglobin levels.

Effect of Anemia

Despite the importance of hemoglobin in oxygen transport, total hemoglobin con-

centration is a relatively poor indicator of the adequacy of the provision of oxygen

to the tissues and may not accurately reflect tissue oxygen availability (45). This has

been demonstrated in various studies using NIR spectroscopy and is summarized

below.

Only a weak but statistically significant negative correlation was demonstrated

between blood hemoglobin concentration and cerebral fractional oxygen extraction

(FOE) in 91 preterm infants and between blood hemoglobin concentration and

peripheral FOE (n = 94, r =�0.21, P = 0.04; Fig. 6-4) (16,18). The authors also
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compared the cerebral FOE of anemic and non-anemic preterm infants with a

relatively small difference in blood hemoglobin concentration between the two

groups. There was no significant difference between the cerebral FOE of anemic

compared with non-anemic preterm infants (18). However, cerebral FOE decreased

immediately after blood transfusion, suggesting that acute changes may produce an

effect (18).

Peripheral DO2 increased while peripheral oxygen consumption remained con-

stant after blood transfusion in asymptomatic but not in symptomatic anemic

infants (45). In contrast, observations from animals and adult humans have

shown little change in cerebral SvO2 during anemic hypoxia (49,50).

Cerebral Oxygen Delivery

Cerebral DO2 has been calculated using the measurements of cerebral blood flow in

preterm infants (23). The median cerebral DO2 in infants between 24 and 41 weeks

gestation was 83.2 mmol/100 g/min (range, 33.2 to 172.3) (23). Cerebral DO2 overall

increases with gestational age (n = 20, � = 0.56, P< 0.012) (23) and particularly

during the first three days after birth (Fig. 6-5) (51).

Cerebral Blood Flow

Mean global CBF is extremely low in preterm infants and increases with postnatal

and gestational age (47). Using NIR spectroscopy, the median of CBF in preterm

infants was 9.3 mL/100 g/min (range, 4.5 to 28.3) (23). Similar ranges have been

reported by others using the same technique (1,25,42). The finding of extremely low

CBF in preterm infants using NIR spectroscopy is consistent with measurements of

CBF using the xenon clearance technique (53) and using positron emission tomog-

raphy (54). Cerebral blood flow values of less than 5.0 mL/100 g/min in the normal

or near normal brain of the preterm infant are considerably less than the value of 10

mL/100 g/min that is considered to be the threshold for viability in the adult

human brain (55). The very low values of blood flow in the cerebral white

matter in the human preterm infant also suggest that there is a small margin of

safety between normal and critical cerebral ischemia (55).

Using the oxygen tracer technique and NIR spectroscopy, CBF was found to

increase over the first three days after birth in infants between 24 and 31 weeks’

gestation (1). In infants between 24 and 34 weeks’ gestation, CBF was independent

of mean arterial blood pressure and decreased with decrease in transcutaneous

carbon dioxide levels (25).

NIR spectroscopy was used to investigate the effects of intravenously adminis-

tered indomethacin (0.1 to 0.2 mg/kg) on cerebral hemodynamics and DO2 in 13

very preterm infants treated for patent ductus arteriosus (51). Seven infants
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(n = 94, r = –0.21, P = 0.04).FIGURE 6-4 Correlation between Hb and

peripheral fractional oxygen extraction.

Reproduced with permission from Wardle et al.

Pediatr Res 1998;44:125.
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received indomethacin by rapid injection (30 s) and six by slow infusion (20 to 30

min) (56). In all infants CBF, DO2, blood volume, and the reactivity of blood

volume to changes in arterial carbon dioxide tension fell sharply after indomethacin

(51). There were no differences in the effects of rapid and slow infusion (56).

Peripheral Blood Flow

As described earlier, NIR spectroscopy measures forearm blood flow from the data

acquired by the venous occlusion technique (17,46,47). Using this technique De

Blasi et al. found that the forearm blood flow in adults at rest was 1.9� 0.8 mL/100

mL/min, increasing after exercise to 8.2� 2.9 mL/100 mL/min (47). These values

correlated well with those made using forearm plethysmography (47).

The partial venous occlusion technique was used to study peripheral oxygen

delivery in hypotensive preterm infants between 26 and 29 weeks’ gestation (16). In

preterm infants, a significant correlation was determined between mean blood pres-

sure and peripheral blood flow (Fig. 6-6) (16,57). Preterm infants with low mean

arterial blood pressure of 25 mm Hg (range, 23 to 27) had median peripheral blood

flow of 4.6 mL/100 mL/min (range, 3 to 5.97). This was significantly lower than the

median peripheral blood flow of 8.3 mL/100 mL/min (range, 6.6 to 10.9) in infants

with higher mean arterial blood pressure of 39 mm Hg (range, 30 to 47) (16).
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After treatment of hypotension, the median (interquartile range) forearm oxygen

delivery increased significantly (P = 0.01) from 37.8 mmol/100 mL/min (25.7 to 59.5)

to 64.2 mmol/100 mL/min (57.1 to 83.4) (Fig. 6-7) (16). The median (interquartile

range) forearm oxygen consumption increased significantly (P = 0.02) from

11.0 mmol/100 mL/min (9.3 to 2.1.4) to 21.7 mmol/100 mL/min (15.9–26.1)

(Fig. 6-7) (16).

In a study investigating peripheral oxygen delivery and anemia, forearm blood

flow did not correlate with the HbF fraction or the red cell volume (45). Forearm

blood flow did not change significantly after transfusion in symptomatic and asymp-

tomatic anemic preterm infants (45). However, in the same study, there was a sig-

nificant positive correlation between forearm blood flow and postnatal age (45).

Oxygen Consumption

Oxygen consumption (VO2) is defined as the total amount of oxygen consumed

by the tissue per minute (48). The amount of oxygen required by a tissue depends

on the functional state of the component cells. Some tissues like the brain, the liver,

and the renal cortex have persistently high oxygen demands, while tissues like the

spleen have low oxygen demands. Other tissues like the skeletal muscle have vari-

able oxygen demands.

The units for cerebral VO2 are mL of oxygen per 100 g of brain tissue per min

(23). VO2 can be calculated from the formula (23):

V O2 ¼ cardiac output� ðarterial oxygen content� venous oxygen contentÞ

¼ cardiac output�
ð½Hb� � SaO2 � 1:39Þ þ ðdissolved O2Þ

�ð½Hb� � SvO2 � 1:39Þ þ ðdissolved O2Þ

� �

where 1.39 is the oxygen-carrying capacity of hemoglobin. Since VO2 = cardiac

output� [Hb]� (SaO2� SvO2)� 1.39, cerebral or peripheral VO2 = cerebral or

peripheral blood low� [Hb]� (SaO2� SvO2)� 1.39.

Cerebral Venous Oxygen Saturation and Consumption

By combining measurement of CBF using 133Xe clearance and estimation of cere-

bral SvO2 using NIRS and head tilt, cerebral VO2 was calculated as 1.0 mL/100 g/min

in nine preterm infants and 1.4 mL/100 g/min in 10 asphyxiated term infants (42).
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FIGURE 6-7 Changes in forearm oxygen delivery and oxygen consumption after treatment for

hypotension. Reproduced with permission from Wardle et al. Pediatr Res 1999;45:343.
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We used NIR spectroscopy with partial jugular venous occlusion to determine

cerebral SvO2 and an oxygen bolus to measure CBF in 20 infants (median gestation,

27 weeks; range, 24 to 41 weeks) (23). The median cerebral VO2 was 0.52 mL/100 g/

min (range, 0.19 to 1.76) and it increased with maturity in line with cerebral DO2

(see below) and, presumably, increasing cerebral metabolism (23).

Peripheral Venous Oxygen Saturation and Consumption

NIR spectroscopy has been used to study SvO2 and VO2 in the forearm of preterm

infants. Peripheral SvO2 when measured by co-oximetry was generally slightly

higher than that measured by NIR spectroscopy, and this difference was more

pronounced at higher levels of SvO2 (21). This relationship was significant

(r = 0.528, P< 0.05, n = 16).

In a study comparing forearm VO2 in anemic preterm infants before and after

blood transfusion, no differences were found (45). This was irrespective of whether

infants were symptomatic or asymptomatic prior to transfusion (45).

Peripheral VO2 increased significantly after treatment of hypotensive preterm

infants (16). In that study, the treatment of hypotension consisted mainly of treat-

ment with dopamine, which is known to stimulate metabolic activity particularly

within muscle tissue (16).

The relationship between the use of dopamine and VO2 has also been studied

using NIR spectroscopy. In a study examining peripheral oxygenation in hypotensive

preterm babies, treatment of hypotension using volume and/or dopamine increased

forearm DO2 and VO2 but did not affect FOE (16). Low dose dopamine infusion in

young rabbits did not alter cerebral hemodynamics and oxygenation (58).

Fractional Oxygen Extraction

Fractional oxygen extraction (FOE) is the amount of oxygen consumed as fraction

of oxygen delivery (48). It has also been called ‘‘oxygen extraction ratio’’ (48),

‘‘oxygen extraction’’ (52), and ‘‘oxygen extraction fraction’’ (59). It is calculated

as (18,48):

FOE ¼
VO2

DO2

Since VO2 = cardiac output� [(Hb� 1.39)� (SaO2� SvO2)] and DO2 = cardiac

output� (Hb� 1.39)� SaO2, then by simplifying the equation,

FOE ¼
SaO2
� SvO2

SaO2

Therefore FOE can be calculated if the SaO2 and SvO2 are known. SvO2 is measured

using the methods described above and peripheral SaO2 is measured by pulse

oximetry. The amount of oxygen dissolved in blood is considered to be negligible.

FOE varies from organ to organ and with levels of activity (15). Measurements

of FOE for the whole body produce a range of approximately 0.15 to 0.33 (15). That

is, the body consumes 15 to 33% of oxygen transported. The heart and brain are

likely to have consistently high values of FOE during active states (15).

Cerebral FOE can be calculated using the formula (18):

cerebral FOE ¼
cerebral VO2

cerebral DO2

¼
CBF� ½Hb� � ðSaO2

� SvO2
Þ � 1:39

CBF� ½Hb� � SaO2
� 1:39
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¼
SaO2
� SvO2

SaO2

Cerebral SaO2 is assumed to be equal to peripheral SaO2 as measured by pulse

oximetry. The amount of oxygen dissolved in blood is considered to be negligible.

Using NIR spectroscopy and partial jugular venous occlusion in 41 preterm

infants (median gestation, 29 weeks; range, 27 to 31 weeks), the mean cerebral

FOE was 0.292 (SD = 0.06) (18). In that study, there appeared to be no relationship

between cerebral FOE and gestational age or postnatal age (median, 9 days; range, 6

to 19 days) (18). However, when cerebral FOE was measured over the first three days

after birth there was a significant decrease in cerebral FOE between days one and two

suggesting an increase in CBF and cerebral oxygen delivery (Fig. 6-8) (14,51,57).

A major determinant of cerebral FOE is arterial carbon dioxide (18). A negative

correlation between arterial carbon dioxide levels and cerebral FOE has been

observed in studies on preterm neonates (18,60). The effect of arterial carbon

dioxide on cerebral FOE is related to its effect on cerebral blood flow. The average

increase in cerebral FOE with decrease in arterial carbon dioxide was 10.8%/kPa

(range, 3.5 to 29) (Fig. 6-9) (18). This is considerably lesser than the reported

decrease of 67% (range, 13 to 146) in CBF per kPa decrease in arterial carbon

P = 0.04
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dioxide using 133Xe clearance (61). One possible reason for this may be that cerebral

oxygen consumption does not remain constant (62,63), but decreases as a protec-

tive response to decreased cerebral oxygen delivery induced by hypocarbia.

Cerebral FOE was not increased in neonates who were considered ‘‘hypo-

tensive’’ when compared with control subjects, and there was no change in cerebral

FOE when the blood pressure returned to the normal range after treatment (Figs 6-

10 and 6-11) (18). In that study, the median blood pressure was 25 mm Hg (range,

24 to 27 mm Hg) (18). This was confirmed by other studies examining the rela-

tionship between mean blood pressure and cerebral FOE at mean blood pressure

levels above 20 mm Hg on the first three days after birth (14,57).

The critical level of blood pressure at which cerebral perfusion becomes compro-

mised has not been clearly determined. A study relating CBF to mean blood pressure

suggested that the critical level of mean blood pressure was below 23.7 mm Hg and

that CBF at mean blood pressure levels above 23.7 mm Hg was independent of mean

blood pressure (25). Since all three studies were not conducted at extremely low levels

of mean blood pressure, the exact nature of the relationships between measures of

cerebral oxygenation and mean blood pressure is still unknown.

Left ventricular output was found to have a weak but significant correlation

with cerebral FOE (14). However, much of the relationship was due to two infants

with high cerebral FOE. Of the 18 infants with low left ventricular output, cerebral

FOE was elevated in only seven. Interestingly, these seven infants were simulta-

neously hypocarbic (14). This suggests that left ventricular output, which may be

reduced by myocardial hypoxic ischemia as well as hypovolemia, is not an
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independent determinant of cerebral FOE. Rather, it seems probable that cerebral

FOE is only elevated when left ventricular output is low in the presence of hypo-

carbia. None of these babies developed cerebral white matter injury. Nevertheless,

the observation supports other evidence that hypocarbia is a potentially important

cause of brain damage. It also adds weight to the proposition that the mechanism of

damage when there is hypocarbia is through cerebral vasoconstriction and cerebral

hypoperfusion.

Oxygen Delivery–Consumption Coupling

The relationship between cerebral DO2 and VO2 has been described using the

biphasic model (Fig. 6-12). This model was first described by Cain from animal

work using dogs (64) and has subsequently been demonstrated in several other

animal models (65) and in critically ill adults (66,67) and not in preterm babies.

During the phase B–C, as metabolic demand increases or delivery decreases, FOE

(Fig. 6-13) rises to maintain aerobic metabolism and consumption remains
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independent of delivery (48). However at point B – called critical DO2 – the maxi-

mum FOE is reached (48). In phase A–B, when VO2 is delivery-dependent, any

further increase in VO2 or decline in delivery must lead to tissue hypoxia (48).

The clinical implication of this model is that, tissues, organs, or individuals may

be expected to accommodate quite large changes in DO2 without changes in function

or critical damage unless DO2 is severely curtailed. One mechanism by which the

tissues appear to compensate is by increasing FOE. The exact mechanism by which

this occurs is unknown. Since oxygen diffusion to the cell is entirely a passive

process, it has been suggested that increased oxygen extraction occurs through cap-

illary dilatation and recruitment (59). However, studies examining this have demon-

strated little or no capillary dilatation (68–70). A theoretical model suggests that

alterations in membrane diffusability may be responsible for increasing oxygen

extraction (59). Another possible mechanism is through changing oxygen–hemo-

globin dissociation. As arterial oxygen tension decreases, the affinity of oxygen to

hemoglobin decreases dramatically due to the sigmoid shaped relationship.

Furthermore, the position of the oxygen–hemoglobin dissociation changes with

changing pH, as may occur if there is local hypoxia and consequent acidosis.

The biphasic model is based on the assumption that VO2 remains constant

during phase B–C. However, the situation in vivo is likely to be different and

more complex. VO2 regulates DO2 under normal physiological conditions and

DO2 is likely to vary to ensure balance between delivery and consumption, at

least till critical DO2 is reached. At this time, further decreases in DO2 result in

falling VO2 with diminished metabolism, although not initially hypoxic tissue

damage.

Early Postnatal Adaptation

Serial measurements using NIR spectroscopy have been useful in determining post-

natal adaptation in premature infants. There is evidence that cerebral DO2 increases

during the days after birth: cerebral FOE decreases (14) and there are increases in

cardiac output (71), systemic blood pressure (72), and CBF (1). TOI increases

during the first three days after birth (73). These observations suggest that the

infant is particularly vulnerable to decreased cerebral DO2 on the first day after

birth and emphasize the importance of careful resuscitation and the need to main-

taining physiologic stability during the hours after birth.
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Chapter 7

Advanced Magnetic Resonance
Neuroimaging Techniques in
the Neonate with a Focus on
Hemodynamic-related Brain
Injury

Ashok Panigrahy, MD � Stefan Blüml, PhD

Magnetic Resonance-compatible Neonatal Incubator and Neonatal

Head Coil

Diffusion-Weighted Imaging and Diffusion Tensor Imaging in the

Neonatal Brain

Quantitative Proton MRS of the Neonatal Brain

Perfusion Magnetic Resonance Imaging of Neonatal Brain Injury

Functional Magnetic Resonance Imaging in the Newborn Period

References

This chapter discusses the recent advances in magnetic resonance imaging (MRI) with

a special focus on assessing hemodynamics and hypoxic ischemic lesions in the

neonatal brain in an environment specifically adapted to meet the needs of critically

ill preterm and term neonates when undergoing MRI studies. Specifically, MR diffu-

sion imaging (both diffusion weighted imaging and diffusion tensor imaging) and

MR spectroscopy are both used clinically to evaluate acute hypoxic ischemic injury to

the neonatal brain. MR neonatal perfusion imaging and functional MR (fMR) are new

emerging fields showing promise in directly and non-invasively evaluating cerebral

blood flow (CBF) and the development of brain function, respectively. Each section

will provide a brief description of the technique and briefly discuss the role of each

technique in the evaluation of different pattern of brain injury in the neonate sec-

ondary to hypotension or cardiovascular arrest.

MAGNETIC RESONANCE-COMPATIBLE NEONATAL
INCUBATOR AND NEONATAL HEAD COIL

MRI studies of critically ill preterm and term neonates are difficult because

of the need to provide consistent, reliable and effective monitoring and support

for respiratory and cardiovascular functions and fluid–electrolyte and thermoregu-

latory homeostasis throughout the examination. Thus, one needs to bring either the

MRI suite to the neonatal intensive care unit (NICU) or the NICU to the MRI suite.

Our approach has been to bring the NICU to the MRI suite, i.e. to develop the
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ability to provide uninterrupted intensive care including monitoring and full clin-

ical support for critically ill preterm and term neonates while undergoing MRI

studies. We have accomplished this by the use of an FDA-approved MR-compatible

incubator (Lammers Medical Technology, Lübeck, Germany) and monitoring

system (1).

In addition, manufacturers of MRI systems usually provide only general ‘‘one

fits all’’ coils, i.e. a head coil designed for use in adults. However, this approach

results in inferior image quality in children and, especially, newborns. Coils appro-

priately tailored to the body size of the neonate indeed offer superior signal-to-

noise ratio (SNR) and image contrast for the neonatal patient population.

Improvements in SNR, in turn, can be used to reduce scan time, improve image

resolution, or do both.

By utilizing the MR-compatible incubator with air flow, humidity, and tem-

perature regulation, monitoring and respiratory devices and specialized integrated

radiofrequency head and body coils (Advanced Imaging Research Inc., Cleveland,

Ohio, USA), we have recently demonstrated that this MR-compatible incubator

provides a safe and controlled environment for critically ill preterm and term

newborns (Fig. 7-1). In addition, we showed that the use of the integrated

radiofrequency head and body coils optimized for newborns improves the quality

of MRI (1).

DIFFUSION-WEIGHTED IMAGING AND DIFFUSION TENSOR
IMAGING IN THE NEONATAL BRAIN

Diffusion-weighted MRI is based on the microscopic movement of water molecules

in brain tissue (2). There are two basic imaging sequences that are being used to

obtain quantitative information about water diffusion and the two images can be

combined to calculate the apparent diffusion coefficient (ADC) map. The ADC

map is an instrument- and MR sequence-independent parameter.

The second method is termed diffusion tensor imaging (DTI) (3–5), which

uses a set of diffusion-weighted images to obtain a more complete picture of the

water diffusion including quantitative parameters. These quantitative parameters

correlate with sequences of myelination in the developing brain (5,6). DTI can be

used for the evaluation of a neonate with hypoxic–ischemic brain injury and peri-

ventricular white matter injury. It can also be used to map white matter tracts

because water movement across fibers is hindered by white matter elements (7,8)

and to generate tractography data to evaluate selected tracts (i.e. optic radiations) in

the neonate (Fig. 7-2).

QUANTITATIVE PROTON MRS OF THE NEONATAL BRAIN

The signal used by MRI to create anatomical maps is generated primarily by the

hydrogen nuclei, also known as protons (1H), of water molecules (H2O). In con-

trast, 1H MRS analyzes signal of protons attached to other molecules.

In neonates with hypotensive ischemic brain injury, early acute injury can be

detected by MRS when both diffusion imaging and conventional imaging are nega-

tive (9–15). Within the first 24 h of injury, MRS can detect elevated levels of lactate

in the cerebral cortex or basal ganglia depending on the pattern of injury. Reduced

levels of N-acetyl-aspartate (NAA) and elevated glutamate/glutamine are then usu-

ally detected after 24 h (Fig. 7-3). The role of MRS in evaluating perinatal white

matter injury is similar in the acute phase of injury, where initially lactate is

elevated, then NAA is reduced and glutamate/glutamine is elevated. Knowledge

of the normal developmental changes in MRS metabolites across development is

necessary when interpreting pathologic cases (9–15).
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FIGURE 7-1 (A) MR-compatible incubator with a patient set-up for a MR examination.

Physiological monitoring is performed using MR-compatible equipment. Note, that the specialized

newborn head coil is already in place. (B) T2-weighted FSE MRI (left), FLAIR MRI (middle), and single-

shot FSE image (right). (C) The improvement in signal-to-noise is demonstrated by two MR spectra

acquired from two-months old babies with the newborn coil (left) and the standard head coil

(right). The random noise signal at 0 ppm is approximately three times higher when the standard

head coil was used.
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‘‘Abnormal’’ peaks can also be observed after the ingestion of alcohol, using

specialized diets (ketone bodies such as acetone after ketogenic diet (16)) or fol-

lowing the administration of large amounts of medications such as mannitol or

propylene glycol solvent for drugs) (Fig. 7-4).

PERFUSION MAGNETIC RESONANCE IMAGING OF
NEONATAL BRAIN INJURY

There are three major classes of MRI techniques that can measure perfusion in the brain.

The first class is based upon the use of intravascular contrast agents, which can change

the magnetic susceptibility of blood causing a change in the magnetic resonance

signal. The second class of techniques is arterial spin-labeling (ASL), in which arterial

blood is tagged magnetically before it enters the brain tissue being measured and then the

amount delivered to the tissue is measured (17–19). The third class is based on the blood

oxygenation level dependent (BOLD) effect, in which changes in blood oxygenation

results in change in the magnetic resonance signal. Each technique is sensitive to specific

perfusion states with the contrast method providing the best measurement of cerebral

blood volume, the ASL technique is most useful in the measurement of CBF, and the

BOLD technique is the most sensitive to the change in local oxygenation fraction. The

BOLD technique is used for fMR discussed in the last section of this chapter.

In dynamic contrast to magnetic resonance perfusion techniques, gadolinium,

a paramagnetic substance that does not cross the normally intact

FIGURE 7-2 Diffusion tensor imaging of a preterm neonate (25 weeks’ gestation, one week old)

with fractional anisotropy map (top left), mean diffusivity map (top right), color direction specific

(blue: cranial caudal; green: transverse; and red: anterior posterior) fractional anisotropy map

(bottom right) and tractography of the optic radiations (bottom left). (See color plate.)
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FIGURE 7-3 Single-voxel proton magnetic resonance spectroscopy (MRS) of the basal ganglia of a term infant with

hypoxic–ischemic injury. The top figure (A) is a spectrum acquired using short echo time (35 ms), which shows a

myoinositol peak (left side of the spectrum), elevated glutamate/glutamine peak next to a reduced NAA peak (middle

spectrum), and an elevated lactate doublet next to a lipid peak (right side of the spectrum). The middle figure (B) is a

spectrum acquired using long echo time (144 ms) showing a lactate doublet peak inverted and reduced NAA but with

non-visualization of myoinositol, glutamate, and lipids. The bottom figure (C) is a spectrum acquired using even longer

echo time (244 ms) and it is similar to Fig. 7-3B except that the lactate doublet has reverted.
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blood–brain barrier, is injected intravenously T2 or susceptibility weighted mag-

netic resonance images are then obtained (Fig. 7-5). As the contrast passes through

the brain tissue, a magnetic field difference is created between the blood vessel filled

with contrast and the surrounding brain tissue. The perfusion imaging dataset is

used to create a signal intensity/time activity curve, and this curve is then used to

calculate relative cerebral blood volume, relative CBF, and mean transit time. One

study using dynamic susceptibility contrast-enhanced MRI demonstrated that maps

of relative CBF could be acquired especially in more mature neonates (19). These

authors found that relative CBF was greater in gray matter structures compared to

white matter structures, which has also been our experience. Indeed, we have found

that, depending on the timing of perfusion imaging performed relative to the acute

hypoxic injury, there may be a relatively increased flow in region of acute infarction,

which is probably related to luxury perfusion or increased metabolism (Fig. 7-6).

Pulsed (PASL) or continuous (CASL) arterial spin-labeling (ASL) (20–22)

allows quantitative cerebral perfusion imaging without the use of exogenous con-

trast agents (Fig. 7-6). When pulsed ASL is used a quantitative perfusion map is

calculated by mathematical formulas to account for the difference in magnetiza-

tion/signal intensity between labeling and unlabeling images and relate the differ-

ence to regional CBF. Continuous ASL sequences use the same type of sequences

except that the blood is contiguously tagged for a longer period of time on a thinner

slab of tissue.

In one study, the PASL technique was used to quantify preoperative CBF in

25 infants with congenital heart disease (23). The mean CBF value for the cohort

was 19.7 ± 9.1 mL/100 g/min. This value is less compared to that found in another

study in healthy term infants (50 ± 3.4 mL/100 g/min), which calculated CBF using
133Xe clearance methodology (24). In the study on neonates with congenital

heart disease (23), periventricular leukomalacia (PVL) occurred in 28% of the

cases (7/25) and was associated with decreased baseline CBF values. Recently,

ASL has been performed with a 3 T magnet in neonates for evaluation of regional

cerebral perfusion (25). Interestingly, this study found that perfusion in the basal

0.025
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0.000

4 3 2 1 0

GA 50 wks

Real

Cr
NAA

Frequency (ppm)

Propylene
glycol

ml

Cho

FIGURE 7-4 Short-echo proton magnetic resonance spectroscopy of occipital gray matter in a full-term neonate

showing a propylene glycol (right) peak from a solvent used in medication being administered to the patient.
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ganglia (30–39 mL/100 g/min) was higher than in cortical gray matter (16–19 mL/

100 g/min) or white matter (10–15 mL/100 g/min).

Of note, with reference to neonates suffering ischemia-related brain injury, we

have found a large incidence of focal white matter necrosis in MRI studies in both

preterm and term infants with congenital heart disease (26). In analyzing the neuro-

pathology of 38 infants dying after cardiac surgery, we tested a set of questions related

to the severity and patterns of brain injury, cardiopulmonary bypass (CPB), deep

hypothermic circulatory arrest (DHCA), and age of the infants at the time of surgery.

In all infants dying after cardiac surgery, irrespective of the modality, cerebral white

matter damage (PVL or diffuse white matter gliosis) was the most significant lesion

in terms of severity and incidence, followed by a spectrum of gray matter lesions. The

patterns of brain injury were not age-related in the limited time-frame analyzed,

except that infants who developed acute PVL after both closed and DHCA/CPB

surgery (14/38 infants, 34%) were significantly younger at the time of death

(median age 13.0 days) compared to unaffected infants (median age at death
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FIGURE 7-5 Dynamic contrast susceptibility perfusion magnetic resonance imaging (MRI) of

hypoxic–ischemic injury in the neonatal brain. Top left: Diffusion map showing abnormal restricted

diffusion in the bilateral cerebral cortex, left greater then right, with a ‘‘peripheral’’ pattern of

injury. Top right: Gradient echo–echo planar magnetic resonance perfusion raw image obtained

at the same level with placement of two ROIs. Bottom left: Time–activity curve showing the signal

change over time of the contrast bolus through the region of interest. Bottom right: The generated

cerebral blood volume map shows a relatively increased blood flow in the cortex relative to white

matter and increased cerebral blood volume in the regions of acute infarction likely representing

luxury compensatory reactive perfusion. (See color plate.)
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42.5 days) (P = 0.031). This observation suggests that the brain in the neonatal period

(= 28 postnatal days) but not later is at risk for acute PVL even in term neonates, and

likely reflects the vulnerability of immature (premyelinating) white matter to

hypoxia–ischemia.

FUNCTIONAL MAGNETIC RESONANCE IMAGING IN THE
NEWBORN PERIOD

The functional magnetic resonance imaging (fMRI) technique was introduced in

1992 by Ogawa et al. (27) and Kwong et al. (28) using repetitive MRI. Using rapid

MRI acquisition they were able to observe transient changes in the magnetic reso-

nance signal caused by hemodynamic changes. These changes occur when increased

blood flow supplies more oxygen to the tissue than can be extracted by the cells.

The oxygen content in the venous blood is increased, which reduces the magnetic

susceptibility gradient between the capillary component and the surrounding par-

enchyma. As a result of this effect, known as the blood oxygen level dependent

(BOLD) effect, the magnetic resonance signal of the effected brain region is

increased by decreased T2� spin de-phasing. Since then, BOLD imaging has been

widely adopted as an effective non-invasive method to detect blood flow changes

associated with regional brain activation. The BOLD magnetic nesonance signal

change can be observed about one second after the onset of a task, e.g. a hand

movement, and reaches its maximum after about four seconds and remains at this

maximum level during task performance. BOLD changes the magnetic resonance

signal by 3 to 7% depending on the magnetic field strength of the magnetic reso-

nance system and the brain region. In order to use the BOLD effect to image brain

activation, one needs a T2� sensitive MRI sequence and the subject needs to alter-

nate between activation and rest states (present and absent BOLD signal, respec-

tively). Repetitive BOLD sensitive acquisition used while a participant is performing

an alternating task/rest condition, e.g. finger tapping, results in a series of brain

Label water
proton

Image
aquired

FIGURE 7-6 Left panel: Raw unprocessed arterial spin-labeled images acquired using FAIR (flow-sensitive alternating

inversion recovery) technique in a full-term newborn signal with a focal area of cavitation seen near the left frontal horn.

Note the high signal seen in the straight and the sagittal sinus near the level of the torcula. Also note that the signal

intensity of the periventricular and deep white matter in decreased relative to the cortex. Right panel: A diagram showing

how the arterial blood is tagged by a radio-frequency pulse. The arterial blood then flows into the imaging slice, where its

magnetization results in change in signal intensity.
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volumes which contain the BOLD magnetic resonance signal changes. These

changes can be depicted by image processing and the statistical analysis of each

voxel time-series of the brain volume. The result is a functional brain activation

map, which shows 3D areas with or without BOLD changes during the specific task

performed. Common practice is to visualize these brain maps laid on top of high-

resolution anatomical images, because of the low spatial resolution of rapid func-

tional BOLD imaging. The magnetic susceptibility of blood is altered depending on

the blood concentration of deoxyhemoglobin.

Functional MRI is an established technique in the adult to measure brain

activation from passive or active tasks performed during imaging. There have

been studies of newborn fMRI as well, predominately of the visual system, although

the auditory and sensory-motor systems have also been investigated (29). Because

of their small head size, the use of the standard magnetic resonance head coils

results in suboptimal picture quality in the neonate (30) affecting the ability to

obtain high-quality fMRI studies. As mentioned earlier, to overcome these difficul-

ties, we have utilized a magnetic resonance compatible incubator with a built-in

radio-frequency head coil optimized for the neonatal brain volume (30). In this

study we have demonstrated that fMRI and high-resolution structural MRI of the

newborn brain can be achieved with this novel design. Since the onset and early

postnatal development of hemispheric lateralization in the human brain are

unknown, we also studied cortical activation induced by passive extension and

flexion of the hand in neonates using fMRI (31). In contrast to that seen in

older age groups, somatosensory areas in the pre- and postcentral gyri of the neo-

nate showed no significant hemispheric lateralization at term. Rather, our findings

from independent left- and right-hand experiments suggest the presence of an

p < 0.005
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FIGURE 7-7 BOLD changes in sensorimotor areas and thalamus from passive extension and flexion stimula-
tion. (A) Contralateral activation from left-hand stimulation of a 40-week gestation female (at 42-week postmenstrual

age) newborn. (B) Right-hand stimulation of a 26-week gestation female (at 39-week postmenstrual age) newborn.

Findings are comparable to adult results for sensorimotor activation. (C) Bi-hemispheric BOLD changes (36.4% during

left-hand task and 31.3% during right hand of the population), which are unique for the newborn. Bilateral deactivation

in a 40-week gestational age male (at 43 weeks postmenstrual age) newborn from left-hand stimulation. Additional

significant BOLD changes have been found in frontal lobe and thalamus (41.7% of the population). (D) Thalamic deac-

tivation in both hemispheres in a 39-week gestational age male (at 42 weeks postmenstrual age) newborn from left-hand

stimulation. (See color plate.)
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emerging trend of contralateral lateralization of the somatosensory system at

around term gestation (Fig. 7-7). The slight although statistically insignificant

advantage of contralateral dominance (9.1% left hand and 12.5% right hand)

found in this study suggests a trend toward the lateralization we know in the

mature human brain. Findings in infants confirm rapid maturation of lateralization

and suggest the presence of a developmental step between birth and about two to

six months of age. In addition, the symmetry between left- and right-hand findings

confirms establishment of unilateral sensorimotor function and validates the meth-

odological approach. In this context, a comprehensive fMRI study of somatosen-

sory genesis in younger premature newborns (24 to 32 weeks’ gestation) and

somatosensory pruning in older infants (two to six months) reported for emerging

language lateralization (32) would be intriguing. Taken these findings together, it

appears that the somatosensory system is not specialized between midgestation and

early postnatal life and appears to develop later through postnatal pruning (32).

In summary, recent advances in MRI technology have enabled us to investigate

changes in total and regional CBF even in preterm neonates. However, much more

data need to be collected within the framework of well-designed clinical studies to

gain a deeper insight in the normal development of total and regional CBF regu-

lation and the impact of brain injury and pathological processes on the regulation

of CBF and oxygen delivery in the brain of the immature human neonate.
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FIGURE 7-2 Diffusion tensor imaging of a preterm neonate (25 weeks’ gestation, one week old)

with fractional anisotropy map (top left), mean diffusivity map (top right), color direction specific

(blue: cranial caudal; green: transverse; and red: anterior posterior) fractional anisotropy map

(bottom right) and tractography of the optic radiations (bottom left).
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FIGURE 7-5 Dynamic contrast susceptibility perfusion magnetic resonance imaging (MRI) of

hypoxic–ischemic injury in the neonatal brain. Top left: Diffusion map showing abnormal restricted

diffusion in the bilateral cerebral cortex, left greater then right, with a ‘‘peripheral’’ pattern of

injury. Top right: Gradient echo–echo planar magnetic resonance perfusion raw image obtained

at the same level with placement of two ROIs. Bottom left: Time–activity curve showing the signal

change over time of the contrast bolus through the region of interest. Bottom right: The generated

cerebral blood volume map shows a relatively increased blood flow in the cortex relative to white

matter and increased cerebral blood volume in the regions of acute infarction likely representing

luxury compensatory reactive perfusion.
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FIGURE 7-7 Changes in sensorimotor areas and thalamus from passive extension and flexion stimulation. (A)

Contralateral activation from left-hand stimulation of a 40-week gestation female (at 42-week postmenstrual age)

newborn. (B) Right-hand stimulation of a 26-week gestation female (at 39-week postmenstrual age) newborn.

Findings are comparable to adult results for sensorimotor activation. (C) Bi-hemispheric BOLD changes (36.4% during

left-hand task and 31.3% during right hand of the population), which are unique for the newborn. Bilateral deactivation

in a 40-week gestational age male (at 43 weeks postmenstrual age) newborn from left-hand stimulation. Additional

significant BOLD changes have been found in frontal lobe and thalamus (41.7% of the population). (D) Thalamic deac-

tivation in both hemispheres in a 39-week gestational age male (at 42 weeks postmenstrual age) newborn from left-hand

stimulation.
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The birth of a very low birth weight (VLBW) infant creates a unique set of circum-

stances that can adversely affect the cardiovascular system resulting in cardiovas-

cular compromise. The cardiovascular system of the fetus is adapted to an in utero

environment that is constant and stable. The determinants of cardiac output, such

as preload and afterload, are maintained in equilibrium without interference from

the external factors that may affect a neonate born prematurely. Postnatal factors

that can affect the cardiovascular function of the VLBW infant include perinatal

asphyxia, positive pressure respiratory support, which may alter preload, and

changes in afterload occurring with the rapid transition from the fetal circulation

characterized by low systemic vascular resistance to the neonatal circulation with

higher peripheral vascular resistance in the immediate transitional period. These

changes of the transitional circulation combined with predominantly systemic to

pulmonary shunts at the atrial and ductal level through persisting fetal channels,

can further reduce potential systemic blood flow (Fig. 8-1).

The situation is further complicated by the difficulty in assessing the adequacy

of the cardiovascular system in the VLBW infant. The small size of the infant and

the frequent presence of shunting at both ductal and atrial level precludes the use of

many of the routine cardiovascular assessment techniques used in children and

adults to determine cardiac output. As a result clinicians are forced to fall back

on more easily measured parameters such as the blood pressure. However, blood
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pressure is but one measure of the cardiovascular system and changes in the blood

pressure do not necessarily reflect changes in the cardiac output and subsequent

changes in organ blood flow and tissue oxygen delivery (see Section I, Chapter 1

and Chapter 2).

Hypotension occurs in up to 30% of VLBW infants with between 16 and 52%

of these infants receiving treatment with volume expansion and up to 39% receiving

vasopressors (1). Similarly, low systemic blood flow in the first 24 h is seen in up

to 35% of VLBW infants, but not all of these infants will have hypotension (2).

There is a wide variation in the assessment and management of cardiovascular

compromise both among institutions and individual clinicians (1). As with many

other areas in medicine where there is variation in practice with multiple treatment

options, the lack of good evidence for both when to treat cardiovascular compromise

and whether treatment benefits the long-term outcome of infants, underlies this

uncertainty. This chapter explores the importance of the unique changes involved

in the transitional circulation during the first postnatal day and how they impact

upon the presentation, assessment, and management of neonatal shock.

DEFINITION OF HYPOTENSION AND ITS RELATIONSHIP TO
LOW SYSTEMIC PERFUSION

Hypotension can be defined as the blood pressure value where vital organ blood

flow autoregulation is lost. If effective treatment is not initiated at this point, blood

pressure may further decrease and reach the ‘‘functional threshold’’ and then

the ‘‘ischemic threshold’’ resulting in neuronal dysfunction and tissue ischemia

with permanent organ damage, respectively. The blood pressure causing loss of

autoregulation or function, or the critical blood pressure resulting in direct tissue

damage has not been clearly defined for the VLBW neonate in the immediate

postnatal period (3). The distinction between the three levels of hypotension

is important because, although loss of autoregulation and cellular function

may predispose to brain injury, reaching the ischemic threshold of hypotension

by definition is associated with direct tissue damage. Finally, these thresholds may

be affected by several factors including gestational- and postmenstrual age, the

duration of hypotension, and the presence of acidosis and/or infection.

In addition to the level of maturity and postnatal age, factors such as

the pathogenesis of shock and illness severity may also influence the relationship

between blood pressure, organ blood flow autoregulation and tissue ischemia.

Although the normal autoregulatory blood pressure range is not known, in

clinical practice there are generally two definitions of early hypotension in wide-

spread use:

� Mean blood pressure less than 30 mm Hg in any gestation infant in the first

postnatal days. This definition is based on pathophysiological associations

Low intra-uterine
vascular resistance

Immature
myocardium

Higher extra-uterine
vascular resistance

Low systemic
blood flow

Shunts of blood out of
systemic circulation

Positive intra-thoracic
pressure from ventilation

FIGURE 8-1 Suggested model of how

the various external and internal influ-

ences on the cardiovascular system of

the VLBW infant can result in low sys-

temic blood flow.
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between cerebral injury (white matter damage or intraventricular hemor-

rhage) and mean blood pressure< 30 mm Hg (4,5) and to a lesser degree on

more recent data looking at maintenance of cerebral blood flow (CBF)

measured by near infra-red (NIR) spectroscopy over a range of blood pres-

sures suggesting a reduction in CBF when a particular mean blood pressure

threshold is reached (6,7). It is important to note that, although the 10th

centile for infants of all gestational ages is at or above 30 mm Hg by the

third postnatal day, in more immature infants the normal mean blood

pressure is lower than 30 mm Hg during the first three days (8).

Therefore, it is too simplistic to use a single cut-off value for blood pressure

across a range of gestation and postnatal ages.

� Mean blood pressure less than the gestational age in weeks during the first

postnatal days, which roughly correlates with the 10th centile for age in

tables of normative data (4,9). This definition has also been supported by

professional body guidelines such as the Joint Working Group of the British

Association of Perinatal Medicine (10). Again this rule of thumb applies

mainly in the first 24 to 48 h of extrauterine life – after this time there is a

gradual increase in the mean blood pressure so that most premature infants

have a mean blood pressure above 30 mm Hg by day 3 (9).

The current definitions are not related to physiologic endpoints such as main-

tenance of organ blood flow or tissue oxygen delivery. However, most (7,11,12) but

not all (13) studies using 133Xe clearance or NIR spectroscopy to assess changes in

CBF found that the lower limit of the autoregulatory blood pressure range may be

around 30 mm Hg even in the one-day-old extremely low birth weight (ELBW)

neonate. Indeed, preterm neonates with a mean blood pressure at or above 30 mm

Hg appear to have an intact static autoregulation of their CBF during the first

postnatal day (14). It is reasonable to assume that, although the gestational age-

equivalent blood pressure value is below the CBF autoregulatory range, this value is

still higher than the suspected ischemic blood pressure threshold for the VLBW

patient population (13).

A confounding finding to the straightforward-appearing blood pressure–CBF

relationship has been provided by a series of studies using superior vena cava (SVC)

flow measurements to indirectly assess brain perfusion in the VLBW neonate with a

focus on the ELBW infant in the immediate postnatal period (2,15). The findings of

these studies suggest that, in the ELBW neonate, blood pressure in the normal range

may not always guarantee normal vital organ (brain) blood flow. In the compensated

phase of shock, by redistributing blood flow from non-vital organs (muscle, skin,

kidneys, intestine, etc.), neuroendocrine compensatory mechanisms ensure that

blood pressure and organ blood flow to vital organs (brain, heart, adrenals) are

maintained within the normal range. With progression of the condition, shock

enters an uncompensated phase and blood pressure and vital organ perfusion

decrease. Since the immature myocardium of the ELBW neonate may not be able

to compensate for the sudden increase in peripheral vascular resistance immediately

following delivery, cardiac output may fall (15,16). Yet, despite the decrease in

cardiac output, many ELBW neonates maintain their blood pressure in the

normal range by redistributing blood flow to the organs that are vital at that parti-

cular developmental stage. It is conceivable that the rapidly developing cerebral

cortex and white matter of the ELBW neonate is not yet among the vital organs

with appropriately developed autoregulatory capacity (12,15,16). However, by the

second postnatal day, normal blood pressure is highly likely to be associated with

normal brain and systemic blood flow (15,16). Thus, the vasculature of the cerebral

cortex and white matter of the ELBW neonate may mature rapidly and become a

‘‘high-priority’’ vascular bed soon after delivery (16,17).
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THE TRANSITIONAL CIRCULATION IN THE VLBW INFANT

The traditional understanding of the changes occurring in the transitional circula-

tion of the preterm infant suggests that atrial and ductal shunts in the first postnatal

hours are of little significance and are bidirectional or primarily right to left in

direction as a result of the higher pulmonary vascular resistance expected in the

newborn premature infant (18). In contrast to this understanding, longitudinal

studies using bedside non-invasive echocardiography show significant variability

in the time taken for the preterm infant to transition from the in utero right-

ventricle dominant, low resistance circulation to the bi-ventricular higher resistance

postnatal circulation. Shortly after delivery, the severing of the umbilical vessels, the

inflation of the lungs with air, and the associated changes in oxygenation lead to a

sudden increase in the resistance in the systemic circulation and a lowering of

resistance in the pulmonary circulation. Cardiac output now passes in a parallel

fashion through the pulmonary and the systemic circulation except for the blood

flow shunting through the closing fetal channels.

In normal full-term infants the ductus arteriosus is functionally closed by the

second postnatal day and the right ventricular pressure usually falls to adult levels by

about two to three days after birth (19,20). This constriction and functional closure

of the ductus arteriosus is then followed by anatomical closure over the next two to

three weeks. In contrast, in the VLBW infant there is frequently a failure of complete

closure of both the foramen ovale and the ductus arteriosus in the expected time

frame, probably due to immaturity of the mechanisms involved (21,22). The persis-

tence of the fetal channels leads to blood flowing preferentially from the aorta to

pulmonary artery resulting in a relative loss of blood from the systemic circulation

and excessive blood being passed through the pulmonary circulation. Contrary to

traditional understanding, this systemic to pulmonary shunting can occur as early as

the first postnatal hours, with recirculation of 50% or more of the normal cardiac

output back into the lungs (23). The myocardium subsequently attempts to com-

pensate by increasing the total cardiac output. There can be up to a twofold increase

in the left ventricular (LV) output by one hour of age, resulting primarily from an

increased stroke volume, rather than increased heart rate (24). A significant propor-

tion of this increased blood flow is likely to be passing through the ductus arteriosus

(25). There is a wide range of early ductal constriction, with some infants able to

effectively close or minimize the size of the ductus arteriosus within a few hours of

birth whilst others achieve an initial constriction followed by an increase in size of the

ductus and yet another group having a persistent large ductus arteriosus with no

evidence of early constriction and subsequent limitation of shunt size (26). In this

early postnatal period both ductal and atrial shunts are frequently large in size and

the direction of shunting is predominantly left to right, i.e. systemic to pulmonary.

This results in an increase in the pulmonary blood flow relative to the systemic blood

flow and movement of blood flow away from the systemic circulation. Again, con-

trary to traditional beliefs, pulmonary blood flow can be more than twice the sys-

temic blood flow as early as the first few postnatal hours (26). This amount of

pulmonary blood flow may be enough to cause clinical effects, such as reduced

systemic blood pressure and blood flow, increases in ventilatory requirements or

even pulmonary hemorrhagic edema.

In utero, the fetal communications of the foramen ovale and ductus arteriosus

result in a lack of separation between the left and right ventricular outputs, making

it difficult to quantitate their individual contributions. In addition to heart rate, the

ventricular systolic function is determined by the physiological principles of preload

(distension of the ventricle by blood prior to contraction), contractility (the intrin-

sic ability of the myocardial fibers to contract), and afterload (the combined resis-

tance of the blood, the ventricular walls, and the vascular beds). The myocardium

III
C

LI
N

IC
A

L
P
R
E
S
E
N

T
A

T
IO

N
S

O
F

N
E
O

N
A

T
A

L
S
H

O
C

K

150



of the VLBW infant is less mature than that of a term infant with fewer mitochon-

dria and less energy stores. This results in a limitation in the ability to respond to

changes in the determinants of the cardiac output, in particular the afterload (27).

Consequently the myocardium of the VLBW infant, just like the fetal myocardium,

is likely to be less able to respond to stresses that occur in the postnatal period such

as increased peripheral vascular resistance with the resultant increase in afterload.

There is a significant difference in the influence of determinants of cardiac output

in the newborn premature infant with a dramatically increased afterload and

changes in the preload caused by the inflation of the lungs. Furthermore, the

effect of lung inflation on preload is different when lung inflation occurs by positive

pressure ventilation rather than by the negative intrathoracic pressures generated by

spontaneous breathing. The newborn ventricle is more sensitive to changes in the

afterload, such that small changes can have large effects especially if the preload and

contractility are not optimized (27).

Failure of the normal transitional changes to occur in a timely manner can

result in impairment of cardiac function leading to low cardiac output states and

hypotension in the VLBW infant. As oxygen delivery is primarily related to both the

oxygen content of the blood and to the volume of blood flow to the organ (28),

delivery of oxygen to vital organs may be impaired where there is cardiovascular

impairment. Therefore, the timely identification and appropriate management of

early low cardiac output states and hypotension is of vital importance in the overall

care of the VLBW infant.

Physiological Determinants of the Blood Pressure in the VLBW
Infant

The product of cardiac output and peripheral vascular resistance determines

arterial blood pressure. The main influences on the cardiac output are the preload

or blood volume and myocardial contractility. The peripheral vascular resistance

is determined by the vascular tone, which in the presence of an unconstricted

ductus arteriosus may not only be the systemic peripheral vascular resistance, but

is also contributed to by the pulmonary vascular resistance. Myocardial contract-

ility is difficult to assess in the newborn as the accepted measures of contractility

in the adult, such as the echocardiographic measure of fractional shortening, are

adversely influenced by the asymmetry of the ventricles caused by the in utero

right ventricular dominance. In this regard, use of load independent measures of

cardiac contractility, such as mean velocity of fractional shortening or LV wall

stress indices, may provide more useful information (29); see also Section II,

Chapter 5 (Fig. 8-2). Some studies have found a relationship between myocardial
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FIGURE 8-2 Relationship between

mean velocity of circumferential

fiber shortening (mVCFs) and LV

wall stress at 3 h in infants with

low and normal superior vena cava

(SVC) flows in the first 24 h. Infants

who developed low SVC flow had

reduced LV contractility (P = 0.02).

Reproduced with permission from

Osborn et al. (29).
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dysfunction and hypotension in the preterm infant (30) whilst others have not

(31), even though a similar measurement method was used. Similarly, blood

volume correlates poorly with blood pressure in hypotensive neonates (32,33).

Due to the unique characteristics of the newborn cardiovascular system discussed

earlier, systemic blood pressure is closely related to changes in the systemic

vascular resistance. As systemic vascular resistance cannot be measured directly,

the measurement of cardiac output or systemic blood flow becomes an essential

element in understanding the changes occurring in the cardiovascular system of

the VLBW infant.

In the absence of measurement of cardiac output and systemic vascular resis-

tance, clinicians have tended to rely on blood pressure as the sole assessment of

circulatory compromise. However, in the VLBW neonate with a closed ductus

arteriosus during the first 24 to 48 h, there is only a weak relationship between

mean blood pressure and cardiac output (31) (Fig. 8-3). Relying on measurements

of blood pressure alone can lead the clinician to make assumptions about the

underlying physiology of the cardiovascular system that may not be correct espe-

cially during the period of early transition with the fetal channels open. Indeed,

many hypotensive preterm infants potentially have a normal or high left ventri-

cular output (31,34,35). One of the reasons for this apparent paradox relates to

the presence of a hemodynamically significant ductus arteriosus, which causes an

increase in left ventricular output whilst also causing a reduction in the overall

systemic vascular resistance. Variations in the peripheral vascular resistance may

cause a change in the underlying cardiac output that does not affect the blood

pressure. This phenomenon makes it possible for two infants with the same blood

pressure to have markedly different cardiac outputs. Thus, the physiologic deter-

minants of blood pressure may affect the blood pressure in multiple ways – acting

via an effect on cardiac performance and thus cardiac output, altering the vascular

resistance or sometimes altering both.

Clinical Determinants of Blood Pressure in the VLBW Infant

Gestational Age and Postnatal Age

Both gestational age and postnatal age are major determinants of the systemic

blood pressure as can be seen by examining nomograms and tables of normal

blood pressure data (see Section I, Chapter 3). Generally blood pressure is higher

in more mature infants and progressively increases with advancing postnatal age.

The reasons why blood pressure increases with postnatal age are unclear but are

probably related to changes in the underlying vascular tone mediated by various

humoral regulators and possibly upregulation of receptors involved in myocardial

responses. Simultaneously, there are temporal physical changes in the transitional

circulation such as closure of the ductus arteriosus, which will affect both blood

pressure and blood flow.
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FIGURE 8-3 The weak relationship between mean sys-
temic blood pressure and simultaneously measured left
ventricular (LV) output. Some infants with a mean blood

presure (BP) greater than 30 mm Hg have critically low

cardiac output (<150 mL/kg/min) and conversely some

infants with normal LV output have low mean blood

pressure.Reproduced with permission from Kluckow and

Evans (31).
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Use of Antenatal Glucocorticoid Therapy

There is evidence that a significant number of sick VLBW infants have relative

adrenal insufficiency and that this condition may be one of the underlying

causes of cardiovascular dysfunction and the propensity to inflammation in these

patients contributing to the pathogenesis of clinical conditions such as broncho-

pulmonary dysplasia (36–38). Low cortisol levels have been documented in hypo-

tensive infants requiring inotropic support (39). The use of antenatal

glucocorticoids to assist in fetal lung maturation may therefore have an additional

effect of improving neonatal blood pressure. Likely mechanisms for this effect

include the acceleration of cardiovascular adrenergic receptor expression and

maturation of myocardial structure and function. The enhanced adrenergic recep-

tor expression also increases the sensitivity of the myocardium and peripheral

vasculature to endogenous catecholamines (40). Randomized controlled trials of

the use of antenatal glucocorticoids have shown variable effects on the neonatal

blood pressure. In some, there was an increase in the mean blood pressure of VLBW

infants in the treated group with a decreased need for vasopressor/inotropic sup-

port (41,42), whilst others have shown little difference between the mean blood

pressures of infants whose mothers did or did not receive antenatal steroids (43,44).

Blood Loss

Acute blood loss in the VLBW infant can result from prenatal events such as

fetomaternal hemorrhage, antepartum hemorrhage or twin–twin transfusion syn-

drome, intrapartum events such as a tight nuchal cord resulting in an imbalance

between blood flow to and from the fetus, or postnatally from a large subgaleal

hematoma or hemorrhage into an organ such as the liver or brain. Acute blood loss

can result in significant hypotension but due to the immediate compensatory

mechanisms of the cardiovascular system this effect may be delayed. Similarly, a

drop in the infant’s hemoglobin level can also be delayed following significant

hemorrhage.

Positive Pressure Ventilation

Many VLBW infants are exposed to positive pressure respiratory support in the first

postnatal days. Positive end expiratory pressure (PEEP) or nasal continuous posi-

tive airway pressure (CPAP) is often utilized to reduce the atelectasis resulting from

collapse of unstable alveoli when surfactant is lacking, particularly in more imma-

ture infants. Although surfactant deficiency is the main reason for provision of

positive pressure support, there is also a contribution from sepsis and immaturity

of the lungs without surfactant deficiency. The use of high ventilation pressures in

the premature infant who has a relatively small chest can result in secondary

interference with cardiac function. Function can be impaired by a reduction in

the preload from reduced systemic or pulmonary venous return, or direct compres-

sion of cardiac chambers resulting in a reduced stroke volume or an increase in

afterload. This latter scenario is particularly concerning for the right ventricle (RV)

and may reduce cardiac output. As the right and left sides of the heart are con-

nected in series, a reduction in the RV output will also result in a reduction in the

LV cardiac output.

Studies in VLBW infants have shown a fall off in the systemic oxygen delivery if

the PEEP was greater than 6 cm of water and a reduction in the cardiac output at a

PEEP level of 9 cm water (45) in mechanically ventilated infants. A study of VLBW

infants (mean gestational age 29 weeks) before and during treatment with mechan-

ical ventilation for severe respiratory distress syndrome demonstrated a reduction

in left ventricular dimensions and filling rate with a resultant decrease in the cardiac

output by about 40% compared to control values. The addition of a packed cell
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blood transfusion prevented the decrease in ventricular size and reduction in car-

diac output (46). The blood pressure did not change significantly in the group

where cardiac output dropped. In longitudinal clinical studies of blood pressure

and blood flow, mean airway pressure has a consistently negative influence on both

mean blood pressure (31,47) and systemic blood flow (15,48).

Patent Ductus Arteriosus

A patent ductus arteriosus may not be recognized clinically in the first days after

delivery as the flow through it is generally not turbulent and therefore no murmur

is audible (49). Despite this, the flow is almost always left to right or bidirectional

with a predominantly left to right pattern (23). A patent ductus arteriosus is usually

thought to be associated with a low diastolic blood pressure (BP) but some data

suggest that it can be associated with both low diastolic and systolic BP, making a

patent ductus arteriosus one of the possible causes of systemic hypotension (50). As

clinical detection of a patent ductus arteriosus in the first postnatal days is difficult

(49), an echocardiogram is required for early diagnosis. The classical clinical signs

of a murmur, bounding pulses and a hyperdynamic precordium, usually become

evident only after the third postnatal day making clinical detection much more

accurate at that time (49).

Systemic Vascular Resistance

There is a reciprocal relationship between the systemic vascular resistance and

cardiac output in the healthy term, preterm, and sick ventilated infant (51). This

relationship is particularly important when considering the use of vasopressor-

inotropes such as dopamine in preterm infants where an increase in the peripheral

vascular resistance can increase the blood pressure but have no impact on, or even

decrease, the cardiac output (52). The peripheral resistance varies markedly in the

preterm infant and can be affected by numerous factors, including environmental

temperature, carbon dioxide level (51), the maturity of the sympathoadrenal system

(53), patency of the ductus arteriosus (26), presence of vasoactive substances such

as catecholamines, prostacyclin, and nitric oxide, and sepsis. It is important to

remember that, in patients with a patent ductus arteriosus, the left ventricle is

exposed to the combined pulmonary and systemic vascular resistance. The potential

variability of the peripheral resistance in VLBW infants means that significant

changes in cardiac output or blood flow cannot be identified by measurement of

the systemic blood pressure alone.

ASSESSMENT OF CARDIOVASCULAR COMPROMISE IN THE
SHOCKED VLBW INFANT

Because of the wide variation in blood pressure levels at varying gestations and

postnatal ages, some authors have cautioned against the simplicity of just treating

low BP alone but suggest that the clinician should look for some other evidence of

hypoperfusion such as increased capillary return, oliguria, or metabolic acidosis

(54). The assessment of the cardiovascular adequacy in the VLBW infant is more of

a challenge than in infants and adults. Measures of cardiovascular function used in

these groups, such as pulmonary wedge pressure, central venous pressure, and

cardiac output measured via thermodilution, are impractical in the preterm

infant due to their size and fragility and the frequent presence of cardiac shunting.

Assessment usually consists of a mainly clinical appraisal of the perfusion via

capillary refill time (CRT) and urine output and the documentation of the pulse

rate and blood pressure. The acid base balance and evidence of lactic acidosis are a

further adjunct to this assessment but, unless serum lactate levels are serially mon-

itored, monitoring changes in pH and base deficit may be misleading due to the
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increased bicarbonate losses through the immature kidneys. Indeed, the use of all of

these parameters have limitations in the newborn and particularly in the VLBW

infant.

Capillary Refill Time

Although CRT is a widely utilized proxy of both cardiac output and peripheral

resistance in neonates, normal values have only recently been documented for this

group of infants (55). A number of confounding factors lead to the CRT being

potentially inaccurate and these include the different techniques used (sites tested

and pressing time), inter-observer variability, ambient temperature (56), medica-

tions, and maturity of skin blood flow control mechanisms. In addition, even in

older children receiving intensive care, there is only a weak relationship between the

CRT and other hemodynamic measures such as the stroke volume index (57).

A recent study investigating the relationship between a measure of systemic

blood flow (superior vena cava (SVC) flow) and CRT in VLBW infants showed

that a CRT of 3 s had only 55% sensitivity and 81% specificity for predicting low

systemic blood flow. However, a markedly increased CRT of 4 s or more was more

closely correlated with low blood flow states (58).

Urine Output

Following urine output is useful in the assessment of cardiovascular wellbeing in

the adult; however, the immature renal tubule in VLBW infants is inefficient at

concentrating the urine and therefore may be unable to appropriately reduce

urine flow in the face of high serum osmolality (59). As a result, even if the

glomerular filtration rate is decreased markedly, there can be little or no change

in urine output. In addition, accurate measurement of urine output is not easy in

VLBW infants, generally requiring collection via a urinary catheter or via a

collection bag, both techniques being invasive with significant potential

complications.

Pulse Rate

A rising pulse rate is usually indicative of hypovolemia in the adult. The mechanism

relies on a mature autonomic nervous system, with detection of reduced blood

volume and then blood pressure via baroreceptors and subsequent increase in the

heart rate in an attempt to sustain appropriate cardiac output. Neonates, especially

preterm infants, have a faster baseline heart rate and immature myocardium and

autonomic nervous system, potentially affecting the cardiovascular response to

hypovolemia. There are many other influences on the heart rate in the immediate

postnatal period so it cannot be relied upon as an accurate assessment of cardio-

vascular status.

Metabolic Acidosis/Lactic Acidosis

Tissue hypoxia, due to low arterial oxygen tension, inadequate blood flow, or a

combination of these two factors, results in a switch to anaerobic metabolism at the

cellular level. Reduced systemic blood flow may therefore result in an increase in the

serum lactate. Serum lactate levels have been correlated with illness severity and

mortality in critically ill adults (60–64) and in ventilated neonates with respiratory

distress syndrome (62,65–67). The normal lactate level in this group of infants is

less than 2.5 mmol/L (65,66) and there is an association with mortality as the serum

lactate level increases above this threshold.
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Blood Pressure

Invasive measurement of the arterial blood pressure using a fluid-filled catheter and

pressure transducer is usually performed either via an indwelling umbilical artery

catheter in the descending aorta or a peripherally placed arterial catheter (see

Section I, Chapter 3). There is a strong correlation between blood pressure obtained

via a peripheral artery catheter and that obtained via the umbilical artery (68). The

agreement between direct and indirect (non-invasive) measures of blood pressure is

generally also good (69–73). However, the non-invasive technique is more proble-

matic in the VLBW infant as it is more dependent on choice of the appropriate cuff

size (74). In the newborn, a cuff width-to-arm ratio between 0.45 and 0.55 increases

the accuracy of indirect blood pressure measurements when compared to direct

measures (8). Accuracy of the invasive blood pressure measurement is dependent

on proper use of the equipment, including accurate placement of the transducer at

the level of the heart, proper calibration of the system and avoidance of blockages,

air bubbles, or blood clots in the catheter line.

Cardiac Output

Invasive hemodynamic measures such as pulmonary artery thermodilution and

mixed venous oxygen saturation monitoring are commonly used in adult intensive

care to allow accurate assessment of the cardiovascular system. The size of both

term and preterm infants with the associated difficulty of placing intracardiac

catheters has precluded the use of such measures, especially in the group of infants

of less than 30 weeks’ gestation. Another issue specific to premature infants is the

potential inaccuracy of the dye dilution and thermodilution method in the presence

of intracardiac shunts through the ductus arteriosus and the foramen ovale. Non-

invasive methods of measuring cardiac output such as echocardiography have

become more popular, aided by improvements in picture resolution and reductions

in ultrasound transducer size. Doppler ultrasound was first used to non-invasively

measure the cardiac output in neonates in 1982 (75) and subsequently has been

validated against more invasive techniques in children, neonates and VLBW infants

(76). The expected coefficient of variation when using Doppler compares favorably

to that of indicator-dilution and thermodilution (see Section II, Chapter 5).

Systemic Blood Flow

Normal mean blood pressure does not necessarily guarantee normal LV output

(31,35) or CBF (16) in preterm infants, even in the subgroup in whom the

ductus arteriosus has closed (Fig. 8-3). Further problems arise in assessing systemic

blood flow in the preterm infant due to the persistence of elements of the fetal

circulation as a result of failure or delay of the normal circulatory transition and

closure of the fetal channels. Indeed, the assumption that the LV and RV outputs are

identical is often incorrect in the VLBW infant. As discussed earlier, increased blood

flowing through the patent ductus arteriosus (ductal shunt) will be reflected in an

increased LV output (up to twofold) and the blood flowing left to right through a

patent foramen ovale (atrial shunt) will be reflected in an increased RV output (26)

(Fig. 8-4).

Systemic blood flow falls dramatically in many extremely premature infants in the

first hours of life and this reduction in flow is usually associated with an increase in

peripheral vascular resistance. A substantial proportion of these infants will initially

have a ‘‘normal’’ blood pressure (i.e. they are in ‘‘compensated shock;’’ see Section I,

Chapter 1). Of the VLBW infants who initially develop low systemic blood flow,

about 80% will subsequently develop systemic hypotension. Using hypotension to
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direct cardiovascular interventions, however, results in a considerable delay in recog-

nizing infants with low systemic blood flow and some infants with low systemic blood

flow not being recognized at all. Hypotension may also be associated with normal or

even a high systemic blood flow as frequently occurs in the preterm infant

with persisting hypotension after the first postnatal days or those with ‘‘hyper-

dynamic’’ sepsis. These infants generally have low systemic vascular resistance

with peripheral vasodilation.

SHORT- AND LONG-TERM EFFECTS OF CARDIOVASCULAR
COMPROMISE/SHOCK IN THE VLBW INFANT

An important aim of intensive care management in VLBW infants is the maintenance

of tissue oxygenation and avoidance of impaired cerebral perfusion. Cerebral blood

flow (CBF), which is important in determining cerebral oxygen delivery, is deter-

mined by the relationship between cerebral perfusion pressure, systemic blood flow

and the vascular resistance of the cerebral circulation. The process of cerebral auto-

regulation allows maintenance of a constant CBF in the face of variations in the blood

pressure, systemic blood flow, and resistance. There is evidence that sick preterm

infants may have lost the capability to autoregulate their CBF, resulting in a pressure-

passive cerebral circulation more vulnerable to fluctuations in blood pressure and in

low CBF if there is systemic hypotension (77). There is still controversy over the

relationship between CBF and mean arterial blood pressure in preterm neonates.

Tyszczuk found CBF was independent of mean arterial blood pressure in infants

between 24 and 34 weeks’ gestation, suggesting preservation of autoregulation in

some ‘‘hypotensive’’ infants (13). In contrast, other groups have found significant

relationships between mean arterial blood pressure and cerebral vascular oxygena-

tion providing evidence of pressure passive cerebral circulation, in preterm infants

who are hypotensive (6,7). These authors have suggested an elbow or ‘‘cut point’’ at a

mean blood pressure around 30 mm Hg when cerebral blood flow begins to decline in

very preterm infants (7). In contrast to these observations, there is some evidence to

support the concept that cardiac output and tissue oxygen extraction are the impor-

tant regulatory factors in maintaining cerebral tissue oxygenation, as they appear to

operate at a wide range of mean blood pressures. Indeed, the cerebral fraction of

oxygen extraction is not related to blood pressure until very low levels (< 20 mm Hg)

of mean blood pressure have been reached (78), suggesting that sufficient oxygen to

meet cerebral demand can be delivered, even in the presence of hypotension

(16,28,79). This finding supports the concept that there is a difference between

the ‘‘autoregulatory’’ and ‘‘ischemic’’ threshold of blood pressure with the latter

being reached only when increasing fractional cerebral oxygen extraction cannot

Lung

Body

RV output is
SBF + atrial

shunt

LV output is
SBF + ductal

shunt

Duct

LV

LARA

RV
FIGURE 8-4 Diagram demonstrating the points where right

(RV) and left (LV) ventricular output are measured using

Doppler ultrasound. The RV output will consist of the com-

bined systemic venous return and any left to right shunting

across the foramen ovale. The LV output will consist of the

total pulmonary venous return and the blood destined to cross

the ductus arteriosus. SBF indicates systemic blood flow.

Reprinted with permission from Kluckow and Evans (26).
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compensate for the decreased oxygen delivery any more. In addition, the documen-

ted increase in the cardiac output (or systemic blood flow) in some VLBW infants

with hypotension may be an additional compensatory mechanism preserving oxygen

delivery to the brain.

Several studies have suggested that autoregulation is intact in many preterm

babies but appears to be compromised in a subgroup who seem to be at particularly

high risk of peri/intraventricular hemorrhage (PIVH) (80,81). It has been suggested

that infants suffering severe PIVH are more likely to have blood pressure passive

changes in cerebral blood flow (4–7,82) and oxygenation in the first postnatal days.

Peri/Intraventricular Hemorrhage

A number of studies have described associations between low mean blood pressure

and subsequent PIVH and neurological injury (4,5,83–86). It was these observa-

tions of an association between systemic blood pressure and cerebral injury that led

to current recommendations for treatment of blood pressure. Despite these statis-

tical associations, a large population based study has not found systemic hypoten-

sion to be an independent risk factor for PIVH in VLBW infants (87). Furthermore,

there is no evidence from appropriately designed, prospective, controlled clinical

trials that treatment of hypotension decreases the incidence of PIVH and neurolo-

gical injury.

Periventricular Leukomalacia

The potential relationship between low cerebral blood flow and white matter injury

due to the specific vulnerability of the periventricular white matter in the preterm

infant has led to concerns that hypotension may be a precursor of white matter

injury. Observational data again have shown a relationship between hypotension

(often mean arterial blood pressure below 30 mm Hg) and adverse cranial ultra-

sound findings (5). However, as with P/IVH, larger population-based studies have

failed to identify systemic hypotension as an independent risk factor for white

matter injury (88,89). It is conceivable that the pathogenesis of periventricular

leukomalacia (PVL) just like that of PIVH, is multifactorial and, in addition to

changes in cerebral perfusion pressure, factors such as specific or nonspecific

inflammation and oxidant injury play a significant role in its development.

Long-term Neurodevelopmental Outcome

Hypotension in VLBW infants has been correlated with longer term adverse neuro-

developmental outcome (85,86,90,91). A study of systemic blood flow in VLBW

infants demonstrated an independent relationship between low systemic blood flow

(particularly the duration of the insult) and adverse neurodevelopmental outcome

at three years of age (92).

TREATMENT OPTIONS IN THE MANAGEMENT OF
CARDIOVASCULAR COMPROMISE/SHOCK IN THE VLBW
INFANT

The appropriate management of shock in the VLBW infant will vary according to

the underlying physiology. The clinician must take into account a number of

possible factors, including the infant’s gestational age, postnatal age, measures of

cardiovascular adequacy such as cardiac output or systemic blood flow if available,

and associated pathological conditions. An early echocardiogram can assist greatly

III
C

LI
N

IC
A

L
P
R
E
S
E
N

T
A

T
IO

N
S

O
F

N
E
O

N
A

T
A

L
S
H

O
C

K

158



in the diagnostic process by providing information about the presence, size, and

direction of the ductus arteriosus shunt, presence of pulmonary hypertension,

assessment of cardiac contractility, adequacy of venous filling, and measurement

of cardiac output or systemic blood flow.

Prior to instituting specific treatment for hypotension potentially reversible

causes such as a measurement error (transducer height in comparison to patient’s

right atrium, calibration of the transducer, air bubble, or blood, clot in the mea-

surement catheter), patent ductus arteriosus, hypovolemia from blood or fluid loss,

pneumothorax, use of excessive mean airway pressure, sepsis, and adrenocortical

insufficiency should be considered and managed appropriately. Therapeutic options

that have a physiologic basis for efficacy and have been subjected to clinical trial

include volume loading (with crystalloid or colloid), vasopressor/inotropes and

inotropic agents, and hydrocortisone and other glucocorticoids. Table 8-1 suggests

an approach to the use of these therapies according to the likely underlying

mechanism of cardiovascular compromise and Table 8-2 summarizes the data

regarding each individual intervention.

Closing the Ductus Arteriosus

A large and unconstricted ductus arteriosus has been associated with hypotension

on the first postnatal day (50). Early assessment of the ductus arteriosus in infants

who are hypotensive for no obvious reason may demonstrate a large PDA that

could be closed using a cyclooxygenase inhibitor such as indomethacin or ibupro-

fen. There are no trials of the use of cyclooxygenase inhibitors being used primarily

to treat hypotension, however, there is some evidence that they assist in mainte-

nance of normal systemic blood flow (93). The trials of prophylactic indomethacin

have shown a reduced incidence of PIVH – stabilization of the transitional circula-

tion may be one mechanism for this effect. This effect, however, must be weighed

against the potential of these agents to reduce cerebral blood flow (94). The hemo-

dynamic effect of a large unconstricted PDA (> 1.5 mm on color Doppler measure-

ment) (95) on the transitional circulation of the preterm infant can be significant

and sometimes results in other complications such as the development of pulmon-

ary hemorrhagic edema (96). Consequently it appears to be prudent to treat an

unconstricted PDA during the first postnatal days with an initial dose of 0.2 mg/kg

of indomethacin, followed by further doses according to response.

Volume Expansion

Hypotension on the first postnatal day in the VLBW infant is rarely associated with

absolute hypovolemia unless there has been significant perinatal blood loss.

Hypovolemia should be suspected where there is pallor associated with tachycardia,

especially in the setting of peripartum blood loss or a very tight nuchal cord. Infants

with sepsis, particularly of later onset, can have significant absolute hypovolemia

due to leakage of fluid into tissue spaces and may benefit from volume expansion.

Other clinical scenarios associated with absolute hypovolemia include infants with

subgaleal hematomas or other intracavity hemorrhage. Studies of the relationship

between the blood volume and blood pressure in premature infants show a poor

correlation suggesting that low blood volume is not synonymous with low blood

pressure (32,33,97). Similarly, other groups have found that infants with hypoten-

sion and associated acidosis have reduced left ventricular output and impaired

cardiac contractility (30). The usefulness of volume expansion in this setting is

questionable as it may lead to a worsening of cardiac function and cardiogenic

failure. Routine use of volume expansion in preterm infants on the first day to

improve outcome is not supported by the evidence (98).
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There appears to be little difference in efficacy between crystalloid and colloid

solutions in the treatment of systemic hypotension (99,100). There have been con-

cerns over the use of 5% albumin in older children and adults in intensive care settings

and an association with increased morbidity (101). Colloid solutions are more expen-

sive than normal saline and are derived from donated blood with the associated risk of

Table 8-1 Treatment Options According to Underlying Mechanism of
Cardiovascular Compromise on the First Postnatal Day

Patient Group Clinical Issues
Cardiovascular
Parameters

Suggested
Management

Extreme preterm infant
during transitional
period

Early low systemic
blood flow

Normal or low BP
Low blood flow/cardiac

output
Large ductus arteriosus
Higher systemic vascular

resistance (unless born
with chorioamnionitis)

Poor myocardial
contractility

Saline 10–20 mL/kg
Dobutamine 5–20 mg/

kg/min – adjust to
blood flow

Second line: Add
dopamine 5 mg/kg/
min titrate carefully
to BP

VLBW infant with PDA Low BP PDA signs Low BP
Large PDA,
Left to right shunt

Indomethacin first,
then treatment of
flow/pressure if
required

VLBW infant with
asphyxia

Myocardial
damage

Low systemic
blood flow

Normal or low BP
Poor myocardial

contractility

Saline 10–20 mL/kg
(care if myocardial
function is affected)

Dobutamine 5–20 mg/
kg/min – adjust to
blood flow

Second line: Add
dopamine 5 mg/kg/
min titrate to BP (or
low-dose
epinephrine)

VLBW infant with
suspected sepsis or
chorioamnionitis –
high output

High output
cardiac failure
secondary to
sepsis

Normal or low BP
High systemic blood flow
Low systemic vascular

resistance/capillary leak

Volume replacement –
may require more
than 20 mL/kg

Dopamine 5 mg/kg/min
titrated to BP

Second line:
Epinephrine 0.05 mg/
kg/min titrated to BP

VLBW infant with
suspected sepsis or
chorionamnionitis –
low output

Sepsis and poor
myocardial
function

Normal or low BP
Normal or low systemic

blood flow
High systemic vascular

resistance

Saline 10–20 mL/kg
Dobutamine 15–20 mg/

kg/min – adjust to
blood flow

Second line: (low blood
flow)

Epinephrine 0.05 mg/kg/
min

Second line:
(hypotension)

Dopamine 5 mg/kg/min
titrate to BP (or
epinephrine)

VLBW infant with acute
fluid loss
(intraventricular/
pulmonary
hemorrhage)

Acute hypovolemia Normal or low blood
pressure

Poor venous filling
pressures

Volume replacement –
may require more
than 20 mL/kg,
including blood
transfusion

Dopamine 5 mg/kg/min
titrated to BP

Second line:
Epinephrine 0.05 mg/
kg/min titrated to BP
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Table 8-2 Cardiovascular Interventions Used in Preterm Infants on the First Day

Intervention Dose Receptors/Effects Indications Considerations Evidence

Volume (normal
saline or colloid)

10–20 mL/kg *Short term "SBF Hypovolemia suspected –
perinatal blood loss,
infant pale with "HR

No evidence of improved
outcome. Excess fluid
associated with increased
mortality, PDA, and CLD

Cohort (104)
SR of RCTs (151)

Dobutamine 5–20 mg/kg/min b: "contractility, #PVR/SVR
! "SBF

First line for low SBF
Pulmonary hypertension
Asphyxia

Corrects hypotension in
60%. Tachycardia if no
volume expansion

SR of RCTs (104,117)

Dopamine 2–10 mg/kg/min Dopamine: "renal blood
flow.

b: "contractility, #PVR/SVRa:
"SVR net effect: "BP, Ø,
or " SBF (CBF)

Hypotension; consider
second line for low SBF

In hypotensive infants may
increase CBF

SR of RCT (104,117) RCT
(106)

>10 mg/kg/min a >> b ! ""SVR ""PVR net
effect: "" BP, Ø, or # SBF

Refractory hypotension
Septic shock

May substantially reduce SBF SR of RCT (104,117)

Epinephrine 0.05–0.375 mg/kg/min b > a: "BP, "SBF
(CBF)"SVR>PVR

Hypotension; consider
second line for low SBF

In hypotensive infants may
increase CBF

RCT (106)

>0.375 mg/kg/min a > b: ""BP, "SVR > PVR
net effect: ?#SBF

Refractory hypotension
Septic shock

May substantially reduce SBF None in preterm

Hydrocortisone* 2–10 mg/kg/day in 2–4
divided doses

"SVR, "BP, Ø, or " SBF^ Refractory hypotension
Adrenal insufficiency

Early steroids associated
with intestinal
perforation. High dose
steroids "BSL

RCT (107)^ Prospective
Observational (140)

Dexamethasone** 0.25 mg/kg single
dose

"SVR, "BP, unknown effect
on SBF

Refractory hypotension
Adrenal insufficiency

Early steroids associated
with intestinal
perforation. High dose
steroids "BSL

RCT (137)

Milrinone 0.75 mg/kg/min � 3 h,
then 0.2 mg/kg/min

Type III phosphodiesterase
inhibitor: unknown effects
on contractility; #SVR,
#PVR !"SBF

Low SBF May cause hypotension Pilot study (126)

The table is adapted from Osborn (150).
Abbreviations: " = increase; # = decrease;! = leads to; Ø = no change; BP = blood pressure; BSL = Blood sugar level; CBF = cerebral blood flow; CLD = chronic lung disease; HR =

heart rate; PDA = patent ductus arteriosus; PVR = pulmonary vascular resistance; RCT = randomized controlled trial; SBF = systemic blood flow; SR = systematic review; SVR = Systemic
vascular resistance. *Recommended doses for low-dose hydrocortisone administration in VLBW neonates are 1 mg/kg/dose Q12 hours. **Dexamethasone administration (even at
low doses) to the VLBW neonates during the first postnatal week is NOT recommended.
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blood-borne infection. In the VLBW infant the increased capillary permeability may

contribute to leakage of albumin into the extravascular compartment, increasing

tissue oncotic pressure and resulting in tissue fluid retention, impaired gas exchange

in the lungs, and potentially causing injury to the brain. Randomized trials have

shown improvement in blood pressure in hypotensive infants given volume but no

change in short-or long-term outcomes. In infants who have had an identified fluid

loss such as a hemorrhage at the time of delivery or excessive transepidermal water loss

with excessive weight loss from use of radiant heat, replacement with the type of fluid

lost is appropriate. Volume expansion probably increases LV output, but it is less

effective than inotropes at increasing the blood pressure. One trial showed dopamine

to be more effective than plasma in improving the blood pressure in hypotensive

preterm infants (102). Observational studies have shown a short-term improvement

in systemic blood flow after volume expansion (58).

As the accurate diagnosis of absolute or relative hypovolemia is difficult in the

neonate, and hypovolemia results in reduced efficacy of vasopressor inotropes, it is

reasonable to initially treat hypotension with 10 to 20 mL/kg of normal saline

solution over 30 to 60 min. Trials that have used a volume load prior to giving

an inotrope (i.e. dobutamine) reported no reflex tachycardia in response to the

inotrope suggesting that volume load may lessen the reduction in preload that

occurs with vasodilation potentially associated with the use of dobutamine. In an

infant requiring positive pressure respiratory support, even if the infant is not

hypovolemic, a volume load may increase the central venous pressure sufficiently

to improve venous return to the heart. As there is an association between excess

fluid administration in premature infants and adverse outcomes, including

increased incidence of patent ductus arteriosus, necrotizing enterocolitis, chronic

lung disease (103), and mortality, excessive and inappropriate administration of

volume should be avoided. If normalization of the blood pressure is not achieved

with a single dose of volume replacement, then early initiation of a vasopressor-

inotrope or an inotrope should be the next step considered.

Vasopressor-inotropes, Inotropes, and Lusitropes

These agents have been used in neonates for many years in the treatment of hypo-

tension. Vasopressor-inotropes, such as dopamine and epinephrine, increase both

myocardial contractility and SVR; inotropes, such as dobutamine, increase myo-

cardial contractility and exert a variable vasodilatory action on the periphery; and

lusitropes, such as milrinone, work primarily as peripheral vasodilators with a

variable degree of inotropy or no inotropic effect. They were introduced without

randomized and blinded trials and there is still no evidence that use of these

treatments improves important neonatal outcomes such as death and disability.

Studies of vasopressor-inotropes and inotropes have focused on the effect on

blood pressure and only recently have the effects of these medications on cardiac

output, the main determinant of oxygen delivery to tissues, been taken into account

(52,104). The mechanisms of action of these vasoactive agents are complex and

affected by the developmental maturation of the cardiovascular and autonomic

nervous systems. Consequently these agents can alter the relationship between

the systemic blood pressure and systemic blood flow and, if only the blood pressure

is monitored a change in the blood flow may not be appreciated during treatment.

Dopamine

Dopamine is the most commonly used sympathomimetic amine for the treatment

of hypotension in the VLBW infant. Dopamine is a precursor to both epinephrine

and norepinephrine, but is also a naturally occurring catecholamine. The drug

stimulates the cardiovascular alpha- and beta-adrenergic and dopaminergic
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receptors in a dose-dependent manner (105). Manifestation of the hemodynamic

actions of dopamine (and the other sympathomimetic amines) is affected by several

factors. These include the level of expression of the adrenergic receptors and intra-

cellular signaling systems, adrenal function, developmentally regulated maturity of

the myocardium, and the dysregulated release of local vasodilators such as endo-

genous nitric oxide and vasodilatory prostaglandins (3). Figure 8-5 illustrates the

dose-dependent cardiovascular and renal actions of dopamine.

Potential cardiovascular and renal side effects of dopamine administration

include tachycardia, hypertension and/or decreased systemic perfusion (at high

doses) and increased urinary sodium, phosphorus, free water, and bicarbonate

losses, respectively (105). Dopamine also plays a role in the short-term physio-

logical regulation of sodium–potassium–ATPase activity and exerts certain endo-

crine and paracrine actions (105). These effects include but are not limited to the

temporary inhibition of prolactin, TSH, growth hormone, and gonadotropin

release from the pituitary and increased renin-angiotensin activity. Additionally,

dopamine plays a role in the peripheral regulation of breathing and influences

certain aspects of leukocyte function (105). It is unclear whether these transient

endocrine and paracrine dopaminergic actions have short- or long-term clinical

significance in the preterm neonate.

As mentioned earlier, dopamine administered exogenously acts via dopamin-

ergic and adrenergic receptors, with varying effects at different doses. At lower doses

it acts via increasing myocardial contractility in a dose-dependent fashion, but at

higher doses (> 10 mg/kg/min), peripheral vasoconstriction and increased afterload

play an increasing role in its effect on blood pressure. It is this increase in the

afterload that may also affect cardiac function, particularly in the very preterm

infant where the immature ventricle may not be as able to maintain cardiac

output with increasing peripheral vascular resistance. Accordingly, lower doses of

Dopamine

DOSE-DEPENDENT EFFECTS OF DOPAMINE IN NEONATES*

* Without adrenoreceptor downregulation
# Demonstrated effects in preterm neonates

Alpha receptors
More homogenously

distributed

• Vasoconstriction#

  (systemic > pulmonary)
• Positive inotropy#

• Metabolic effects

Dopamine receptors
Renal, mesenteric and
coronary > pulmonary

circulation, heart

• Vasodilation in kidneys#,
  intestine#, coronary arteries
• Increase in GFR#

• Direct renal tubular effects
  (↑ urine output, sodium,
  phosphorous, bicarbonate
  and free water excretion)
• Positive inotropy
• Endocrine effects#

• Positive inotropy#

  (direct and indirect)
• Positive chronotropy#

• Peripheral vasodilation
• Metabolic effects

Beta receptors
More homogenously

distributed

2–4 µg/kg/min0.5 µg/kg/min 4–8 µg/kg/min

FIGURE 8-5 In the preterm neonate, low doses of dopamine stimulate the dopaminergic recep-

tors. At low-to-medium doses, effects of alpha-adrenergic receptor stimulation also appear. At

medium-to-high doses (> 8 to 10 mg/kg/min), effects of both beta- and alpha-receptor stimulation

dominate the hemodynamic response to the drug. However, this response is influenced by several

factors (state of cardiovascular adrenergic receptor expression, etc.) regulated by the level of

maturity and disease severity (3). See text for details. Reprinted with permission from Seri (148).
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dopamine or use of an inotrope may be prudent in the VLBW infant especially

during the first postnatal days. Interestingly though, low-to-medium doses of

dopamine and epinephrine have recently been shown to be similarly effective at

increasing both blood pressure and CBF in hypotensive VLBW neonates during the

first postnatal day (106). There is a significant degree of variability in response to

dopamine dose between individual infants with gestational age and illness severity

being important variables. Most infants have a cardiovascular response to dopa-

mine in a dose range <20 mg/kg/min with the majority of low birth weight infants

responding to a dopamine dose of < 10 mg/kg/min (52,107,108). Improvements

in blood pressure and left ventricular function have been seen at doses as low as

2 mg/kg/min (53,109,110). In VLBW infants, dopamine should initially be com-

menced at a low to medium dose (2 to 5 mg/kg/min) and increased according to the

response of the BP. Most clinicians are reluctant to increase the dose of dopamine to

more than 20 mg/kg/min due to concerns of excessive peripheral vasoconstriction,

even though there is little evidence of harm if the treatment is for hypotension

caused by vasodilation (105,111). Addition of a second pharmacologic agent is

preferred. Tachyphylaxis to dopamine is common with low doses having a signifi-

cant clinical effect initially, but with the need for increasing doses of dopamine or

addition of another agent with time (112).

Dobutamine

Dobutamine is an inotropic synthetic sympathomimetic amine, which has complex

cardiovascular actions, increasing myocardial contractility via stimulation of the

myocardial adrenergic receptors (113). In addition, it exerts a variable peripheral

vasodilatory effect via the stimulation of the peripheral cardiovascular beta-adrener-

gic receptors (114). In contrast to dopamine, dobutamine does not rely on the release

of endogenous catecholamines for its positive inotropic action (105). Although it

also has some stimulatory effect on peripheral cardiovascular alpha-adrenergic

receptors, its affinity to the peripheral cardiovascular beta-adrenergic receptors is

higher. Owing to these complex actions, the most frequently seen net cardiovascular

effects of dobutamine are an increase in myocardial contractility and a variable

degree of peripheral vasodilation (114). These effects are present even in the preterm

neonate (52) and make dobutamine particularly suited to treatment of hypotension

in neonates with associated myocardial dysfunction and low cardiac output (52,115).

Dobutamine

CARDIOVASCULAR EFFECTS OF DOBUTAMINE IN NEONATES*

* Without adrenoreceptor downregulation
# Demonstrated effects in preterm neonates

Beta-receptors
More homogenously

distributed

• Positive inotropy# (direct)
• Decreased myocardial
   compliance (diastolic)
• Improved myocardial QO2
• Positive chronotropy#

• Peripheral vasodilation#

• Metabolic effects

• Positive inotropy#

• Decreased myocardial
   compliance (diastolic)
• Vasoconstriction

Alpha-receptors
More homogenously

distributed

>5 µg/kg/min<5 µg/kg/min

FIGURE 8-6 In the preterm neonate, dobu-

tamine increases cardiac output and exerts a

variable degree of a peripheral vasodilatory

effect (52,114). The cardiovascular response

is influenced by several factors (state of cardio-

vascular adrenergic receptor expression, etc.)

regulated by the level of maturity and disease

severity (3). See text for details. Reprinted with

permission from Seri (148).
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Figure 8-6 illustrates the maturation-dependent cardiovascular actions of dobuta-

mine. Cardiovascular response to dobutamine has been demonstrated via left ven-

tricular performance at doses as low as 5 mg/kg/min (116) and increases in cardiac

output and systemic blood flow at doses of 10 to 20 mg/kg/min (52,104).

Cardiovascular side effects of dobutamine administration include tachycardia,

undesirable decreases in blood pressure due to the drug’s potential peripheral

vasodilatory effects and, at higher doses, dobutamine may impair diastolic perfor-

mance and thus compromise preload. This latter action is caused by a drug-induced

decrease in the compliance of the myocardium as a result of a significant increase in

the myocardial tone.

Dobutamine has been compared to dopamine in several randomized trials but,

as with dopamine, has never been subjected to trial against placebo or no treatment

in newborns. Systematic review of five randomized trials found that dopamine is

better than dobutamine at increasing blood pressure in hypotensive preterm

infants, but to date has not been better at improving clinical outcomes (including

PIVH and PVL) in hypotensive preterm infants (117). In contrast, in a randomized

clinical trial using a crossover design in infants with low systemic blood flow in the

first postnatal day, dobutamine administered at 10 and 20 mg/kg/min was more

effective at increasing blood flow than dopamine given at the same doses (see study

description below) (104). Similarly, infants who received dobutamine as treatment

for hypotension in another randomized trial were more likely to increase their

cardiac output than infants who received dopamine while dopamine was more

effective at increasing blood pressure (52). These findings can be explained by

the differences in the effects on peripheral vascular resistance between the two

drugs with dopamine significantly increasing SVR while dobutamine has little or

even a decreasing effect on SVR. An understanding of the mechanisms of action of

both of these drugs and their effect on the various vascular beds as well as that of

the underlying pathogenesis of shock in the preterm infant is of utmost importance

to guide the treatment of any cardiovascular compromise.

Epinephrine

Epinephrine is an endogenous catecholamine released from the adrenal gland

medulla in response to stress. At low doses, it enhances myocardial contractility

and causes some peripheral vasodilation via its beta-adrenergic effects. At higher

doses, there is a significant alpha-adrenergic effect causing peripheral vasoconstric-

tion and increased afterload. Administration of epinephrine results in increases in

blood pressure and tissue perfusion by increasing cardiac output and systemic

vascular resistance (106). Figure 8-7 illustrates the dose-dependent cardiovascular

actions of epinephrine.

Cardiovascular side effects of epinephrine include tachycardia, systemic hyper-

tension, and/or decreased systemic perfusion at medium to high doses as well as

lactic acidosis due to the drug’s potent metabolic actions (106). As epinephrine is a

more potent vasoconstrictor than dopamine, accidental purging of the infusion

when changing the syringe or when priming the line may lead to significant and

sudden increases in blood pressure and decreases in systemic perfusion. As these

effects, especially in the VLBW neonate, may result in intracranial pathology, care

must be taken when epinephrine is being administered. In addition, the drug-

induced increase in lactic acidosis may make it more difficult to assess the improve-

ment in the hemodynamic status of the hypotensive preterm neonate receiving

epinephrine and may prompt inappropriate volume administration or increases

in epinephrine dose, or both.

There is only one recently published controlled trial of the use of epinephrine

in neonates, but despite this epinephrine is often used in refractory hypotension

in neonates (118). In a single trial comparing low–moderate dose dopamine and
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low-dose epinephrine in hypotensive very preterm infants in the first day similar

increases were reported in cerebral blood flow and oxygenation as measured by NIR

spectroscopy. Both vasopressor-inotropes were equally efficacious at increasing

blood pressure. No other clinical benefits to either medication were reported

(106). As epinephrine at higher doses has a peripheral vasoconstrictive effect it

may be of particular use in infants with pathological peripheral vasodilation due

to septic shock. The dose range used in neonates ranges from 0.05 to 2.6 mg/kg/min

(118) or beyond.

Milrinone

Milrinone is a phosphodiesterase-3 inhibitor and therefore it increases intracellular

cyclic adenosine monophosphate (cAMP) concentrations. In the adult it has both a

positive inotropic effect (particularly improving myocardial diastolic function) and

a peripheral vasodilatory effect. Although this combination of actions is potentially

very efficacious in preterm infants in the first postnatal hours, where the immature

myocardium is struggling against the increased afterload of the postnatal circula-

tion, it is not known if milrinone acts as a true inotrope in the neonate. Indeed,

findings of studies in immature animal models show that class III phosphodiester-

ase inhibitors such as amrinone have minimal (119), no, or even negative (120,121)

inotropic effects. It has been suggested that the developmentally regulated variation

in the effect of phosphodiesterase inhibitors on myocardial contractility is a con-

sequence of the developmental imbalance between class III and IV phosphodies-

terases in the sarcoplasmic reticulum of the immature myocardium (122). However,

these negative inotropic effects exhibited in neonatal puppies become positive

within a few days after birth (121). Indeed, milrinone has been shown to be

effective in treatment of low cardiac output syndrome (LCOS) in infants after

cardiac surgery by increasing cardiac output. LCOS in this patient population is

associated with a rise in both systemic and pulmonary resistance (123,124). The

ability of the myocardium to adapt to an increased afterload is compromised by the

effects of cardiac bypass, similar to the myocardium of the preterm infant in

transition, which may be compromised by the postnatal changes in afterload. In

a multicenter randomized trial, there was a dose-dependent reduction of incidence

of LCOS when milrinone was used preventatively in infants after cardiac surgery

(125). A single pilot study of the use of milrinone in preterm infants using a

modified dosing regimen to prevent low blood flow demonstrated that the potential

side effect of significant hypotension was not seen and all infants maintained

adequate cardiac output when compared to historical controls (126).

Epinephrine

CARDIOVASCULAR EFFECTS OF EPINEPHRINE IN NEONATES*

* Without adrenoreceptor downregulation
# Demonstrated effects in preterm neonates

Beta-receptors
More homogenously

distributed

• Positive inotropy (direct)#

• Positive chronotropy#

• Peripheral vasodilation
• Metabolic effects#

• Vasoconstriction#

  (systemic > pulmonary)
• Positive inotropy#

• Metabolic effects#

Alpha-receptors
More homogenously

distributed

>0.02 µg/kg/min>0.1 µg/kg/min

FIGURE 8-7 In the preterm neonate, at low

to medium doses of epinephrine, effects of

beta- and then alpha-adrenergic receptor sti-

mulation become apparent. The cardiovascu-

lar response is influenced by several factors

(state of cardiovascular adrenergic receptor

expression, etc.) regulated by the level of

maturity and disease severity (3). See text for

details. Reprinted with permission from Seri

(148).
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Treatment of VLBW Neonates with Vasopressor-resistant Shock

More than 50% of hypotensive VLBW infants requiring dopamine at doses > 10 mg/

kg/min during the immediate postnatal period cannot be weaned off the drug for

well over three to four days and many develop vasopressor-resistant hypotension

(3,36,127,128). These VLBW neonates with vasopressor dependence or with

vasopressor-resistant hypotension often respond to relatively low doses of hydro-

cortisone with an improvement in blood pressure and urine output and frequently

wean off vasopressor support within 24 to 72 h (3,36,127–130). Several factors may

explain the corticosteroid responsiveness of vasopressor-resistant hypotension in

neonates especially in those born before 30 weeks’ gestation. These factors include

the downregulation of the adrenergic receptors in critical illness (131) and a relative

or absolute adrenal insufficiency of the VLBW neonate (36,37,127).

The attenuated cardiovascular responsiveness to catecholamines in critical ill-

ness is, at least in part, caused by the downregulation of the cardiovascular adren-

ergic receptors and their intracellular signaling systems (131). Findings that reversal

of receptor downregulation requires new protein synthesis and that the expression

of the adrenergic receptors and type-1 angiotensin 2 receptors in the cardiovascular

system is inducible by glucocorticoids (132,133) explain why steroid administration

reverses adrenergic receptor downregulation. Moreover, corticosteroids inhibit

prostacyclin production and the induction of nitric oxide synthase (134), limiting

the pathological vasodilation associated with the non-specific or specific inflam-

matory response in the critically ill neonate. These genomic effects of steroids result

in synthesis and membrane-assembly of new receptor proteins and require several

hours to take place. In addition to their genomic effects, steroids exert certain non-

genomic actions (135,136) resulting in a rapid increase in the sensitivity of the

cardiovascular system to catecholamines. These effects include the direct inhibition

of catecholamine metabolism, the decrease in norepinephrine reuptake into the

sympathetic nerve endings, the increase in cytosolic calcium availability in myo-

cardial and vascular smooth muscle cells, and the improvement in capillary integ-

rity (130,133). The result of these complex actions is an improvement in blood

pressure and cardiovascular status occurring within hours after the initiation of

hydrocortisone administration in the neonate (130).

Relative adrenal insufficiency, especially in the VLBW neonate, is the other

factor thought to contribute both to the increased incidence of vasopressor resist-

ance and the enhanced responsiveness to hydrocortisone in this patient population

(37). Several lines of indirect evidence suggest that the VLBW neonate has a devel-

opmentally regulated limited adrenal reserve. Thus, in these patients, relative ad-

renal insufficiency contributes to the disruption of the balance between adrenergic

receptor destruction and synthesis resulting in decreased sensitivity of the cardio-

vascular system to endogenous and exogenous catecholamines. Therefore, steroid

administration especially in the hypotensive ELBW neonate may also be considered

as a hormone replacement therapy (130).

Although the effects of low-dose hydrocortisone on blood pressure, urine output

and vasopressor requirement have been more extensively studied (36,127,129,130),

only preliminary data are available on the other aspects of the hemodynamic response

to low-dose hydrocortisone. Two clinical trials have assessed the usefulness of corti-

costeroids in hypotensive preterm infants. The first was a randomized controlled trial

(RCT) of dopamine and hydrocortisone which found that 81% of hypotensive infants

had a response to hydrocortisone at a dose of 2 to 10 mg/kg/day (107). In another

RCT, a single dose of dexamethasone (0.25 mg/kg) allowed weaning of the epinephr-

ine infusion compared with placebo (137). Several case series have also reported

positive responses to hydrocortisone or dexamethasone in infants with refractory

hypotension (129,130,138,139). The hydrocortisone administration-associated
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changes in cardiac output, systemic vascular resistance, and organ blood flow are

extremely important because hydrocortisone, at least in theory, may increase blood

pressure at the expense of systemic perfusion if it would primarily enhance the per-

ipheral vasoconstrictive effects of vasopressors. However, recent findings indicate that

hydrocortisone improves all aspects of cardiovascular function, including cardiac

output and organ blood flows (140).

Potential side effects of hydrocortisone administration are numerous but the

increase in gastrointestinal perforations when it is concomitantly administered with

indomethacin is the most important acute side effect. This severe complication

limits the use of hydrocortisone to VLBW neonates not receiving indomethacin.

It is important to note that hydrocortisone administration without indomethacin

treatment does not increase the incidence of isolated gastrointestinal perforations.

Finally, although low-dose hydrocortisone exposure during the first postnatal week

and high-dose, prolonged hydrocortisone exposure after the first postnatal week do

not appear to affect long-term neurodevelopment (141,142), more data are needed

to ensure that hydrocortisone administration to VLBW neonates during and after

neonate transition does not adversely affect neurodevelopment in this vulnerable

patient population. Therefore, hydrocortisone should be used with caution in the

VLBW neonate and its use, at least at present, should be restricted to cases with

vasopressor resistance.

PRESENTATION AND MANAGEMENT OF CARDIOVASCULAR
COMPROMISE IN THE VLBW INFANT ON THE FIRST
POSTNATAL DAY

There are several different potential mechanisms that result in hypotension and/or

decreased systemic blood flow on the first postnatal day. Each of these mechanisms

needs to be considered individually when planning appropriate assessment and

treatment:

� Delay in the adaptation of the immature myocardium to the sudden

increase in systemic vascular resistance occurring at birth (transient myo-

cardial dysfunction)

� Peripheral vasodilation and hyperdynamic myocardial function primarily in

VLBW neonates born to mothers with chorioamnionitis

� Perinatal depression with secondary myocardial dysfunction and/or abnor-

mal peripheral vasoregulation

Some insight into the appropriate combination of therapies can be obtained by

looking beyond just the measurement of blood pressure and beginning to assess

other parameters that impact upon the cardiovascular adequacy. The underlying

cause for cardiovascular compromise should be sought from the history, the phys-

ical examination and by utilizing other available information such as that obtained

from functional echocardiography.

Transient Myocardial Dysfunction

During the first postnatal day, VLBW neonates may present with shock because of

the inability of the immature myocardium to pump against the increased peripheral

vascular resistance occurring in the immediate period after delivery (144). While

attempting to maintain adequate perfusion pressure, the immature neonate’s vaso-

constrictive vasoregulatory response to decreased systemic perfusion may include

cerebral vasoconstriction in addition to vasoconstriction in the vascular beds of the

non-vital organs. The more immature the neonate the higher the likelihood that
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systemic (and cerebral) hypoperfusion will occur during the first postnatal day

(2,15). Although a significant number of these patients will also be hypotensive,

in others blood pressure may remain within the normal range. Thus, despite having

‘‘normal’’ blood pressure, some of these neonates may have a temporarily compro-

mised CBF. Recognition of this presentation requires the ability to assess cerebral

blood flow at the bedside using SVC flow measurements and functional echocar-

diography (2,104) and/or NIR spectroscopy (6,13,16).

Management of this presentation of circulatory compromise is difficult and

findings in the literature are somewhat contradictory. In a series of studies using

SVC blood flow as a surrogate measure of CBF in VLBW neonates during the first

postnatal day, Evans et al. described the hemodynamics of systemic and cerebral

hypoperfusion (2,15), the relationship between recovery from hypoperfusion and

the development of PIVH, the weak relationship between SVC blood flow and sys-

temic blood pressure (31), and the association between neurodevelopmental outcome

at three years of age and low SVC blood flow during the first 24 postnatal hours (92).

In addition, this group performed a randomized blinded clinical trial with a crossover

design to compare the effects of dopamine and dobutamine at 10 and 20 mg/kg/min

on SVC flow and blood pressure in VLBW neonates during the first postnatal day

(104). They found that dopamine improved systemic blood pressure more effectively

in this group of infants, while dobutamine was better at increasing SVC flow at the two

doses tested. Since pharmacodynamics rather than pharmacokinetics determine the

cardiovascular response to these sympathomimetic amines, the limitation of this

study was the lack of stepwise titration of the drugs in search for the optimal hemo-

dynamic response. Indeed, a recent study using continuous NIR spectroscopy moni-

toring to assess the relative changes in CBF demonstrated that, by stepwise titration of

dopamine or epinephrine, both drugs are equally effective in the low-to-moderate

dose range at improving blood pressure and CBF in VLBW neonates during the first

postnatal day (106). It is of note that, although the use of continuous NIR spectro-

scopy monitoring to assess cerebral intravascular oxygenation and cerebral blood

volume allows for data collection for a longer period of time (hours) and provides

reliable information for the relative changes in these parameters, the absolute values

are not known when one uses the continuous NIR spectroscopy measurements rather

than intermittently checking for absolute CBF values with NIR spectroscopy.

Finally, recent findings using multiple (not continuous) measurements of CBF

by NIR spectroscopy to assess the response of CBF and blood pressure to dopamine

in ELBW neonates during the first two postnatal days suggest that these patients

respond to moderate-to-high doses of dopamine with an increase in both the blood

pressure and CBF (7). However, although CBF returns to the presumed normal

range as blood pressure normalizes, its autoregulation remains impaired. The

authors also calculated the lower elbow of the autoregulatory curve in their patients

and found that it is around 29 mm Hg. One of the limitations of the findings is that

the bilinear regression analysis used in this study combines two small patient

populations predefined by treatment criteria. The findings of this study also suggest

that, once CBF autoregulation is lost in preterm neonates, it does not recover

immediately after the normalization of the blood pressure with dopamine.

Indeed, findings of an earlier study support this notion and indicate that, in sick

preterm neonates, it may take up to 30–40 min or more for CBF autoregulation to

recover after blood pressure has been normalized (53). Another approach to the

treatment of poor systemic perfusion in the one-day-old VLBW neonate is cur-

rently being investigated in an ongoing double blind randomized clinical trial using

prophylactic milrinone shortly after delivery in an attempt to prevent systemic

hypoperfusion (126). The results are not available as yet.

In summary, treatment of the hypotensive one-day-old VLBW neonate remains

complex even if systemic perfusion can be assessed by functional echocardiography.
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The use and stepwise titration of low-to-moderate dose dopamine (17,53,105,106)

or epinephrine (106) to achieve blood pressure values somewhat higher than the

gestational age of the patient is a preferred approach during the first postnatal day

by most neonatologists especially if systemic perfusion can only be assessed by the

less than reliable indirect signs of systemic hemodynamics such as urine output and

CRT. Whether using milrinone to prevent systemic hypoperfusion following deliv-

ery in the VLBW neonate will result in improved short- and long-term outcomes is

not known at present. If there is evidence of myocardial dysfunction, dobutamine is

the first line medication and low-dose dopamine may be added if blood pressure

decreases upon initiation of dobutamine administration. However, one must bear

in mind that systemic vascular resistance should only be increased very carefully by

dopamine as it may induce further decreases in the cardiac output secondary to

myocardial dysfunction. If assessment of systemic perfusion (SVC flow) is available

(2), the systemic hemodynamic effects of the careful titration of a vasopressor-

inotrope (dopamine or epinephrine) or an inotrope (dobutamine) can be followed.

Finally, it is important to note that it is not known whether the use of dopamine or

dobutamine as the first-line vasoactive agent in the treatment of hypotension in the

one-day old VLBW neonate has a more favorable impact on mortality and short- or

long-term morbidity.

Vasodilation and Hyperdynamic Myocardial Function

Recent data indicate that VLBW neonates born after chorioamnionitis, especially if

they also present with funisitis, develop hypotension and increased cardiac output

within a few hours after delivery (145). The presentation of hypotension with

increased cardiac output suggests that systemic vascular resistance is lower in

VLBW neonates born after chorioamnionitis. These alterations in the cardiovascu-

lar function correlate with cord blood interleukin-6 levels (145). In addition, the

presence of maternal fever or a neonatal immature-to-total (I/T) white blood cell

ratio over 0.4 is associated with decreased left ventricular fractional shortening. In

summary, these findings indicate that, in VLBW neonates born after chorioamnio-

nitis, hypotension is primarily caused by vasodilation although a variable degree of

myocardial dysfunction may also contribute to the hemodynamic disturbance espe-

cially in neonates with an increased I/T ratio.

Based on these findings, treatment of hypotension in the one-day-old VLBW

neonate born after chorioamnionitis should be tailored to address both compo-

nents of the cardiovascular compromise (vasodilation and potential myocardial

dysfunction). In these cases, dobutamine administration alone may lead to further

decreases in systemic vascular resistance especially in patients with increased cardiac

output and little or no myocardial compromise. Therefore, carefully titrated low-

to-moderate doses of dopamine (or epinephrine) will likely be effective in these

patients. However, one should bear in mind that dopamine or epinephrine at

higher doses my increase systemic vascular resistance to levels where cardiac

output may be compromised and, despite improving blood pressures, systemic

blood flow may decrease. Thus, if functional echocardiography is not available,

the indirect measures of tissue perfusion (urine output, CRT, base deficit and/or

serum lactate levels) should be carefully followed to monitor for the state of blood

flow to the organs and vasopressor support needs to be adjusted accordingly.

Perinatal Depression with Secondary Myocardial Dysfunction
And/or Abnormal Peripheral Vasoregulation

Perinatal asphyxia with secondary myocardial dysfunction occurs in both term and

VLBW infants (145). Administration of volume in this setting is common as the
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infant is often thought to be poorly perfused and hypotensive. There is, however,

little evidence that this group of infants is hypovolemic (147) unless there has been

specific blood loss or a tight nuchal cord as discussed earlier. The perfusion will

usually improve with adequate resuscitation and respiratory support. Preterm

infants with evidence of perinatal asphyxia and multiorgan dysfunction require

careful management of fluid balance to prevent volume overload and subsequent

cardiac failure – in this group inotropes such as dobutamine (and maybe milri-

none) are probably of most use. Administration of excessive volume in the setting

of asphyxia, with the added risk of an underlying myocardial injury being present,

may result in fluid overload and cardiogenic heart failure. In this situation, the

judicious use of a vasopressor-inotrope such as dopamine or an inotrope such as

dobutamine is preferable (110,148). There is some suggestion that a hypoxic

ischemic insult may also impair proper peripheral vasoregulation resulting in an

infant who is unable to adjust blood pressure in response to physiological changes.

Does the VLBW infant
have hypotension

Is there a correctable cause?
  • Transducer-related
  • Hypovolemia
    - Pallor and tachycardia
    - Peripartum blood loss
    - Tight nuchal cord
    - “Surgical” abdomen
    - Sepsis with “capillary leak”
  • Overventilation

Is the infant likely to have
high vascular resistance and/or poor
myocardial contractility?
  • Extremely premature
  • High mean airway pressure
  • After severe asphyxia

Could the infant still have low
systemic blood flow?
  • Extremely premature
  • High mean airway pressure
  • After severe asphyxia

Measure systemic
blood flows and
treat accordingly

Is the infant likely to have low
vascular resistance and normal
or high systemic blood flow?
  • Preterm infant with
    persisting hypotension
    after first days
  • “Hyperdynamic sepsis”

Dopamine 5 µg/kg/min
  titrated to BP
Second-line: epinephrine
  0.05 µg/kg/min 
  titrated to BP

Saline 10–20 mL/kg
Dobutamine 5–20 µg/kg/
  min – adjust to blood
  flow or BP
Second-line: add dopamine
  5 µg/kg/min titrate to BP

NoYes

NoYes

Correct hypovolemia only if likely

FIGURE 8-8 Treatment of cardiovascular compromise based on echocardiographic find-
ings. Adapted from Subhedar (150), Obsorn (151), and Obsorn and Evans (152).
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However, direct evidence for this notion is lacking due to the difficulties in appro-

priately assessing peripheral vascular resistance.

CONCLUSION

The appropriate assessment and treatment of the VLBW infant with cardiovascular

impairment or full-blown shock requires the clinician to obtain adequate informa-

tion about the etiology and underlying physiologic determinants of the condition.

An understanding of the actions of the therapeutic options available and the

Echocardiography

No hypotension

Suspected cardiovascular
compromise

Normal
ventricular output

No treatment

Low ventricular
output

Is there an easily correctable cause?
  • Transducer-related
  • High mean airway pressure

Hypotension

Echocardiography

Normal or high LVO

No PDA Hemodynamically
significant PDA

Low LVO

Vasopressor
(dopamine)

Treat PDA*Inotrope
(dobutamine)

Volume expansion
(crystalloid)

Persistent hypotension

Hydrocortisone

Volume expansion
?add vasopressor

Titrate vasopressor;
add epinephrine

Hydrocortisone

Titrate vasopressor
accordingly

*Treat PDA and allow pulmonary vascular resistance to increase to combate left-to-right
shunting (keep PaCO2 at 45–55 mm Hg, arterial pH at 7.25–7.35, and O2 saturation 82–90%.

Repeat volume
expansion

Impaired LV
contractility

Hypovolemia
underfilled LV

FIGURE 8-9 Treatment of cardiovascular compromise based on clinical findings. Adapted from

Obsorn (151), and Obsorn and Evans (152).
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specific effects of these treatments on the circulation of the VLBW infant is also

important (Table 8-2). Figure 8-8 shows an approach to the management of hypo-

tension in the VLBW infant based on clinical information. The addition of a

functional echocardiogram to the assessment process provides information about

the size and shunt direction of the ductus arteriosus, the function of the myocar-

dium and its filling as well as about the cardiac output and calculated peripheral

vascular resistance. Figure 8-9 summarizes the approach to management of hypo-

tension in the VLBW infant using the additional information provided by the

functional echocardiogram.
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Chapter 9

The Very Low Birth Weight
Neonate with a
Hemodynamically Significant
Ductus Arteriosus during the
First Postnatal Week

Shahab Noori, MD � Istvan Seri, MD, PhD

Signs and Symptoms of PDA

Cardiovascular Adaptation to PDA

Effects of Hemodynamically Significant PDA on Blood Pressure

Effects of Hemodynamically Significant PDA on Organ Perfusion

Changes in Cardiac Function Following PDA Ligation

Summary
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During fetal life increased pulmonary vascular resistance results in a diversion of

the blood from the pulmonary to the systemic circulation through the wide-open

ductus arteriosus (DA). As a consequence, the right ventricle contributes signifi-

cantly to the systemic blood flow and its output is about twice that of the left

ventricle (1). In addition, pulmonary blood flow is normally low in utero. This is

important as increased pulmonary blood flow associated with ductal constriction or

closure in utero results in alterations in the pulmonary vascular bed and the devel-

opment of pulmonary hypertension after birth. Clinical and laboratory observa-

tions have shown hypertrophy and increased reactivity of the muscular layer of the

pulmonary vasculature in the event of closure or constriction of the DA in utero

(2–4). Thus, the DA acts as a pop-off valve to decrease right ventricular afterload,

which, as mentioned above, is inherently high due to elevated pulmonary vascular

resistance present in fetal life. The physiologically elevated pulmonary vascular

resistance and the role of the DA in ensuring the contribution of the right ventric-

ular output to systemic blood flow in the fetus explain why premature closure of the

DA results in right ventricular failure and decreased systemic blood flow leading to

hydrops and eventually to fetal demise.

With the first breath after birth, the pulmonary vascular resistance drops sig-

nificantly and the ensuing increase in oxygen tension further reduces pulmonary

vascular resistance. Since the direction of flow in the patent ductus arteriosus

(PDA) depends on the relative resistances in the systemic and pulmonary circula-

tion, the postnatal decrease in pulmonary resistance results in changes in the pat-

tern of ductal flow from purely right-to-left in utero to bidirectional during the
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transitional period and to purely left-to-right thereafter. The transition in the flow

pattern of the PDA appears to be rather short. In one study of preterm infants of

less than 30 weeks’ gestation, 52% of the neonates had pure left-to-right ductal

shunts at 5 hours of postnatal life while 43% exhibited predominantly left-to-right

shunts and only 2% had pure right-to-left shunts at this time (5). In term infants, in

the absence of any pathology adversely affecting the normal postnatal reduction of

the pulmonary vascular resistance, postnatal transition is short and ends with func-

tional closure of the DA within the first 48 hours after birth. The functional closure

of the DA depends, at least in part, on the thickness of the muscular layer deter-

mining its intrinsic tone and on the balance between local vasodilators and vaso-

constrictors. In preterm infants, the balance of vasoconstrictors and vasodilators

favors patency of the DA and the poor intrinsic tone prevents effective ductal

constriction, a step crucial in ductal closure (6,7). The incidence of PDA is inversely

related to gestational age, and underlying pathology such as respiratory distress

syndrome (RDS) may delay the process of postnatal circulatory transition especially

in premature infants of <30 weeks’ gestation (8).

After functional closure, the DA undergoes significant changes and its anatom-

ical closure prevents reopening of the vessel. Unlike in term neonates, in preterm

infants, especially in those that are extremely premature, the DA frequently reopens

after it has functionally closed (9–11). Induction of muscle media hypoxia is a

prerequisite for anatomical closure of the DA (12). Oxygen supply to the muscle

media in the late preterm and term neonate is provided directly from the oxygen-

ated blood in the vessel lumen as well as from the adventitia through the vasa

vasorum. With constriction of the DA, the vasa vasorum obliterate, resulting in

the development of hypoxia within the muscle media. However, oxygen supply in

the thin-walled DA of the extremely premature infant only depends on the luminal

flow because of the ability of the oxygen to diffuse through the entire vessel wall and

there is no or only minimal vasa vasorum present in the adventitia. Therefore,

constriction of the immature DA does not lead to the development of tissue

hypoxia (13) resulting in incomplete anatomical closure or reopening of DA in

the extremely premature neonate.

The increased mortality and morbidity associated with the presence of a PDA

stems from a combination of pulmonary overcirculation and a decrease in blood

flow to the systemic circulation. The increased pulmonary blood flow, the resulting

damage to the capillary bed, and pulmonary edema result in increased requirement

for ventilatory support and may explain the higher incidence of associated bron-

chopulmonary dysplasia (BPD) in immature neonates with a PDA. Furthermore,

the systemic hypoperfusion explains, at least in part, the increased incidence of

intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL) and nec-

rotizing enterocolitis (NEC) in preterm neonates with a PDA. However, it is impor-

tant to note that this is only an association and the cause and effect relationship of

PDA with these morbidities has recently been questioned (14,15).

This chapter will discuss the effects of PDA on the cardiovascular system

and systemic, pulmonary, and organ blood flows, with a special emphasis on

how the premature heart copes with the increased preload and decreased peripheral

vascular resistance associated with the significant left-to-right shunting across

the PDA.

SIGNS AND SYMPTOMS OF PDA

The development of cardiovascular compromise and the degree of the symptom-

atology of the PDA depend on the size and direction of the shunt, duration of

ductal patency, extent of the ‘‘steal phenomenon,’’ and adequacy of the compensa-

tory mechanisms of the premature myocardium and other organs.
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The pattern of the ductal shunt depends on the size of the DA and relative

resistance in the pulmonary and systemic circulation (5). In uncomplicated situ-

ations, the shunt pattern changes from bidirectional to left-to-right before complete

closure of the DA. In the majority of preterm infants, the DA is open in the first few

days of postnatal life. During this stage, the pulmonary and systemic hemodynamic

effects of PDA appear to be well compensated. This explains why the specificity and

sensitivity of the clinical diagnosis of PDA are low during the first few postnatal days

(16–18). With time, however, the classic signs and symptoms of PDA appear, includ-

ing the presence of a hyperactive left ventricular impulse, increased pulse pressure,

systrlic murmur, and the increased need for ventilatory support (19). In most cases,

the clinically silent PDA during the first few days goes undetected unless an echo-

cardiogram is performed. Although color Doppler is very sensitive in diagnosing a

PDA, the mere presence of a ductal flow is a poor indicator of the hemodynamic

disturbances that might be caused by the PDA. Although not well defined, a hemo-

dynamically significant PDA (hsPDA) usually refers to a state where the left-to-right

shunt across the PDA has created a significant volume overload of the heart and it is

often associated with exhaustion of the compensatory mechanisms resulting in pul-

monary edema and systemic hypoperfusion. Using echocardiographic measures, the

left atrial to aortic root diameter ratio (LA:AO) (20,21), the size of the DA, and/or

estimation of the ductal flow (22,23) have been used to define an hsPDA. The LA:AO

ratio estimates the significance of PDA by assessing the degree of volume overload of

the left side of the heart. Presuming a normal mitral valve and left ventricle function,

the size of the left atrium is indicative of the left ventricular preload. However, this

index does not necessarily reflect the degree of pulmonary overcirculation, as the

presence of a stretched patent foramen ovale (PFO) or atrial septal defect (ASD)

reduces the left atrial diameter and therefore the LA:AO ratio. In addition, a pre-

sumably normal LA:AO ratio does not say anything about the degree of steal phe-

nomenon from the systemic circulation. In the presence of a non-restricting PFO/

ASD, a small left atrial diameter (lower preload) may, at least theoretically, interfere

with the compensatory increase in LV output to offset the systemic steal phenom-

enon. Defining the size of the PDA by color Doppler is another more objective way to

assess the hemodynamic significance of ductal patency. A PDA size of 1.6 or 2 mm

has been used as an indicator of a hemodynamically significant PDA. Kluckow

and Evans showed that a ductal diameter of >1.6 mm at 5 hours of postnatal life

predicts occurrence of hsPDA in preterm infants of <30 weeks’ gestation (5,22).

Unfortunately, estimation of the ductal flow by measuring the ductal diameter and

the flow velocity is also less than perfect because of the problems associated with the

accurate determination of the ductal diameter and the frequent presence of a turbu-

lent flow, respectively. Despite these shortcomings, determination of the LA:AO ratio

and the size of and the flow through the PDA is useful as these indices appear to

correlate with clinical symptomatology. More recently, diastolic flow velocity of the

left pulmonary artery (24), transductal velocity ratio (25), and ratio of the left ven-

tricular output to superior vena cava (SVC) flow (26) have been used in an attempt to

quantify the hemodynamic significance of the PDA. Finally, serum levels of B-type

natriuretic peptide (BNP) have been suggested as a possible indicator of an hsPDA

(27–29). Although BNP serum levels correlate well with echocardiographic markers

of an hsPDA (29), the large variability in the proposed cutoff value defining an

hsPDA among the different studies and the low specificity of this test render it less

than optimal for routine clinical use.

CARDIOVASCULAR ADAPTATION TO PDA

Cardiac output is the result of the interactions among preload, afterload, myocar-

dial contractility, and heart rate. Under normal conditions and in the absence of
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a PDA, the left cardiac output of a neonate is in the range of 150–300 mL/kg per

min. Since blood flow to the lungs is increased in the presence of a left-to-right

shunt through the DA, venous return from the pulmonary circulation to the left

atrium is also increased resulting in an increase in the preload of the left ventricle.

Studies have consistently shown a higher left ventricle end-diastolic volume

(preload) when the DA is open with a predominantly left-to-right shunting pattern.

According to the Starling curve, the increase in myocardial muscle fiber stretch

from higher preload augments stroke volume. Indeed, most but not all (30,31)

studies have demonstrated a significantly increased left ventricular output in the

presence of a PDA with predominantly left-to-right shunting (32–39). In a lamb

model where DA was infiltrated with formalin and ductal patency was regulated by

a mechanical occluder, Clyman et al. studied the effect of increasing degree of

shunting through the PDA (35). Compared to when the DA was closed, stroke

volume increased by 33%, 66%, and 97% as the ductal shunt increased by 31%,

50%, and 67% of the baseline left ventricular stroke volume, respectively. However,

in the clinical setting, the presence of a PFO significantly alters the effect of PDA on

stroke volume as it decompresses the left atrium. In fact, it has been shown that in

the presence of a significant PFO flow, the right ventricular output may even be

higher than the left ventricular output despite the presence of the significant left-to-

right shunt through the PDA (40).

It appears that, despite the significant volume overload in the presence of a

PDA, the left ventricle is quite capable of handling the additional volume. Preterm

lambs with an open DA are able to increase their stroke volume when challenged

with a fluid bolus, even though the degree of the increase is less than when the DA is

closed (34). The decrease in the total peripheral vascular resistance associated with

the presence of a PDA results in a reduction of the left ventricle afterload. The

reduction in the afterload may in turn enhance the ability of the myocardiums to

increase the stroke volume.

There are significant differences in both the structure and function of the

myocardium between preterm and term neonates and older children and adults.

These differences put the immature myocardium at a disadvantage as far as con-

tractility is concerned (41). Furthermore, since perfusion to the myocardium pri-

marily takes place during diastole, it is expected that myocardial performance

would be adversely affected in patients with an hsPDA when diastolic blood pres-

sure is low. However, although the findings of some studies suggest the presence of

myocardial ischemia (42,43) and a deterioration of myocardial performance, most

of the published data indicate that myocardial perfusion and function are main-

tained. Moreover, since the higher preload is associated with a greater stretch of the

myocardial fibers in the presence of a PDA, myocardial contractility should actually

increase. Therefore, some authors have stated that the mere maintenance of myo-

cardial contractility in preterm neonates with a PDA in fact suggests deterioration

of myocardial function. However, using a load-independent measure of myocardial

contractility, Barlow et al. showed that hsPDA had no effect on contractility (44).

Similarly, contractility, assessed by a load-independent index, has been reported to

remain unchanged after ligation of the DA (45). In addition, a recent study showed

that cardiac troponin T, a marker of myocardial cell injury, is not elevated in

preterm infants with a PDA during the first postnatal week (46). However, as in

this small study the PDA was treated prior to becoming hemodynamically signifi-

cant, caution should be exercised with the interpretation of the findings.

As the heart rate remains unchanged whether the DA is open or closed, the

increase in cardiac output is solely result of the increase in the stroke volume. The

increase in cardiac output, at least initially, may offset the systemic hemodynamic

effects of the PDA. However, in a significant number of very low birth weight

(VLBW) infants, this compensatory mechanism will eventually fail and systemic
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perfusion becomes inadequate. At this stage, signs and symptoms of organ and

tissue hypoperfusion initially present in the form of poor peripheral perfusion and

decreased urine output while later hypotension and lactic acidosis develop.

EFFECTS OF HEMODYNAMICALLY SIGNIFICANT PDA ON
BLOOD PRESSURE

Hypotension commonly occurs in the presence of an hsPDA (47–49). Even as early

as the first postnatal day, PDA is clearly associated with hypotension (49). Blood

pressure is the product of the interaction between cardiac output and peripheral

vascular resistance. In general, systolic blood pressure is primarily affected by the

changes in stroke volume while diastolic blood pressure is mainly reflective of

changes in peripheral vascular resistance. Traditionally, low diastolic blood pressure

has been considered the hallmark of an hsPDA and many studies have supported

this notion (39,44). However, studies that looked more specifically at the relation-

ship between blood pressure and PDA have shown a similar decrease in both sys-

tolic and diastolic blood pressure, at least in the first postnatal week (47,48). Ratner

et al. examined the association between blood pressure and PDA in a group of

preterm infants weighing <1200 g during the first postnatal week (47). None of the

babies were treated with indomethacin or cardiotropic medications. By the second

postnatal day, there was a significant decrease in both systolic and diastolic

blood pressure in patients with an hsPDA. In addition, they reported no significant

differences in the pulse pressure between patients with and without a PDA (Fig. 9-

1). Evans and Moorcraft studied the effects of hsPDA on blood pressure during the

first postnatal week (48). The presence of an hsPDA was assessed by daily echocar-

diography and blood pressure was continuously monitored using an umbilical

catheter. In infants with a birth weight between 1000 and 1500 g, there was a

slight but nonsignificant difference in systolic, diastolic, and mean blood pressure

between patients with and without an hsPDA. In contrast, in infants with a birth

weight <1000 g, the systolic, diastolic, and mean blood pressures were significantly

lower in the hsPDA group (Figs 9-2 and 9-3). As in the previous study (47), pulse

pressure was not increased in patients with an hsPDA during the first postnatal

week (48). As discussed earlier, since stroke volume increases and vascular resist-

ance decreases in the presence of an hsPDA, it is expected for the systolic blood

pressure to be maintained or slightly decrease while diastolic blood pressure is to

disproportionately decrease. Since the cardiac output, ductal shunt volume, and
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FIGURE 9-1 Similar pulse pressure in PDA

and non-PDA preterm infants in the first

week of life (47).
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peripheral resistance were not measured in the above studies, the reason for lack of

a wide pulse pressure cannot be determined. The authors speculated that failure of a

compensatory increase in the cardiac output secondary to myocardial immaturity

might be the cause of the more uniform reduction in the systolic and diastolic

blood pressure. However, since the severity and duration of the PDA shunt likely

determine the extent of the diastolic steal phenomenon and therefore the pattern of

hypotension, a definitive conclusion about the interaction between PDA and blood

pressure cannot be drawn, at least for the human neonate. According to findings in

immature animals, a significant decrease in systolic blood pressure occurs only

when the PDA shunt is moderate or large. Yet, a decrease in the diastolic and

mean blood pressure occurs even when the shunt is small (35).

EFFECTS OF HEMODYNAMICALLY SIGNIFICANT PDA ON
ORGAN PERFUSION

The mechanisms causing organ hypoperfusion in the presence of an hsPDA include

the systolic and diastolic steal phenomena leading to a decrease in systemic blood flow

and the development of hypotension resulting in a decrease in perfusion pressure.
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FIGURE 9-3 Changes in mean BP in infants

<1000 g with and without an hsPDA during the

first week of life (48).
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in infants <1000 g with and without an hsPDA

during the first week of life (48).
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In addition, treatment strategies used to facilitate closure of the PDA, such as indo-

methacin administration, may have an effect on organ blood flow independent of the

hemodynamic changes associated with the presence of an hsPDA.

The studies on the effects of an hsPDA on organ perfusion have primarily

focussed on changes in perfusion of the brain and intestine. Blood flow velocity

measured by the Doppler technique has been the primary mode used to assess

organ blood flow in the neonate although cerebral blood flow has also been assessed

using near infrared (NIR) spectroscopy. In addition, in animal models, the micro-

sphere technique has also been utilized. It is important to note that these techniques

have significant limitations and that at present we do not have the ability to con-

tinuously measure absolute blood flow to the different organs in the human neonate.

As for using the Doppler technique, the amount of blood flowing through a

vessel is a function of the vessel diameter (cross-sectional area) and mean blood

flow velocity. Because of the small size of the vessels of interest in the neonate (e.g.

anterior or middle cerebral artery), accurate measurement of the diameter is not

possible. In addition, it is presumed that the diameter of the vessel remains constant

during the cardiac cycle, a notion that has been repeatedly challenged. Despite these

limitations, however, Doppler velocity measurements and velocity-derived indices

have been shown to have fairly good correlations with more invasive measures of

organ blood flow (50–52). The most commonly used indicators of organ blood flow

are systolic, diastolic, and mean blood flow velocities, velocity time integral, pulsa-

tility index (PI), and resistive index (RI). As the PI and RI are inversely related to

flow and directly related to vascular resistance, an increase in the PI or RI indicates

a reduction in organ blood flow.

Cerebral Blood Flow

Although some studies suggested maintenance of cerebral blood flow in the pres-

ence of an hsPDA (33,39), the majority of the studies found a disturbance in

cerebral hemodynamics. Furthermore, indomethacin, used commonly for the phar-

macological closure of the PDA, has a direct albeit transient vasoconstrictive effect

in the cerebral circulation (53).

In a group of preterm infants, Perlman et al. evaluated changes in blood flow

velocity in the anterior cerebral artery on a daily basis starting from the first post-

natal day (54). Using the Doppler technique, they demonstrated a decrease in

diastolic blood flow velocity in the presence of an hsPDA.

Several investigators have reported a retrograde diastolic flow and an increase

in the PI in the anterior cerebral artery in the presence of PDA; findings suggestive

of a decrease in cerebral blood flow (55,56). In contrast, Shortland et al. found no

difference in cerebral blood flow velocity between infants with or without a PDA in

a cohort of 120 preterm infants (57). However, they reported a higher incidence of

PVL in infants with retrograde blood flow in the anterior cerebral artery. Therefore,

it is possible that only a subset of patients with a PDA is adversely affected and these

include patients with an hsPDA or a diastolic steal phenomenon. A recent study by

Jim et al. demonstrated a correlation between an hsPDA assessed by the LA:AO

ratio and both end-diastolic velocity and RI in the anterior cerebral artery in VLBW

infants (58). Although the correlations were weak, these data suggest that with a

more severe left-to-right shunt across the PDA, cerebral blood flow progressively

decreases. Interestingly, in preterm lambs (33) and humans (39) cerebral blood flow

is maintained in the presence of a PDA when left cardiac output is increased. It is

conceivable that the increase in the cardiac output, at least to a certain point,

ensures adequate cerebral perfusion in patients with a PDA. Indeed, Baylen et al.

have reported a decrease in cerebral blood flow when cardiac output was compro-

mised in preterm lambs (30).
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the presence of an hsPDA. In addition, administration of indomethacin appears to

directly also reduce intestinal blood flow.

Clyman et al. studied the effects of small, moderate and large left-to-right PDA

shunting on systemic and organ blood flow using the microsphere technique in

preterm lambs during the first 10 hours after delivery (35). Shunts were classified as

small, moderate, or large if they were less than 40%, 40 to 60%, and greater than

60% of the left ventricular cardiac output, respectively. Even with a small duc-

tal shunt, there were significant reductions in blood flow to abdominal organs

(Fig. 9-5). With the increase in shunt size, there was a further decrease in organ

blood flow. The compromise in organ blood flow occurred despite significant

increases in cardiac output. Furthermore, there was evidence that decreased perfu-

sion pressure and localized vasoconstriction were responsible for the reduction in

organ blood flow. Baylen et al. first also documented compromised organ blood

flows (including the gastrointestinal tract) in more immature preterm lambs with
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FIGURE 9-5 Organ blood flow in preterm

lambs with and without PDA (35).
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a PDA during the first few postnatal hours (30), although they could not reproduce

these findings in a more recent study (33).

Meyers et al. studied the effects of PDA and indomethacin on intestinal blood

flow and oxygen consumption in preterm lambs in the immediate newborn period

(38). Blood flow was measured using the microsphere technique. These authors

demonstrated that shunting across the PDA or indomethacin administration

decreases blood flow in the terminal ileum. However, oxygen consumption in the

terminal ileum remained unchanged whether the ductus was open or closed and

autoregulation of oxygen consumption was only compromised in presence of indo-

methacin. As the study involved only slightly premature animals in the first few

hours after delivery, it is not known whether autoregulation remains intact in the

more premature primate in case of a prolonged ductal patency.

In a group of preterm infants with a large PDA, Martin et al. reported a

retrograde diastolic flow in the descending aorta, which resolved after closure of

DA (55). Similarly, Deeg et al. demonstrated a decrease in both the systolic and

diastolic blood flow velocities in the celiac artery in preterm infants with a PDA; a

finding implying that a decrease in the blood flow in the celiac artery has occurred

in these patients (56).

Using ultrasound, Shimada et al. assessed left cardiac output and abdominal

aortic blood flow in VLBW infants before and after ductal closure and compared

the findings to those obtained in patients without a PDA (39). Blood flow in the

abdominal aorta was significantly lower in the PDA group before closure of the DA

than after ductal closure or in the control group (Fig. 9-6). Furthermore, they

demonstrated that abdominal aorta blood flow was compromised despite the pres-

ence of a significantly higher left ventricular cardiac output in the PDA group

before closure of the DA.

Coombs et al., also using the Doppler technique, studied the effects of symp-

tomatic PDA and indomethacin administration on SMA and celiac artery blood

flow in preterm infants (61). PDA was diagnosed based on clinical symptoms. In the

presence of a clinically diagnosed PDA, there was an abnormal blood flow pattern

(absent or retrograde diastolic blood flow) in both arteries but more so in the SMA.

In addition, they showed that indomethacin decreased peak systolic velocity in the

SMA especially when given as a bolus.

The findings of decreased systemic and gastrointestinal blood flow in preterm

neonates with a PDA and indomethacin administration may, at least in part,
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explain the increased incidence of NEC and spontaneous intestinal perforations

under these clinical scenarios, respectively. However, although early ligation of the

PDA decreases the incidence of NEC (60), randomized studies on prophylactic

indomethacin treatment have not shown a decrease in the incidence of NEC.

A recent metanalysis of 11 randomized controlled studies on prophylactic indo-

methacin administration to decrease mortality and morbidity in preterm infants

revealed no beneficial effects on the incidence of NEC (59) (Fig. 9-7). There are

several possible explanations for the lack of effectiveness of prophylactic indometh-

acin in reducing the incidence of NEC. First, studies on the use of prophylactic

indomethacin were not designed to evaluate the impact of PDA closure on the

incidence of NEC. Rather, these studies were primarily designed to determine the
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FIGURE 9-7 Meta-analysis of randomized con-

trolled study of indomethacin prophylaxis showed

no difference in the incidence of NEC in prophy-

lactic indomethacin group compared to the

control (59).
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efficacy of early indomethacin in the prevention of IVH or in the prevention of the

extension of a pre-existing IVH (62–65) or to examine the effect of prophylactic

indomethacin on ductal closure (63,66–68) or neurodevelopmental (69,70) or pul-

monary outcome (71,72). In addition, in these studies, the control groups received

indomethacin or PDA ligation if the ductus remained open further complicating

our ability to critically examine the impact of ductal closure on the incidence of

NEC. Second, indomethacin itself has a direct negative impact on intestinal blood

flow and autoregulation of oxygen consumption and these actions may counter the

potential beneficial hemodynamic effects associated with the pharmacological clos-

ure of the DA.

CHANGES IN CARDIAC FUNCTION FOLLOWING PDA
LIGATION

Given the detrimental hemodynamic effects of an hsPDA on systemic and pulmo-

nary organ blood flows, one would expect an improvement in the clinical status

following removal of ductal shunting by ligation. However, in clinical practice the

neonatologist often observes deterioration in the patient’s condition immediately

after surgical ligation of the DA before seeing an improvement. Indeed, some

investigators reported worsening of the cardiovascular status evidenced by an

increase in the requirement for vasopressor support in about one-third of the

preterm infants immediately following ligation (45,73).

As discussed earlier, the cardiac adaptive processes to a PDA with left-to-right

shunt include an increase in left ventricular output (mostly stroke volume) in

response to the increased preload and the ductal steal phenomenon. Therefore, if

other variables remain unchanged and according to Starling’s law the mere removal

of ductal shunting with a resultant decrease in the preload would be expected to

lead to a reduction in left cardiac output and perhaps a decrease in the force of

contraction. These changes may not necessarily indicate deterioration in cardiac

function; rather, they represent a return to the normal basal function. However,

reduction in preload is not the only change that occurs after surgical closure of the

DA. Several other factors such as prolonged exposure of the immature myocardium

to volume overload and the sudden change in the SVR following ligation may have

an impact on cardiac function in a way that cannot be explained by change in the

preload alone.

However, there are only limited data in the literature on the effects of

PDA ligation on cardiac function. Most animal studies have evaluated myocardial

performance after ductal ligation in the first 24 hours of birth (30,74). Therefore,

applying the findings of animal studies to humans is inappropriate since, in the

clinical practice, the preterm infant has usually been exposed to the effects of duc-

tal shunting for days or sometimes weeks before surgical ligation takes place.

A recent study by McCurnin et al. describes the effects of PDA ligation

performed on the 6th day of postnatal life on cardiopulmonary function in the

preterm baboon (75). These authors found medium-term beneficial effects of

PDA ligation on left and right myocardial performance. However, the study

did not examine the changes in cardiac function in the immediate postoperative

period.

As for humans, there are only a few studies addressing this issue in preterm

infants. Lindner et al. assessed cardiac function by measuring left ventricular

output, stroke volume and heart rate two days after PDA ligation and compared

the findings to pre-ligation measurements (37). They reported a significant decrease

in left ventricular output and stroke volume without a significant change in heart

rate. In contrast, Kimball et al. found an increase in systemic vascular resistance and

heart rate and no change in the myocardial contractility, left ventricular output,
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or afterload (76). It is unclear as to why left cardiac output did not decrease as

expected with a reduction in the preload, although there was a statistically not

significant 20% decrease in left cardiac output in this study enrolling only a

small number of patients. In addition to these studies describing the changes in

systolic function, we have recently reported our findings on diastolic and global

myocardial function after PDA ligation (45). We found a significant reduction in

preload and left ventricular output two hours after ligation without further changes

at 24 hours post-ligation. The reduction in left ventricular output appears to have

been the result of a decrease in stroke volume as the heart rate remained unchanged.

Similar to Kimball et al., we found no change in contractility or afterload despite an

increase in systemic vascular resistance after ligation. While the afterload is affected

by changes in systemic vascular resistance primarily via changes in the blood pres-

sure, the left ventricular diameter and wall thickness are among the other factors

that affect afterload. We speculate that, following PDA ligation, the decrease in left

ventricular diameter and the increase in wall thickness offset the effects of the

increase in systemic vascular resistance on afterload with the net result being no

change in the afterload. In addition, we found no change in diastolic function as

assessed by indices derived from mitral inflow and tissue Doppler studies. We also

assessed the global myocardial function (both systolic and diastolic) using the

myocardial performance index (MPI) (77,78). Interestingly, the changes in the

MPI indicated deterioration of myocardial function immediately after ligation

with a partial recovery by 24 hours post-ligation. The deterioration in myocardial

performance may be the result of the acute decrease in the length of myofibrils

immediately following the ductal ligation-induced volume unloading. However,

myocardial performance improves with time perhaps by resetting the myocyte to

the new loading condition. Thus, these findings suggest that the decrease in stroke

volume immediately following ligation is caused by both the acute volume unload-

ing of the left ventricle and the deterioration in cardiac function. Furthermore, we

found that the size of PDA correlates best with the deterioration in myocardial

function after ligation suggesting a direct relation of the severity of volume overload

with the post-ligation myocardial performance.

Therefore, apart from a significant reduction in left ventricular output (stroke

volume), there are no major changes in systolic and diastolic function after PDA

ligation in preterm infants. However, it appears that a subtle deterioration in myo-

cardial performance occurs immediately after ligation, which probably contributes

to the decrease in stroke volume. It is still unclear as to why a subset of preterm

infants presents with hypotension and increased requirement for vasopressors fol-

lowing PDA ligation. While left ventricular output measured in the aorta proximal

to the DA decreases after ligation, the changes in effective left ventricular output

(i.e. the portion of the left ventricular output supplying the systemic circulation and

not shunting into the pulmonary circulation before ductal ligation) are not known.

Therefore, it is unclear whether the hypotension observed in a significant portion of

these preterm infants is the result of a decrease in effective left ventricular output

due to myocardial dysfunction, a decrease in systemic vascular resistance after the

initial rise or a combination of these two cardiovascular changes. In addition,

downregulation of cardiovascular adrenergic receptors, relative adrenal insuffi-

ciency and anesthesia could also be associated with alterations in vasomotor

tone, requiring escalation of vasopressor support to maintain blood pressure in

critically ill preterm neonates undergoing surgery (79,80).

SUMMARY

Patent ductus arteriosus is a common problem in preterm infants born at less than

30 weeks’ gestational age. Contrary to the common belief, the shunt across the PDA
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is primarily left-to-right very soon after birth. If the DA remains open, it will result

in a progressively increasing pulmonary overcirculation and left-sided cardiac

volume overload. Despite the immaturity of myocardium, the heart is capable of

increasing the cardiac output even in VLBW neonates. The increase in cardiac

output is a result of the increase in the stroke volume, usually without a significant

change in heart rate. Because of the diversion of blood from the aorta to the

pulmonary artery, the increase in left ventricular output does not usually translate

to an increase in or even maintenance of effective left cardiac output. While the

increase in the left ventricular output and other compensatory mechanisms may

initially offset the effects of the ductal shunt on the systemic circulation, with time

effective left cardiac output is reduced. Indeed, both animal and human studies

show compromised organ blood flows especially to organs supplied by the aorta

distal to the PDA. The PDA is also a significant cause of hypotension in preterm

infants. The hypotension and systolic and diastolic steal phenomena can lead to

organ hypoperfusion and lactic acidosis. Finally, the persistence of an hsPDA will

eventually lead to congestive heart failure.
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Chapter 10

The Preterm Neonate with
Relative Adrenal Insufficiency
and Vasopressor-resistant
Hypotension

Cynthia Cole, MD, MPH

Relative Adrenal Insufficiency

Vasopressor-resistant Hypotension

Evidence of Relative Adrenal Insufficiency in Sick Premature Infants

RAI, Cardiovascular Insufficiency, and Vasopressor-resistant Hypotension in

Sick Premature Infants

Cardiovascular and Stress Effects of Cortocosteroids and Proposed

Mechanisms

Summary

References

Relative adrenal insufficiency (RAI) and vasopressor-resistant hypotension are

closely associated, serious disorders described in severely ill patients, including

extremely premature infants. Undoubtedly, RAI and vasopressor-resistant hypoten-

sion occur together in many critically ill patients. However, some severely ill patients

manifest vasopressor-resistant hypotension and no clear evidence of RAI and, vice

versa, some critically sick patients have RAI but no evidence of vasopressor-resistant

hypotension. The mechanisms that precipitate and fuel vasopressor-resistant hypo-

tension and RAI are complex, highly interactive, and incompletely understood.

In this chapter, we review RAI and vasopressor-resistant hypotension, includ-

ing proposed mechanisms for each, and summarize available evidence that RAI and

vasopressor-resistant hypotension occur in sick premature infants. We also discuss

the effects and proposed mechanisms by which corticosteroid therapy acts to

resolve vasopressor-resistant hypotension with or without RAI.

RELATIVE ADRENAL INSUFFICIENCY

In the mid-nineteenth century, Thomas Addison described manifestations of pri-

mary adrenal insufficiency as ‘‘general languor and debility, remarkable feebleness

of the heart’s action, irritability of the stomach. . .occurring in connection with a

diseased condition of the suprarenal capsules. . .’’ (http://wehner.org/addison.htm).

Now, more than 150 years after the original description of Addison’s disease, these

manifestations of adrenal insufficiency extend to the recently described disorder

‘‘relative’’ adrenal insufficiency (RAI). Since the 1980s, RAI has been diagnosed in
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sick premature and full-term neonates, infants, children, and adults (1–20).

The term ‘‘relative’’ should not make one complacent about or underestimate the

potentially life-threatening nature of RAI and the often attendant vasopressor-

resistant hypotension.

RAI occurs in the presence of severe illness and is characterized by cardiovas-

cular instability, inadequate random and stimulated cortisol levels for the degree

of illness severity, and rapid clinical and hemodynamic improvement following

corticosteroid therapy (4). Cardiovascular instability, a key manifestation of

RAI, may present with high or low cardiac output, decreased vascular resist-

ance, vasopressor-dependent and vasopressor-resistant hypotension, and shock

(1–3,5,7,8,10–12,14,16,18–37). Other features include hyponatremia, hyperkalemia,

hypoglycemia, metabolic acidosis, increased levels of pro-inflammatory markers,

and feeding intolerance (Fig. 10-1).

The spectrum of presentations and duration of RAI, in neonates and other

patient populations, and the determinants of the clinical presentation, are not

known. For example, the presentation of hypotension with RAI may be responsive,

dependent, or resistant to vasopressor therapy (20). Speculation about the duration

of RAI is based on treatment durations and cortisol levels. Hoen et al. (38) and

Annane et al. (20) reported that RAI and/or vasopressor dependency may be sus-

tained for several days, even beyond one month, in adult hemorrhagic-shock trauma

patients. Colasurdo et al. reported, in abstract, nine sick infants (gestational age 26

weeks) with clinical symptoms of adrenal insufficiency, low cortisol levels (mean

251 ± 102 nmol/L) with reversal of signs within two days. Gaissmaier and Pohlandt

reported that a single dose of dexamethasone was effective in reversing vasopressor-

resistant hypotension in sick premature infants (39). Yoder reported sustained

improvement in cardiovascular status of premature baboons (gestational age equiv-

alent to human at 26 weeks) with RAI and vasopressor-resistant hypotension after 12

to 24 h of hydrocortisone (two to four doses of 0.5 to 1.0 mg/kg every 6 h) with no

decrease in urinary free cortisol levels over the two-week study (40). These authors

speculated that treatment of RAI in extremely premature infants could be less than

one to two weeks in duration a notion supported by findings of others.

RAI duration, based on cortisol data, also varies in sick premature neonates.

Ng et al. reported that inadequate cortisol response on postnatal day seven in

Severe illness and cardiovascular instability are features of both RAI and VRH.
RAI may or may not be associated with VRH.
VRH may or may not be associated with RAI.

Relative
adrenal

insufficiency

Feeding
intolerance Pro-inflammatory

mediators

High or low
cardiac output

failure

Low vascular
resistance manifest

as vasopressor
dependence or

resistance,
possible shock

Abnormal
electrolyte

and glucose
homeostasis

FIGURE 10-1 Features of relative adrenal insufficiency (RAI) and vasopressor-resistant hypoten-

sion (VRH).

III
C

LI
N

IC
A

L
P
R
E
S
E
N

T
A

T
IO

N
S

O
F

N
E
O

N
A

T
A

L
S
H

O
C

K

196



sick, very low birth weight (VLBW) infants had resolved by day 14 (41). In contrast,

Guttentag et al. reported, in abstract, no increase in either cortisol or ACTH

through 14 days in response to critical illness (9). Differences in presentation severity

and duration of RAI are likely to vary according to level of immaturity, severity,

etiology, and duration of underlying disorders, management, and response to

management.

Postulated mechanisms for RAI include inadequate hypothalamic–pituitary–

adrenal (HPA) axis response, limited adrenal reserve, adrenergic receptor insensi-

tivity due to receptor downregulation, pro-inflammatory cytokine-mediated

suppression of the pituitary and adrenal glands, and limited adrenal perfusion

(8,19,20,29,35,42,43) (Fig. 10-2). A limited capacity of the immature HPA axis,

adrenal gland, and sympathoadrenal systems to respond to stress, coupled with

increased illness severity, immaturity of the cardiovascular–respiratory systems,

prolonged exposure to free-radicals, and subsequent production of pro-inflamma-

tory cytokines, sets the stage for RAI (and vasopressor RH) in extremely premature

infants.

The incidence of RAI in neonatal, pediatric, or adult critically ill patients is not

known because there is no consensus on diagnostic evaluation or diagnostic cri-

teria. Reported proportions of critically ill patients with ‘‘inadequate’’ cortisol

response vary widely, from as low as 2% often up to 40 to 70%. The proportions

reported vary by patient characteristics, type of illness, choice of diagnostic test,

dosage of stimulating agent, and diagnostic criteria for adequate or inadequate

cortisol response (4,18,24,33,38,44–51).

The incidence of RAI is influenced by criteria for ‘‘adequate’’ and ‘‘inadequate’’

cortisol response or cortisol production. In adults, proposed criteria for appropriate

cortisol response is a peak serum cortisol concentration greater than 18 mg/dL

(500 nmol/L) after cosyntropin (1–24ACTH; 250 mg) stimulation. Random serum

Corticosteroid therapy has the potential to upregulate adrenergic receptors
counteract inflammation, and re-establish adrenal and cardiac homeostasis

Hypothalamus

Pituitary

Heart

Vascular
system

Adrenal
gland

Prolonged exposure to
inflammatory mediators and

insufficient anti-oxidant systems
contribute to suppression of

HPA-axis, myocardium,
and down-regulation

of adrenergic receptors

Immature, inadequate HPA-axis response

High or low
cardiac output failure

Decreased vascular
response to

adrenergic agents
due to downregulation
of adrenergic receptors

Inadequate adrenal response
compromises cardiovascular function,

limits adrenergic receptor upregulation,
limits feedback to hypothalamus and pituitary,

limits counteraction of inflammation

Pro-inflammatory effect
Cortisol insufficiency

FIGURE 10-2 Postulated mechanisms of relative adrenal insufficiency and cardiovascular instabil-

ity in the presence of severe illness.
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cortisol level less than 9 or 10 mg/dL (250 or 276 nmol/L) in the presence of severe

acute illness is generally considered inadequate an cortisol response and diagnostic

of RAI (52). Other diagnostic criteria proposed for RAI in critically ill adults are

random cortisol value less than 15 mg/dL (414 nmol/L) and a cortisol response less

than 10 mg/dL (276 nmol/L) following adrenal stimulation (19,20,24,29,42,53–56).

Diagnostic criteria for RAI in premature infants are particularly challenging. The

lack of consensus on diagnostic evaluation and timing of evaluation is confounded

by uncertainty about ‘‘adequate’’ and ‘‘inadequate’’ cortisol response or cortisol

production across gestational and postnatal ages for different diagnostic evaluations

(18,44). Among VLBW infants, Korte et al. defined normal adrenal function as a

random cortisol level of 15 mg/dL (414 nmol/L), inadequate serum cortisol as

a serum cortisol level <5 mg/dL (<138 nmol/L), and adequate cortisol response

as an increase in serum cortisol of 15 mg/dL (414 nmol/L) following ACTH stim-

ulation (18).

The incidence of RAI is greatly influenced by the choice of adrenal stimulation

test. Neonatal investigators most often report isolated, random serum cortisol levels

or stimulated serum cortisol levels at specific time points following CRH or ACTH

stimulation. Some investigators used CRH alone (41,57,58) or CRH followed by

ACTH (3). Investigators more often selected ACTH as the stimulating agent with

dosages ranging from 0.1 to 62.5 mg/kg (13,18,31,44,59–66). Adrenal stimulation

with supraphysiologic ACTH dosages can induce a compromised adrenal gland to

produce an ‘‘adequate’’-appearing cortisol level, and thus underestimate the diag-

nosis of RAI (18). However, ACTH dosages of 0.1 to 0.2 mg/kg (18,44,61,62) and

0.5 to 1.0 mg/kg (31,44) are more likely to reveal ‘‘relative’’ adrenal insufficiency

than higher ACTH dosages. Even within the range of 0.1 to 1.0 mg/kg, the propor-

tion of sick premature infants with ‘‘inadequate’’ cortisol response (defined

as <9 mg/dL) varies greatly. In a study of ventilated VLBW infants (gestational

age <32 weeks and random serum cortisol levels <5 mg/dL (138 nmol/L)), Korte

et al. reported 64 and 37% of infants had inadequate cortisol response (<9 mg/dL) to

cosyntropin at doses of 0.1 or 0.2 mg/dL, respectively (18). In a trial of ventilated

three-week-old very preterm infants (gestational age 25 weeks), Watterberg et al.

reported 21 and 2% of infants had inadequate cortisol response to 0.1 and 1.0 mg/kg

ACTH, respectively (44). At present, the validity, reproducibility, and clinical impor-

tance of identifying, in extremely premature babies, inadequate cortisol response at

different stimulating dosages (0.1, 0.2, 0.5 or 1.0 mg/kg ACTH) in terms of mortality,

acute management, and longer outcomes is not clear. Some studies in adults suggest

that 0.1 mg/kg ACTH predicts mortality better than higher dosages of ACTH. The

validity and interpretation of ACTH stimulation tests, especially in the midst of

critical illness, is an ongoing debate among adult, pediatric, and neonatal critical

care physicians. Yoder et al. (40) chose to measure urinary free cortisol levels in six-

hourly blocked intervals in premature baboons (67% of term gestation, equivalent

to �28 weeks human gestation) to define the ontogeny of cortisol release over the

initial hours and days of life. As noted by Yoder, urinary free cortisol levels are

directly proportional to and highly correlated with plasma cortisol levels (67).

Moreover, urinary free cortisol avoids potential fluctuations seen in serum cortisol

levels and the need for frequent blood sampling (40).

Interpretation of any cortisol measurement is extremely complex and requires

that one consider the characteristics of the patient or population studied, illness

severity, underlying disorders, choice of adrenal evaluation, dosage of stimulation

agent (if applicable), and criteria for normal cortisol concentrations and RAI diag-

nosis. Until such time when there is a consensus regarding diagnostic approaches

and criteria for diagnosing RAI in sick premature neonates, neonatal providers have

protocols and cortisol results based on published research, such as those provided

by Korte et al., Watterberg et al., Ng et al., Huysman et al., and Yoder et al., to
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consider when selecting and interpreting cortisol results (18,28,31,40,44,60–

62,65,68–70).

At the interface of second and third trimesters, the premature infant’s ability

to produce cortisol during fetal life may be intact, but variably limited in its ability

to adapt to postnatal demands (71). All patients with RAI are at increased risk

for serious short- and long-term morbidity and mortality. This last point under-

scores the importance of prompt recognition and initiation of appropriate

intervention.

VASOPRESSOR-RESISTANT HYPOTENSION

Vasopressor-dependent or vasopressor-resistant hypotension and shock are char-

acterized by an acutely decreased vascular responsiveness to catecholamines.

Decreased vascular responsiveness to adrenergic agents is due to downregulation

of adrenergic receptors (56). Downregulation of adrenergic receptors occurs within

hours in clinical conditions of sustained sympathetic tone (including prolonged

vasopressor therapy) and sustained exposure to inflammatory mediators, such as

nitric oxide, tumor necrosis factor, and other inflammatory cytokines (interleukin

(IL)-1, IL-2, IL6, interferon gamma) (33,72–74). Thus, multiple organ dysfunction

may result, at least in part, from pro-inflammatory mediated effects that decrease

vascular reactivity and progress to vasopressor-resistant hypotension. Prolonged

exposure to inflammatory mediators is a proposed mechanism for both vasopres-

sor-resistant hypotension (receptor downregulation) and RAI (suppression of adre-

nal and/or HPA axis). Severe illnesses in which decreased vascular responsiveness

occurs include extreme prematurity, hypoxic–ischemic injury, hemorrhage, sepsis,

trauma, and major surgery.

Decreased vascular responsiveness to adrenergic stimulation is described in

critically ill patients who did and did not meet study specific criteria for RAI.

Annane et al. observed worse vascular responsiveness in septic shock patients

with RAI compared to those without RAI (75). In contrast, Hoen et al. reported

no difference in vascular responsiveness in adult hemorrhagic shock trauma

patients with (n = 10) or without (n = 13) RAI before hydrocortisone, and an

increase in vascular reactivity after hydrocortisone appeared to be independent of

adrenal reserve (50). Indeed, several investigators documented improvement in

vasopressor-dependent or vasopressor-resistant hypotension in patients with no

evidence of RAI by cortisol stimulation tests.

The influence of specific precipitating events and mechanisms, and the temporal

relationships that initiate vasopressor-resistant hypotension before RAI, or vice

versa, or both simultaneously are not clear. It is clear that insufficient cortisol in

the presence of severe illness, or blocking the vascular effects of cortisol, results in

profound hypotension. Replacement of cortisol in adrenal insufficiency or RAI

responds to corticosteroid treatment. It is also clear that decreased vascular respon-

siveness due to downregulation of adrenergic receptors is associated with

vasopressor-resistant hypotension that responds to corticosteroid therapy. The scen-

ario in which severe illness has components of decreased vascular responsiveness,

due to inflammatory mediators, and concomitant cortisol insufficiency, corticoster-

oid therapy is critical to re-establish vascular responsiveness, counteract inflamma-

tion, and re-establish homeostasis.

EVIDENCE OF RELATIVE ADRENAL INSUFFICIENCY IN SICK
PREMATURE INFANTS

Colasurdo (1) and Ward (2) first described, in abstracts, ventilated, sick, extremely

premature infants presenting with signs consistent with adrenal insufficiency or
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‘‘Addisonian crisis.’’ Ward’s case series was prompted by prior observations of neo-

natal cases with unexplained cardiovascular collapse, abdominal distention, and

renal failure prior to death. The specific manifestations reported in Colasurdo’s

and Ward’s abstracts included hypotension, oliguria, hyponatremia, and cortisol

values less than 15 mg/dL (414 nmol/L). All infants responded to hydrocortisone

therapy. Subsequent investigations reported similar presentations of sick premature

neonates with vasopressor-resistant hypotension, ‘‘low’’ serum cortisol levels, and

rapid response to hydrocortisone or dexamethasone therapy. These case series and

small studies provide most of the clinical and biochemical evidence that RAI with

vasopressor hypotension occurs in critically ill premature infants (1–3,5,9–

11,14,17,27,28,31,32,60,65,76,77).

Contemporaneous with the studies in sick premature infants, investigators

documented two intriguing observations regarding cortisol levels in well and sick

premature infants. Many healthy premature infants, with no signs of adrenal insuf-

ficiency, had random cortisol levels that were not detectable or below 5 mg/dL

(138 nmol/L), a threshold considered to indicate adrenal insufficiency

(3,9,12,13,18,31,59,65,70,76–78). Even more striking were observations that sick

premature infants had serum cortisol levels similar to or lower than cortisol

levels in well preterm or term infants (1–3,13,41,58,65,70,76). The finding that

sick premature infants did not have the expected increase in random cortisol

levels commensurate with their illness acuity was additional evidence supportive

of RAI. Ng et al. reported normal pituitary response to hCRH but absent adrenal

response in sick premature infants with vasopressor-resistant hypotension and low

serum cortisol values. These findings led Ng to speculate that the adrenal gland was

responsible for RAI (17). Studies in adults with RAI implicate the hypothalamic–

pituitary level is responsible for RAI in some patients but that dysfunction at the

adrenal level is the site primarily responsible for RAI in most patients. Given the

complex multi-site mechanisms involved with RAI, it is plausible that inflammatory

cytokines or other mediators may affect function at all levels of the HPA axis. In

summary, the level or levels of dysfunction within the HPA axis of extremely pre-

mature infants with RAI is not completely understood.

Additional evidence of RAI in sick premature infants is supported by reported

low random cortisol levels, elevated cortisol precursor in premature infants, with

the highest precursor levels occurring in sick premature infants, and blunted

response to ACTH stimulation (9,18,65,66,70,76,78,79). Elevated cortisol precur-

sors suggest that the adrenal gland responds to ACTH or other stimuli, but the

adrenal enzyme system is not adequate to produce cortisol. As mentioned earlier,

Guttentag et al. reported, in abstract, that sick extremely premature infants have

inadequate random and stimulated cortisol levels through postnatal day 14, and

that increasing precursor to cortisol ratios suggest the activity of other adrenal

stimulants (e.g. IL-1, AII) (9). Watterberg et al. reported that sick premature

infants, compared to term infants, have higher cortisol precursor concentrations

(17a-OH pregnenolone, 17a-OH progesterone, and 11-deoxycortisol) and low

serum cortisol concentrations. Sick premature infants who developed chronic

lung disease had elevated cortisol precursors compared with premature infants

who recovered with no chronic lung disease (78). In a small, prospective study of

infants born at less than 30 weeks’ gestation, Huysman et al. demonstrated that sick,

ventilated infants, compared with less sick, non-ventilated infants, had lower cor-

tisol levels, elevated cortisol precursor 17-hydroxyprogesterone, and insufficient

cortisol response to ACTH (0.5 mg/kg) stimulation (31).

Insufficient adrenal function is also supported by studies of decreased adrenal

response in sick premature infants. Korte et al. reported adrenal response to cosyn-

tropin (ACTH) 0.1 vs. 0.2 mg/kg in 51 ventilated, premature infants of less than

32 weeks’ gestation (birth weight<1.5 kg) who had baseline cortisol levels<5 mg/dL
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(138 nmol/L). Among these 51 infants, 64 and 37% had inadequate cortisol response

(<9 mg/dL) to stimulation with either cosyntropin 0.1 or 0.2 mg/dL, respectively

(18). More recently, Watterberg et al. reported adrenal response to cosyntropin 0.1

vs. 1.0 mg/kg in premature infants (birth weight <1 kg and required ventilation)

when tested at approximately three weeks of age (44). Among 100 infants tested with

cosyntropin at a dose of 0.1 mg/kg, 21% had decreased cortisol response compared

to 2% of 129 infants tested with cosyntropin at 1.0 mg/kg. A response curve based

on cosyntropin 1.0 mg/kg indicated the 10th percentile response was 17 mg/dL

(468 nmol/L). Cortisol response <17 vs. �17 mg/dL was associated with more bron-

chopulmonary dysplasia and increased length of hospital stay (44). Research by

Watterberg et al., Scott et al., Huysman et al., and others supports the notion that

RAI in sick, extremely premature infants is associated with increased pulmonary

disease severity and subsequent chronic lung disease (12,13,18,31,41,44,63,68,78,80–

83). The increased risk of serious short- and longer-term morbidity and mortality

associated with RAI in premature infants emphasizes the need to recognize and

initiate appropriate therapy.

RAI, CARDIOVASCULAR INSUFFICIENCY, AND
VASOPRESSOR-RESISTANT HYPOTENSION IN SICK
PREMATURE INFANTS

Cardiovascular insufficiency is a recognized complication in sick premature infants

and a key manifestation of RAI. In addition to RAI, other potential explanations for

cardiovascular instability in sick premature infants include patent ductus arteriosus,

hypoxic–ischemic injury, severe anemia, hyperkalemia, septic shock, pulmonary

hypertension, and anatomical abnormalities. RAI and other etiologies of cardiovas-

cular instability can occur simultaneously. Cardiovascular insufficiency due primar-

ily to vasopressor-resistant hypotension without RAI has not been described in sick

premature infants. However, very premature infants with extremely high random

cortisol levels, and little cortisol response to adrenal stimulation, may represent a

clinical presentation in which vasopressor-resistant hypotension is the predominant

factor of the cardiovascular collapse. Infants with high random cortisol and low

cortisol response to ACTH appear to have greater risk for morbidity and mortality

than infants with lower random cortisol levels (64). Severely ill adults with high

random cortisol (>34 mg/dL) and low cortisol response to ACTH stimulation

(<9 mg/dL) are also noted to have extremely poor prognosis. Presentation of car-

diovascular instability in sick premature infants may be recognized within a

few hours to days following premature birth or later in the neonatal course

(10,14,23,27,28,78,84).

Cardiovascular compromise in the setting of RAI may present as low sys-

temic perfusion or hyperdynamic shock (34). Characteristics of shock with low

systemic perfusion include unchanged or decreased myocardial function and a

compensatory increase in systemic vascular resistance to maintain perfusion pres-

sure. Relative or absolute hypovolemia may also be a contributing factor.

Hyperdynamic shock presents with high cardiac output and decreased systemic

vascular resistance. The specific presentation may depend upon myocardial imma-

turity and/or injury, prior fluid and electrolyte management, mineralocorticoid

status, vasopressor therapy, and presence or absence of sepsis (29). In preterm

neonates, hypotension related to adrenal insufficiency may occur with both pre-

sentations of shock (85,86).

Alverson and Scott reported clinical, physiologic, and biochemical evidence

linking cardiovascular insufficiency, increased morbidity (chronic lung disease),

and increased mortality with low plasma cortisol levels in sick premature infants

(5,16,87). Alverson et al. reported in abstract (37) that 85 surfactant-treated,
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preterm infants (24 to 36 weeks’ gestation) with left ventricular output (LVO)

�180 mL/min/kg had greater mortality (6/14, 64%) during the first postnatal

day compared to infants with LVO >180 mL/min/kg (9/71, 13%) (P = 0.001).

Mortality was highest in infants <31 weeks’ gestation who had lower LVO (9/10,

90%). Scott et al. measured serum cortisol values in 54 of the 85 infants reported by

Alverson. Infants with LVO �180 mL/min/kg had significantly lower cortisol values

than infants with LVO >180 mL/min/kg (16). In addition, infants with low LVO

and low cortisol levels did not respond well to surfactant therapy. However, it

should be kept in mind that LVO is influenced by left-to-right shunting at the

level of the ductus arteriosus and, to a lesser extent, the foramen ovale during

the first postnatal day and thus it does not appropriately represent systemic per-

fusion as long as these fetal channels are open (85,86). In separate reports, Scott and

Watterberg described lower cortisol levels in preterm infants who required inotro-

pic support and surfactant therapy than preterm infants not receiving vasopressor

therapy (12) and suggested that RAI in premature infants is associated with pres-

ence of a PDA (82).

Among publications and abstracts regarding adrenal function and/or

hydrocortisone effect on vasopressor hypotension in sick premature infants or

baboons, five human reports (1,2,5,10,17,32,39) and one baboon study (40)

document low cortisol values and vasopressor-resistant hypotension responsive to

corticosteroid treatment, Three studies report a similar presentation without

cortisol data (5,10,25). Vasopressor-resistant hypotension responded to corticoster-

oid therapy in all but two infants (17) among reported neonates. Responding

infants weaned from vasopressor support often within two days. Other neonatal

reports about the effect of hydrocortisone on blood pressure or other outcomes are

not comparable to these nine studies due to different objectives and inclusion

criteria that did not limit their study to infants with vasopressor responsive

hypotension and/or specific cortisol criteria. Efird et al. reported that prophylactic

hydrocortisone therapy for five days (versus placebo) in extremely low birth

weight infants reduced the use of vasopressors during the first two postnatal

days (88).

The study by Yoder et al. of a very premature baboon model provides the

most direct evidence that RAI, cardiovascular insufficiency, and prematurity are

related (40). This group of investigators documented in previous studies that the

majority of extremely premature baboons, delivered at �67% of baboon gestation

(�26 weeks human gestation), required volume expansion and vasopressor therapy

to treat hypotension, oliguria, and acid–base imbalance. Many of the premature

baboons also required hydrocortisone to treat vasopressor-resistant hypoten-

sion (89). Yoder et al. then demonstrated that decreased urinary free cortisol excre-

tion in the first day of life correlated with decreased left ventricular function.

Furthermore, hydrocortisone therapy (0.5 to 1.0 mg/kg/day for one to two days)

corrected hypotension and left ventricular dysfunction, reduced vasopressor/

inotrope use and mortality, and increased serum cortisol to levels comparable

to cortisol levels seen in baboons with no evidence of adrenal insufficiency or

cardiovascular dysfunction through the end of the study at two weeks of extrauter-

ine life (40).

CARDIOVASCULAR AND STRESS EFFECTS OF
CORTOCOSTEROIDS AND PROPOSED MECHANISMS

The goal of corticosteroid therapy is to maintain homeostasis during stress and

minimize organ dysfunction. The HPA axis and the adrenergic and sympathetic

nervous system are the primary mediators of stress response. Under normal con-

ditions, all forms of stress increase ACTH and cortisol production.
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Corticosteroid cardiovascular effects maintain myocardial contractility, vascu-

lar tone, endothelial integrity, and vascular responsiveness to catecholamines and

angiotensin II. Corticosteroids attenuate the pro-inflammatory cytokine response,

reduce vascular permeability in the presence of acute inflammation, decrease the

dysregulated production of nitrous oxide (NO) and other vasodilators, and mod-

ulate free water distribution within the vascular compartment (5,29,30,90–92).

Corticosteroids also modulate the immune response and counteract the

inflammatory cascade. Acute exposure to inflammatory cytokines may increase

affinity of glucocorticoid receptors. Acute exposure to inflammatory cytokines

(e.g. IL-1 IL-6, TNF-alpha) can activate the HPA axis, which decreases inflamma-

tory response, and may increase ligand affinity of glucocorticoid receptors. Cortisol

feedback regulates the period for immunosuppressive and catabolic needs during

stress. On the other hand, prolonged exposure to cytokines alters the HPA axis

response. Low levels of ACTH are documented in patients with severe sepsis.

Chronic increase in IL-6 can suppress ACTH production. Prolonged exposure to

TNF-alpha may decrease adrenal function, CRH stimulation of ACTH production.

Corticosteroids exert their effects through genomic (slower) and non-genomic

mechanisms (faster) (29,90,92). Genomic glucocorticoid effects reverse vasopressor-

refractory hypotension by upregulating cardiovascular a- and b-adrenergic receptors

through synthesis and membrane-assembly of new receptor proteins, a process that

occurs over hours. Other genomic effects include glucocorticoid mediation of the

sympathetic nerve activity and maturational changes in Na+, K+-ATPase enzyme

activity, myosin fibers, and other components of cardiac muscle (29,93,94).

However, the rapid response of the cardiovascular system to corticosteroids is

thought to occur via non-genomic mechanisms through interaction with putative

cell membrane-bound steroid receptors (6). Via their genomic and non-genomic

actions, corticosteroids rapidly sensitize the cardiovascular system to catechola-

mines. This corticosteroid effect occurs by increasing catecholamine levels through

increased catecholamine synthesis and inhibition of catecholamine metabolism, by a

primarily mineralocorticoid-mediated increase in intracellular calcium, by inhibi-

tion of prostacyclin and nitric oxide vasodilation, and by improved capillary

integrity.

Response time of sick premature infants to glucocorticoid therapy for

vasopressor-resistant hypotension varies among reports. Helbock reported increase

in blood pressure as early as 30 min and within 2 h following hydrocortisone

therapy (1 mg) in 25- to 26-week gestation infants with vasopressor-resistant hy-

potension (32). Gaissmaier and Pohlandt noted improvement in vasopressor-resis-

tant hypotension in 4 to 8 h following a single injection of dexamethasone (39).

Seri et al. (5) and Noori et al. (25) reported increase in blood pressure within 2 h

following hydrocortisone and low-dose dexamethasone (0.1 mg/kg) administration,

respectively. Based on their case series, Helbock and Ng speculated that response

time for reversal of vasopressor-resistant hypotension may be dose-related (17,32).

Bellissant and Annane reported increased vascular responsiveness to phenylephrine

1 h after hydrocortisone administration in 12 adult patients with septic shock (95).

Hydrocortisone therapy at stress doses (34) or low doses (91), compared to

placebo, accelerated shock reversal (i.e. reduced duration of vasopressor therapy) in

adult patients with septic shock. Oppert et al. also noted that low-dose hydrocorti-

sone reduced cytokine production in patients with early hyperdynamic septic shock

regardless of a patient’s adrenal response to ACTH. The hydrocortisone-induced

hemodynamic effect of accelerating shock reversal was more dramatic in adrenal

‘‘non-responders’’ (RAI) compared to ‘‘responders.’’ The findings by Oppert et al.

suggest that the hydrocortisone-mediated hemodynamic effect is related, in part,

to adrenal reserve status, and the immunomodulatory effect is independent of adre-

nal reserve (91). Currently, there are insufficient data in neonates to recommend
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specific glucocorticoid interventions, particularly as related to criteria for treatment,

type of glucocorticoid, dosage, and duration. This uncertainty is further fueled by

the documented increases in spontaneous ileal perforations in premature neonates

co-exposed to either hydrocortisone or dexamethasone and indomethacin as well as

by the documented deleterious effects of dexamethasone on neurodevelopment in

preterm neonates (64,96). Whether hydrocortisone administered at low doses in the

immediate postnatal period affects neurodevelopment in premature neonates is not

known at this time (97,98). Finally, there is ongoing debate in other pediatric and

adult critical care regarding indications, efficacy, high-dose short course vs. low-dose

longer course.

SUMMARY

Adequate HPA axis and adrenal function are vital to postnatal adaptation in ex-

tremely premature infants. Clinical, biochemical, and physiological evidence indi-

cate that RAI and vasopressor-resistant hypotension are serious disorders in sick,

premature infants, which, respond to corticosteroid therapy with improvements in

the cardiovascular status. However, whether this improvement translates to

improved mortality and/or morbidity is not known. However, recent research

provides important insight into RAI and vasopressor-resistant hypotension and

stimulates consideration of mechanisms for RAI and vasopressor-resistant hypoten-

sion. Management of the critically ill hypotensive preterm infant remains challen-

ging and requires a better understanding of the pathophysiology of neonatal shock

and improvements in our ability to evaluate cardiac output, organ blood flow, and

tissue perfusion at the bedside.

However, one major challenge is to improve our understanding of the patho-

genesis and epidemiology of RAI and vasopressor-resistant hypotension in terms of

determinants, mechanisms, and patterns, and their relationship with acute and long-

term morbidity/mortality. Ultimately, we need to provide evidence that our inter-

ventions also improve clinically meaningful outcomes. In addition, we need to ask

questions such as ‘‘What is the temporal interaction of vasopressor-resistant hypo-

tension and RAI?’’, ‘‘Does acute inflammatory response precipitate vasopressor-

resistant hypotension with secondary RAI,’’ and ‘‘Is RAI due to prematurity the

primary precipitating event in sick premature infants?’’

Another challenge is to improve diagnostic methods to assess adrenal func-

tion and vasopressor-resistant hypotension and criteria for treatment. Which

patient needs therapy? Corticosteroid therapy improves vasopressor-resistant hypo-

tension even in patients with no evidence of RAI. What evaluations provide reliable

information early in the neonatal course? Are serum cortisol values the optimal

measure of adrenal function? Can one improve diagnosis and prognosis by combin-

ing responses of different tests (99)? Could serum or urine evaluations of adrenal

function refine diagnosis? Will simultaneous measurements of inflammatory

mediators improve our understanding and guide therapy? Accurate, timely

diagnosis will target higher risk patients for investigational and clinical interven-

tions and avoid unnecessary exposure of lower risk infants to glucocorticoid

therapy.

Hydrocortisone is often prescribed for extremely premature neonates with

evidence of vasopressor-resistant hypotension. But, many questions regarding ther-

apy are not resolved. What factors influence choice of corticosteroid, dosage, dura-

tion, and response to therapy for individual patients (100)? Are different

corticosteroid regimens necessary depending upon the severity of illness or the

patient’s response? What regimens will maximize effectiveness and minimize

harm? Scientifically, ethically sound research is necessary to resolve these questions.
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Chapter 11

Clinical Presentations of
Systemic Inflammatory
Response in Term and Preterm
Infants

Rowena G. Cayabyab, MD � Istvan Seri, MD, PhD

Perinatal Inflammation, Cord Blood Cytokines, and Postnatal

Hemodynamic Variables

Clinical Presentations of Neonatal Shock in Infants with Systemic

Inflammatory Response Syndrome

Pulmonary Hypertension Associated with SIRS

Treatment of the Hypotensive Neonate with SIRS
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Neonatal infection is one of the major causes of mortality around the world. The

incidence of neonatal sepsis ranges from 1/1000 to 23/1000 live births with a mor-

tality rate of 5/1000 to 34/1000 live births (1). Neonatal infection could present as

systemic inflammatory response of different severity as temperature instability,

tachypnea, tachycardia, and lethargy or as respiratory and circulatory failure rapidly

progressing to multiorgan dysfunction (2).

Systemic inflammatory response starts with inflammation as a response to exog-

enous (microbial, physical, or chemical) agents or endogenous (immunologic or

neurologic) factors. The response is initiated when inflammatory cells at the site of

inflammation, such as macrophages, are activated and rapidly produce TNF-a and

IL-1. These cytokines in turn activate the cytokine cascade resulting in the genera-

tion of proinflammatory cytokines, IL-6, and IL-8, as well as other chemokines (3,4).

Inflammatory stimuli also trigger the synthesis of anti-inflammatory cytokines and

specific cytokine inhibitors to control the extent of the inflammatory response. Anti-

inflammatory cytokines such as IL-10, IL-13, IL-4, and IL-11 inhibit the synthesis of

proinflammatory cytokines (5,6) while the naturally occurring proinflammatory

cytokine inhibitors neutralize proinflammatory cytokine activity by binding to

proinflamamtory cytokine receptors, decoy receptor antagonist, and cytokine bind-

ing proteins. The interplay among these proinflammatory cytokines, anti-inflam-

matory cytokines, and naturally occurring cytokine inhibitors determines the

inflammatory response and its effectiveness to contain the inflammatory response

and bring about resolution of the initiating process (7).

Systemic inflammatory response syndrome (SIRS) develops as a result of an

imbalance in the production of proinflammatory and anti-inflammatory cytokines.

The main known mediators involved in the evolution of SIRS are cytokines, nitric
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oxide, platelet activating factor (PAF), and eicosanoids. The systemic response to

infection is mediated via macrophage-derived cytokines that target end

organ receptors in response to injury or infection. However, production of

anti-inflammatory protein and lipid molecules will also take place to attenuate

and halt the inflammatory response (5). These mediators initiate overlapping pro-

cesses that directly influence the endothelium, cardiovascular, hemodynamic, and

coagulation mechanisms. If a balance between pro- and anti-inflammatory sub-

stances is not established and homeostasis restored, a massive proinflammatory

reaction (i.e. SIRS) and multiple organ dysfunction (MODS) may ensue. Thus,

after the first proinflammatory mediators are released, the body mounts a com-

pensatory anti-inflammatory reaction to the initial inflammatory response. The

anti-inflammatory reaction may be as robust and sometimes even more robust

than the proinflammatory response (8). In addition to proinflammatory cytokines,

other mediators such as NO, PAF, prostaglandins, and leukotrienes are also pro-

duced. These molecules are responsible for activating complement, coagulation,

and kinin cascades as well.

Interactions between pro- and anti-inflammatory cytokines play an important

role in the clinical manifestations and outcomes of systemic infections and other

diseases in preterm and term neonates and children (9–12). Although it has been

reported that proinflammatory activity positively correlates with gestational age

(13,14), some studies have shown that preterm neonates are also able to mount

a potent inflammatory response sometimes even surpassing the adult response

(14–18). However, in the presence of a robust proinflammatory response, preterm

neonates are unable to mount an appropriate anti-inflammatory response com-

mensurate to the injury. The immaturity of the anti-inflammatory response in

preterm infants could be the reason why newborns develop enhanced systemic

inflammatory responses to an insult (19,20).

PERINATAL INFLAMMATION, CORD BLOOD CYTOKINES, AND
POSTNATAL HEMODYNAMIC VARIABLES

Chorioamnionitis is the most common cause of SIRS in the preterm newborn.

Cord blood IL-6 concentration is the most sensitive and specific plasma marker

of chorioamnionitis and it is the strongest predictor of blood pressure immediately

after delivery (21). IL-6 concentration correlates inversely with systolic, mean,

and diastolic blood pressure in the neonate. The findings of decreased blood

pressure and increased cardiac output in infants with placental inflammation

and fetal vessel inflammation (funisitis) suggest that systemic vascular resistance

decreases in infants born after chorioamnionitis. In addition, infants born after

chorioamnionitis and presenting with funisitis have higher IL-6 and IL-1b concen-

trations and right ventricular cardiac output compared to their counterparts

without funisitis. Clinically these preterm neonates present with increased heart

rate and decreased mean and diastolic blood pressures (22–25). These hypotensive

neonates also have an impaired cerebral blood flow (CBF) autoregulation (pressure

passive cerebral circulation) (26) predisposing them to decreased CBF while

hypotensive potentially contributing to their white matter injury (27,29). With

correction of hypotension and improvement of cerebral perfusion these infants

may develop periventricular–intraventricular hemorrhage during the reperfusion

phase of the hemodynamic compromise. Indeed in this patient population, there

is an association between wide blood pressure swings and brain injury (28,29).

Finally, chorioamnionitis with fetal inflammatory response has been associated

with premature birth and an increased risk for postnatal mortality and morbidity

including white matter injury and cerebral palsy, periventricular intraventricular

hemorrhage, and chronic lung disease (30–35).
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CLINICAL PRESENTATIONS OF NEONATAL SHOCK IN
INFANTS WITH SYSTEMIC INFLAMMATORY RESPONSE
SYNDROME

In adults and pediatric patients, SIRS is defined as a systemic inflammatory response

to a wide variety of insults manifested by two or more of the following condi-

tions: temperature > 388C or < 368C, heart rate > 90 beats/min, respiratory

rate > 20 breaths/min, PaCO2< 32 mm Hg, WBC >12,000/mm3 or < 4000 mm3

or > 10% immature forms (8). If left untreated, SIRS can evolve into full-blown

shock (most often due to sepsis), multiple organ dysfunction and death. Shock

develops when oxygen delivery becomes inadequate to satisfy tissue oxygen

demand. The etiology, pathophysiology, and phases of neonatal shock are described

in Section I, Chapter 1 in detail.

In this chapter, we will only discuss the major cellular mechanisms of the

circulatory compromise specifically associated with SIRS.

Activation of ATP-sensitive Potassium (KATP) Channels in
Vascular Smooth Muscle

Alterations in the membrane potential of smooth muscle cells play a critical role in

the modulation of vascular tone (35). Although a variety of ion transporters and

channels regulate the membrane potential in vascular smooth muscle cells, potas-

sium channels appear to play a primary role. Of the four types of potassium

channels, KATP channels are the best understood and appear to have a critical role

in the pathogenesis of vasodilatory shock. The opening of KATP channels

allows an efflux of potassium leading to hyperpolarization of the cell membranes

and prevention of calcium entry into the cell. The resulting impaired ability of the

vascular smooth muscle cell to increase its intracellular calcium concentration

attenuates catecholamine- and/or angiotensin-induced vasoconstriction. KATP chan-

nels are physiologically activated by decreases in intracellular ATP concentrations and

increases in the intracellular concentrations of lactate and hydrogen; mechanisms

that link cellular metabolism to vascular tone and blood flow (36,37). Under normal

conditions, these channels are closed. However, with increased tissue metabolism

or tissue hypoxia, activation of these channels results in vasodilatation and

increased blood flow and oxygen delivery provided that perfusion pressure (systemic

blood pressure) is maintained in the normal range. Neurohormonal activators

of KATP channels are atrial natriuretic peptide, calcitonin gene-related peptide,

and adenosine as well as locally generated nitric oxide (NO) (38–41).

Increased Synthesis of Nitric Oxide

In the pathogenesis of sepsis and septic shock, NO initially exerts beneficial effects.

However, with the progression of the condition, the effects of NO become

deleterious (42). Nitric oxide has both pro- and anti-inflammatory as well as

oxidant and anti-oxidant properties (43). Overproduction of NO and the sub-

sequent formation of peroxynitrite are among the most important mediators for

the late phase of hypotension, vasoplegia, cellular suffocation, apoptosis, lactic

acidosis, and multiorgan failure in septic shock (44). The toxicity of NO itself

may be enhanced by the formation of peroxynitrite resulting in DNA and cell

membrane damage (45), and the multiple organ dysfunction that often accompa-

nies severe sepsis may be related, at least in part, to the cellular effects of excess NO

or peroxynitrite. The vasodilating action of nitric oxide is mediated through the

activation of myosin light chain phosphatase and potassium channels in the plasma

membrane of the vascular smooth muscle cell (36). The increased NO release has

III
C

LI
N

IC
A

L
P
R
E
S
E
N

T
A

T
IO

N
S

O
F

N
E
O

N
A

T
A

L
S
H

O
C

K

210



also been implicated in the diminished response to vasopressors. Accordingly, phar-

macologic inhibition of inducible nitric oxide synthase (iNOS) activity or iNOS

deficiency is associated with a loss of endotoxin-induced vasodilatation (46). The

vascular hyporeactivity to catecholamines and endothelin seen in septic shock or

decompensated hemorrhagic shock is also markedly improved by the administra-

tion of inhibitors of NO synthesis (47–51). Vasopressin responses to catecholamines

during sepsis are greater in knockout mice without the gene for inducible iNOS

than in wild type mice (50). Furthermore, NO may exert direct and indirect effects

on cardiac function in sepsis. Increases in myocardial iNOS activity have been

reported in response to endotoxin or cytokines and are inversely correlated with

myocardial performance (52). The negative inotropic effects of NO are probably

mediated by cGMP and the impairment in coronary autoregulation and oxygen

utilization (53). Plasma NO levels in neonates with septic shock are higher than in

neonates with sepsis alone and they correlate with TNF-a levels and illness severity

(54).

Deficiency of Vasopressin

Vasopressin is a peptide hormone that has several important physiologic functions.

It is released into the circulation upon stimulation by increased plasma osmolality

or as a baroreflex response. Vasopressin plays a key role in the regulation of body

fluid balance through its antidiuretic action mediated by renal vasopressin V2

receptors coupled to adenyl cyclase and thus the generation of cAMP.

Vasopressin also exerts vascular effects by causing vasoconstriction mediated by

the V1 receptors coupled to phospholipase C and thus increased intracellular

Ca2+ concentration in the vascular smooth muscle cell (55). Under pathological

conditions, endotoxin stimulates vasopressin release directly and independently of

baroreceptor activity (56). In addition, proinflammatory cytokines (IL-1b, IL-6,

TNF-a) enhance vasopressin production (57–60). Plasma vasopressin levels reveal

a biphasic pattern during septic shock both in animals and humans. In the early

phase of shock, vasopressin is significantly elevated while in the late phase, vaso-

pressin levels are inappropriately low for the degree of hypotension (60,61). The

decrease in vasopressin production contributes to diminished vasoconstriction but

does not affect the antidiuretic action of the hormone. The most likely reason for

the low vasopressin levels in the late phase of septic shock is impaired vasopressin

secretion. Possible mechanisms are the exhaustion of pituitary vasopressin stores in

response to baroreceptor-mediated hormone release, autonomic dysfunction, and

increased production and release of NO in the posterior pituitary gland.

Interestingly, although patients with septic shock have a relative deficiency of vaso-

pressin, the sensitivity of the systemic circulation to exogenous vasopressin is

increased. The mechanisms of vasopressin hypersensivity in septic shock include

the increased availability of and alterations in V1 receptor expression, potentiation

of the vasoconstrictive effects of catecholamines by the vasopressin-mediated direct

inactivation of KATP channels, vasopressin-induced increases in the synthesis of

endothelin-1 and corticosteroids, attenuation of endotoxin- and IL-1b-stimulated

NO synthesis, and the presence of autonomic dysfunction (60–65).

PULMONARY HYPERTENSION ASSOCIATED WITH SIRS

Pulmonary hypertension is the single most consistently seen circulatory disturbance

in every animal model of sepsis (66–68). In the animal model of group B strepto-

coccal (GBS) disease, pulmonary hypertension may present early or late in the

disease process. Early-phase pulmonary hypertension is mediated by thromboxane-

A2 and it can be prevented by pretreatment with indomethacin (69,70). On the
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other hand, late-phase pulmonary hypertension occurs independent of prostaglan-

din production, and is associated with pulmonary injury and edema (71,72).

There are several pathophysiological factors contributing to the development of

pulmonary hypertension in septic newborns. Inflammation causes endothelial dys-

function resulting in an immediate increase in circulating vasoactive substances

such as inflammatory cytokines TNFa, IL-1b, and IL-6 (73,74). These polypeptide

mediators are released from circulating inflammatory and resident lung cells in

response to epithelial and endothelial injury triggering second messenger pathways

favoring vasoconstriction and smooth muscle proliferation (75). In addition, as

described earlier, inflammatory conditions such as sepsis cause induction of endo-

thelial NO synthesis attenuating catecholamine- and endothelin-mediated vasocon-

striction in the systemic circulation. However, in the pulmonary circulation, the

synthesis of and responsiveness to the vasconstrictor prostagland in thromboxane

are undiminished (76). This finding may explain the coexistence of pulmonary

hypertension and systemic hypotension during septicemia. In neonates, concurrent

hypoxic exposure can further amplify the inflammation-mediated pulmonary vaso-

constriction. Hypoxia is associated with increased pulmonary thromboxane syn-

thase activity and decreased prostacyclin synthesis suggesting altered production of

arachidonic acid metabolites contributing to hypoxic vasoconstriction.

The elevation in pulmonary artery pressure in neonatal sepsis results in

right-to-left shunting through the fetal channels (ductus arteriosus and foramen

ovale) and causes systemic hypoxemia and tissue oxygen deprivation. Hypoxemia is

further aggravated in infants who are hypotensive by enhancing right-to-left shunt-

ing. In addition, in the absence of shunting through the fetal channels, pulmonary

hypertension leads to decreased left ventricular filling and thus systemic perfusion

while long-standing pulmonary hypertension causes impaired right ventricular

function potentially affecting systemic perfusion and blood pressure even after

the resolution of pulmonary hypertension (75).

TREATMENT OF THE HYPOTENSIVE NEONATE WITH SIRS

In patients with SIRS, the immediate recognition of the condition and initiation of

appropriate therapeutic intervention is crucial. If SIRS is secondary to an infectious

agent, broad-spectrum antibiotic therapy as well as cardiovascular and respiratory

support must be initiated as soon as possible. In neonates with septic shock,

decreased peripheral vascular resistance and relative and absolute hypovolemia

are the main culprits of the circulatory compromise (77,78). In children and new-

borns with septic shock, aggressive fluid resuscitation significantly improves out-

come (79,80). The use of normal saline and blood products to correct coagulopathy

and improve the oxygen carrying capacity of the blood is the recommended

approach for volume resuscitation. Early initiation and escalation of vasopressor

therapy with dopamine or epinephrine is essential in patients with septic shock

(81–83). Some studies have reported the use of low-dose hydrocortisone in septic

shock with relative adrenal insufficiency in adults (79) and children (84) to improve

survival. In neonates, relative adrenal insufficiency has been recognized as an eti-

ology for volume- and vasopressor-resistant hypotension (85–87) and the use of

low-dose hydrocortisone (88,89) facilitates weaning patients off of vasopressor sup-

port (see Section III, Chapter 10). Apart from its genomic and non-genomic effects

on the cardiovascular system, administration of low-dose hydrocortisone also

improves capillary permeability improving intravascular blood volume.

Newborns with pulmonary hypertension warrant appropriate ventilatory manage-

ment and administration of iNO. In addition, patients with refractory hypotension

and septic shock may respond to low-dose vasopressin administration. Use of

vasopressin may be useful in the treatment of septic shock presenting with high
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cardiac output and low systemic vascular resistance but could be deleterious if used

in a patient with severe left ventricular dysfunction (58–60). In addition, experi-

mental studies raise concern about the use of vasopressin in patients at risk for

ischemia in multiple vascular beds (90,91). Finally, the use of functional echocar-

diography has become an emerging tool to follow changes in systemic and pulmo-

nary circulation in neonates with cardiovascular compromise providing potentially

useful information on myocardial function, systemic blood flow (cardiac output),

systemic vascular resistance and organ blood flow (92). It is important to empha-

size, however, that at present there is no evidence that the use of functional echo-

cardiography improves outcomes in neonates with shock (93).
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Shock in the Surgical Neonate
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Surgical Neonates and Shock
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A significant number of neonates are born with problems that require surgery or

develop such problems after birth. This chapter highlights the issues that are spe-

cific to the cardiovascular compromise of neonates requiring surgery. The discus-

sion focusses on a review of the general pathophysiological principles involved in

the clinical management of shock in these patients and on the most frequently

encountered surgical conditions that require urgent or emergency cardiovascular

attention.

DEFINITION AND PHASES OF NEONATAL SHOCK

The etiology, clinical presentations, phases, and pathophysiology of neonatal shock

are discussed in detail in Section I, Chapter 1. Here, we briefly review the most

important features of neonatal shock with a special attention to their relevance to

the surgical neonate.

Shock develops when O2 delivery to the tissues is inadequate to satisfy cellular

metabolic demand. Independent of the etiology, there are three phases of shock

with each being characterized by unique pathophysiological changes. In the com-

pensated phase, vital organ function is maintained by intrinsic neurohormonal

compensatory mechanisms resulting in distribution of organ blood flow primarily

to the heart, brain, and adrenal glands, and away from other ‘‘non-vital’’ organs.

Several hormones and local factors affecting myocardial function, organ blood flow

distribution, capillary integrity, systemic and pulmonary vascular resistance, and

cellular metabolism play a central role in the regulation of these specific hemo-

dynamic changes. Stroke volume, central venous pressure, and urine output all

decrease. However, blood pressure remains within normal limits because the

increase in myocardial contractility and heart rate maintains cardiac output close

to the normal range. It is important to note that, since blood pressure is the func-

tion of blood flow and systemic vascular resistance, blood pressure by definition

does not appropriately reflect the status of organ blood flow in the non-vital organs.

This notion is especially important in the non-acidotic extremely low birth weight
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(ELBW) preterm neonate with immature myocardium and compensated shock

during the first postnatal day (1–3). If the circulatory compromise advances, neo-

natal shock enters its uncompensated phase where failure of the neurohormonal

compensatory mechanisms result in decreased myocardial contractility, stroke

volume, and blood pressure with ensuing significant decreases in organ blood

flow and tissue perfusion and the development of lactic acidosis. If treatment is

delayed and/or the condition rapidly deteriorates in cases with fulminant sepsis,

myocarditis, or asphyxia with multiorgan failure, neonatal shock enters its irrevers-

ible phase where complete organ failure dominates the clinical picture and death

invariably occurs.

PATHOGENESIS OF NEONATAL SHOCK

The clinical presentation, pathophysiology, and treatment of neonatal shock are

significantly affected by the primary etiology of the condition. As discussed in detail

in Chapter 1, hypovolemia, myocardial dysfunction, and abnormal regulation of

peripheral vascular tone are the primary etiological factors leading to shock in the

neonate. In addition, in the critically ill neonate, more than one of these factors may

be involved. For example, in a newborn with septic shock, the capillary

leak-induced relative hypovolemia, direct myocardial injury, and abnormal regula-

tion of vascular tone may all contribute to the development of the circulatory

compromise.

DIAGNOSIS OF CIRCULATORY COMPROMISE AND SHOCK

There is no universally accepted agreement on what the gold standard for the

diagnosis of circulatory compromise in the neonate should be. Conventionally,

blood pressure has been used as the gold standard. The major reason for this is

that, in addition to heart rate, blood pressure is the only meaningful hemody-

namic parameter that can be continuously monitored in absolute numbers. The

other hemodynamic parameters important in the assessment of tissue perfusion,

such as cardiac output (systemic blood flow) and blood flow to organs (such as

cerebral, renal, intestinal, or pulmonary blood flow), can only be assessed in

absolute numbers at one point at a time or, when measured continuously, only

relative changes in these parameters can be monitored. In addition, the available

monitoring techniques allowing for assessment of the hemodynamic parameters

in the neonate (echocardiography, near infrared (NIR) spectroscopy, magnetic

resonance imaging (MRI) and so on) all have significant limitations (see

Section II) and there are no data linking hemodynamic compromise and its

treatment to changes in neonatal outcomes. Accordingly, the gestational- and

postnatal age-dependent blood pressure range that ‘‘warrants intervention’’ is

not known (see Section I, Chapter 3). Finally, even if we knew the normal

blood pressure range, relying solely on blood pressure carries the inherent risk

of overlooking the compensated phase of shock. The indirect and commonly used

clinical signs of circulatory compromise, such as increased heart rate, slow skin

capillary refill time, increased core peripheral temperature difference, low urine

output, and acidosis, either have limitations in aiding the prompt diagnosis of

circulatory compromise or, as in the very preterm neonate in the immediate

postnatal period, are simply of limited clinical value (see Section III, Chapter

8). Despite the limitations of these indirect measures of cardiovascular compro-

mise, their combined use and/or the changes in these measure occurring over

time are predictive for adverse outcome. For example, when blood pressure and

capillary refill time are being assessed together (4) or when there is evidence for

worsening lactic acidosis, outcome becomes more predictable (5).
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SURGICAL NEONATES AND SHOCK

Respiratory Disorders

Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia (CDH) is a defect of the diaphragm thought to be

due to an early failure of the pleuroperitoneal canal closure in early gestation

resulting in a spectrum of pulmonary hypoplasia (6). The incidence of CDH has

been estimated between 1/3000 and 1/5000 live births (7).

The defect allows the abdominal organs, such as the stomach and bowel, and

occasionally the liver and spleen, to enter the thoracic cavity. These organs displace the

heart and lung compromising lung and cardiac development in utero and result in

decreases in respiratory gas exchange and cardiac output and function after delivery. A

major cause of hypoxemia associated with CDH is right-to-left shunting through the

foramen ovale (FO) and/or patent ductus arteriosus (PDA) caused by the associated

pulmonary hypertension. Persistent pulmonary hypertension in infants with CDH

has many etiologies and significantly affects the outcome of these neonates.

Prenatal factors affecting the development of postnatal pulmonary hyperten-

sion in patients with CDH have been partly explained by the impact of the medi-

astinal shift and the malposition of the heart on fetal circulation and cardiac

development (8,9).

The neonatal heart is normally positioned on the left side of the thoracic cavity

with the interventricular septum at a 458 angle to the midline sagittal plane. Indeed,

Baumgart et al. have shown that cardiac malposition is common in neonates with

CDH who require extracorporeal membrane oxygenation (ECMO) perioperatively

(9). The malposition of the heart is caused by herniation of the abdominal viscera

into the thorax also resulting in a mediastinal shift, and pulmonary hypoplasia.

Interestingly, the return of the heart to a more normal position after surgical repair

of the diaphragm predicts a better outcome, whereas failure to return to a more

normal axis after diaphragmatic repair has been associated with poor outcomes (9).

In addition to causing malposition of the heart, CDH may affect the develop-

ment of the heart itself. Indeed, an adequate left ventricular mass favors survival,

whereas neonates with CDH and significant left ventricle hypoplasia are less likely

to survive (10). A redistribution of fetal cardiac output away from the left ventricle

toward the right side was proposed to occur in infants with CDH based on the

finding of a markedly increased pulmonary valve to aortic valve flow ratio com-

pared with healthy fetuses (11). This redistribution also seems to be associated with

development of low left ventricular mass (11).

Several mechanisms may contribute to cardiovascular compromise in patients

with severe CDH. For example, lung hypoplasia may diminish pulmonary blood

flow returning to the left atrium during fetal life. By the mid- to late-third trimester,

22% of combined cardiac output normally circulates through the pulmonary vas-

culature in utero. However, this pulmonary blood flow may be reduced by as much as

half with severe lung hypoplasia in patients with CDH (12). There is also evidence

that normal fetal pulmonary artery blood flow is necessary for normal pulmonary

vascular and airway development and that diminished cardiac mass with severe

CDH in utero may be used as an indicator of the severity of pulmonary hypoplasia

(13,14). Since a diminished left ventricle size in the fetus with CDH has been

documented, it has been suggested that a decreased left ventricular mass is an intrin-

sic part of this anomaly (14). In addition, the extent of left ventricle hypoplasia may

be a predictor of poor outcomes, as infants with the smallest left ventricular mass

more frequently require preoperative ECMO support and often experience poor

outcomes (14). Furthermore, CDH patients often experience cardiac stun while

receiving ECMO support (15). This phenomenon may be due to the inability of a
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relatively small left ventricle to adapt to the increased afterload effect of the aortic

cannula (15,16). Furthermore, the malposition of the cardiac angle within the thorax

in the fetus may impede venous return to the right side of the heart from the

umbilical circulation. Since umbilical flow returning from the placenta is normally

directed by the ductus venosus across the foreman ovale into the left atrium, such

flow contributes to left ventricular output (17). As the shift in cardiac position in

patients with CDH may redirect the venous return into the right atrium, it could

result in an imbalance between pulmonary and aortic flows (10). Lastly, the redis-

tribution of cardiac output away from the left heart may be further enhanced by the

poor function of the underdeveloped left ventricle, resulting in poor outcome (18).

In view of the complex pulmonary and cardiovascular problems facing the

neonate with CDH, patients with prenatal diagnoses should be delivered at centers

with a multidisciplinary team available at all times and with the ability to deliver

advanced modalities of respiratory and cardiovascular therapies, including ECMO.

After delivery, prenatally diagnosed infants, or as soon as the diagnosis of CDH is

suspected, infants must not be ventilated by bag and mask and should be imme-

diately intubated and ventilated using a low peak inspiratory pressure not exceeding

24 cm of water to minimize the potential for the development of an air leak syn-

drome (19). With a significant increase in the risk of air leak secondary to lung

hypoplasia, the use of neuromuscular blockade and sedation has been recom-

mended to minimize both barotrauma and the possibility of bowel distention,

and to enhance decompression of the hollow abdominal organs displaced into

the intrathoracic cavity (20). Once the airway has been stabilized, appropriate ar-

terial and central venous access established, and the patient has been transferred to

the neonatal intensive care unit (NICU), right-to-left shunting is usually monitored

by the use of pre- and postductal pulse oximetry. Blood pressure support is usually

also instituted with the judicious use of volume administration and, if appropriate,

the continuous infusion of vasopressors or inotropes. An echocardiogram is essen-

tial in the assessment of the cardiac structure and function immediately following

the stabilization of the patient. Repeat functional echocardiograms may also assist

in the management of cardiovascular status. According to general practice but

without much supporting evidence, preductal arterial oxygen saturation is main-

tained close to 90%. The utility of conventional versus high frequency oscillatory

ventilation has been extensively debated and remains unclear (20,21). If hypoxemia

resulting from pulmonary hypertension does not respond to the initial mechanical

ventilatory methodologies, a trial of inhaled nitric oxide (iNO) is warranted (22).

Finally, if all else fails the infant with CDH is managed by use of ECMO (20).

The intraoperative and postoperative care of patients with congenital diaphrag-

matic hernia often includes the use of volume support in the form of colloids and/

or crystalloids and vasoactive agents. There is very little and only anecdotal evi-

dence of how much and what kind of volume and vasopressor or inotrope therapy

to use. Ideally, with the reduction of the defect and a return of abdominal contents

into the peritoneum, improved venous return and cardiac output will result in

improvement of systemic and pulmonary blood flow. Some neonates with more

severe pulmonary hypoplasia will experience a potentially fatal rebound pulmonary

hypertensive crisis following ECMO and surgery, with some responding to iNO

while some of the non-responders may respond to the addition of sildenafil to iNO

(23). Finally, it is uncertain if the recent improvement in survival rates of neonates

with CDH translates into better long-term outcomes (24).

Cystic Congenital Adenomatoid Malformation

The term congenital cystic adenomatoid malformation (CCAM) reflects the histo-

pathological features of the presentation (25). It is believed that CCAM results from

a cessation of bronchopulmonary maturation and concomitant overgrowth of
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mesenchymal elements at about the 5th to 6th weeks of gestation and produces the

adenomatoid appearances of the anomaly (26). There are two major classifications

of CCAM. One classification divides the presentation into three types on the basis

of their histopathological characteristics while the other uses the size of the cysts

within the mass to separate the macrocystic presentation (single or multiple cysts

with diameters > 5 mm) from the microcystic type with very small cysts and

echodense homogeneous lungs (26). As for the clinical presentation in the imme-

diate postnatal period, many patients with CCAM are asymptomatic at birth (26).

However, since a small bronchial communication often exists within the CCAM,

infections and overinflation of the cystic lesions will frequently lead to respiratory

pathology during infancy.

Antenatal ultrasound has increased the detection of CCAM and it provides a

chance to also identify fetuses who will remain asymptomatic after birth (27,28). In

general, the majority of CCAM lessions does not lead to significant abnormalities of

lung or heart development in the fetus and regression and/or lack of growth of these

lesions occur frequently (27,28).

A very small proportion of these malformations behave in a more aggressive

fashion, forming a rapidly expanding space-occupying lesion. This may lead to the

development of hydrops fetalis due to the elevated central venous pressure caused

by cardiac compression and altered hemodynamics (29). In the hydropic fetus,

Doppler study of the inferior vena cava can demonstrate a significantly greater

degree of flow reversal with atrial contractions as compared to normal fetuses (29).

When faced with cardiopulmonary complications and when a large single cyst

is involved, in utero drainage by thoracocentesis or a thoracoamniotic shunt has had

varying success for fetal salvage (30). Similarly, in utero fetal surgery via maternal

hysterotomy and fetal thoracotomy and lobectomy has been attempted and for now

should be restricted to specialized fetal therapy centers (30,31).

In the immediate postnatal period, the asymptomatic lesions can be safely

followed with computerized tomography (CT) scanning or MRI. The timing of

the surgical management in asymptomatic cases is dictated by the potential devel-

opment of recurrent infection (32). In symptomatic lesions, respiratory distress is

usually an acute postnatal event. Lobectomy remains the procedure of choice to

prevent residual disease and recurrence in the remaining lobe (32).

Vascular Tumors

Hepatic Vascular Tumors

The most common hepatic vascular anomalies in infancy are hepatic hemangioma

and arterio-venous malformations (AVMs). These two disorders are biologically

different yet exhibit similarities in their pathophysiology, including fast flow hemo-

dynamics. These lesions often manifest themselves in the neonatal period with

hepatomegaly, congestive heart failure, and anemia (33). Although liver hemangi-

omas often regress spontaneously, complications associated with liver hemangi-

omas still result in a mortality rate of up to 30% (34). Unlike hemangiomas,

AVMs are unlikely to regress spontaneously and have a higher, albeit not well-

documented, mortality rate (35).

Most cases of infantile hepatic hemangioma are benign vascular tumors and are

the second most common liver tumor in infants after hepatoblastomas (36). Infants

with hepatic hemangioma, especially with its capillary form (hemangioendothe-

lioma), typically develop congenital hepatomegaly, congestive heart failure, and

significant anemia.

The prenatal imaging techniques, including ultrasound, color Doppler

imaging, and ultrafast MRI, are providing critical information for early diagnosis

and successful management of such conditions. Typical color Doppler flow patterns
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of hemangioma demonstrate enlarged vessels with high flow velocity associated

with corresponding abrupt changes in the vessel caliber and arterio-venous shunts.

Fetal hepatic hemangioma can result in non-immune hydrops fetalis and high-

output cardiac failure due to the arterio-venous shunting associated volume over-

load. More than 55% of hepatic hemangioma diagnosed in the fetus has been

associated with hydrops fetalis and a mortality rate over 55%. In the absence of

hydrops fetalis, the mortality rates are lower and estimated at less than 30% (36).

Neither the size, the total enlargement, the side of the affected liver lobe, nor

gestational age is a significant variable predicting the likelihood of the development

of hydrops (36). The optimal pre- and perinatal management strategies include the

use of serial ultrasound and/or MRI monitoring of the fetus for signs of hydrops

fetalis. Postnatally, the diagnosis is confirmed or established by ultrasound, CT scan,

and/or MRI, with MRI being the preferred investigative modality as it can accu-

rately define the extent and nature of the vascular lesion, alleviating the need for

diagnostic arteriography.

Infantile hepatic hemangioendothelioma rarely presents with asymptomatic

hepatomegaly. The classical manifestations are prominent massive hepatomegaly,

out of proportion to the associated high-output cardiac failure resulting from the

arterio-venous communications (37). Over 50% of the cardiac output may be

diverted to the hepatic hemangioendothelioma resulting in severe cardiovascular

compromise (38) and patients with significant congestive heart failure have a mor-

tality rate approaching 70 and 90% (39,40). The younger the age at presentation,

the more severe are the cardiovascular symptoms (41). Treatment of infantile

hepatic hemangioendothelioma initially consists of supportive medical manage-

ment and depends on the degree of shunting through intrahepatic arterio-venous

fistulae along with the severity of the resultant congestive heart failure (42,43).

Progression of symptoms despite medical therapy is an indication for hepatic

arteriography and embolization (42,44). Neonates not responding to medical man-

agement have a poor prognosis for long-term survival.

Sacrococcygeal Teratoma

Sacrococcygeal teratoma is one of the most common tumors in newborns with an

estimated incidence of 1/20,000 to 1/40,000 births (45). Sacrococcygeal teratoma is

defined as a neoplasm composed of tissue from either all three germ layers or

multiple foreign tissues lacking organ specificity (46). The American Academy of

Pediatric surgery section classification uses a four-level staging classification based

on the location, the ease of resection, and the malignant potential of these tumors.

Prenatal diagnosis of sacrococcygeal teratoma can be done by ultrasonographic

imaging (47,48). Large prenatally diagnosed sacrococcygeal teratomas usually are

highly vascular and can easily lead to fetal high output cardiac failure, resulting in

hepatomegaly, placentomegaly, and non-immune hydrops (47,48). As with liver

AVMs, the development of intrauterine fetal high output failure in fetuses with sa-

crococcygeal teratoma is caused by arterio-venous shunting within the tumor and/or

occurs secondarily to hemorrhage within the tumor itself, leading to severe fetal

anemia and poor outcomes (49). When hydrops develops in fetuses with sacrococ-

cygeal teratoma, dilatation of the cardiac ventricular chambers and of the inferior

vena cava occurs due to the large venous return from the lower body (50). Fetal

intervention and resection have been attempted in fetuses whose courses were com-

plicated with significant congestive heart failure and hydrops fetalis (49,51,52).

In the postnatal management of patients with sacrococcygeal teratoma, the

clinical presentation of a hyperdynamic cardiovascular state should be anticipated

and treated accordingly. Postnatal echocardiography should be obtained to assess

cardiac function and frequent reassessment using functional echocardiography may

be of benefit.
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Finally, the long-term outcomes are variable for patients with sacrococcygeal

teratoma and prenatal diagnoses prior to 30 weeks of gestation, especially with large

tumors, tend to have worse prognoses (49,51). Recommendations for long-term

monitoring include serial serum alpha-fetal protein levels and radiological examin-

ation every three months. Consideration for postsurgical chemotherapy regimens

will depend on the specific pathological nature of the immature elements (53).

Gastrointestinal Disorders

Several gastrointestinal neonatal surgical conditions may result in cardiovascular

collapse or shock. Many of these disorders require prompt attention to initial fluid

resuscitation as well as the coordination of care between perinatal, obstetric, and

neonatal teams. With improvement in prenatal diagnosis, an increasing number of

infants are diagnosed prenatally with correctible surgical malformations allowing

forfetal intervention, planned delivery in a tertiary surgical center, and antenatal

counseling using a multidisciplinary approach.

Gastroschisis and Omphalocele

Gastroschisis and omphalocele are relatively frequently diagnosed fetal anomalies.

The incidence of gastroschisis has been increasing worldwide and this condition

primarily affects fetuses whose mothers are less than 20 years of age (54).

The effect of timing and mode of delivery on outcomes of neonates with

gastroschisis is unclear. However, the present recommendations for delivery of

these patients in a tertiary care facility with close coordination of obstetric, neo-

natal, and pediatric surgical care are supported by some evidence (55).

The immediate postnatal management of the neonate with gastroschisis is direc-

ted toward preventing excessive fluid losses, hypothermia, and trauma to the exter-

iorized intestines. In these patients, following stabilization and evaluation for

anesthesia, the surgeons usually attempt primary closure if the abdominal cavity

volume allows closure of the external fascia. Following abdominal closure, excessive

abdominal wall tensions can lead to a compartment syndrome, including vena

cava compression, compromised respiratory status, and on rare occasions poten-

tial bowel ischemia. To avoid this complication, most surgeons estimate the intra-

abdominal pressure with the use of a nasogastric or bladder catheter. If the estimated

pressure is greater than 20 mm Hg, a silo is used to stage the closure of the abdominal

wall. Because the closure and tension associated with compartment syndrome often

lead to poor peripheral perfusion, metabolic acidosis, and decreased urine output,

the immediate postsurgical management often includes significant fluid resuscita-

tion. Especially in large defects following closure, the increased intra-abdominal

pressure often results in some degree of capillary leak, resulting in pulmonary and

soft tissue edema. Recent recommendations favor performing the reduction over

time to prevent potential complications of the abdominal compartment syndrome

and improve tolerance for early feeding and shorter hospital stays (56,57). However,

these recommendations are mainly not evidence-based.

Similarly to gastroschisis, the use of routine prenatal screening and fetal ultra-

sonography has led to significant proportions of omphalocele being detected by the

early second trimester. However, contrary to gastroschisis, there is a relatively high

incidence of association of genetic syndromes with omphalocele. Therefore, prenatal

diagnosis of fetuses with omphalocele includes a very careful evaluation for potential

chromosomal anomalies as well as malformations of other organs.

To decrease the chance of an omphalocele rupture, delivery by cesarean section

is recommended. Upon delivery, trauma to the lesion needs to be avoided. In

general, an omphalocele with ruptured membranes carries the same cardiovascular

risks, clinical presentation, and treatment approaches as gastroschisis with most
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small-to-medium size omphaloceles having good outcomes unless associated with

severe cardiac, central nervous system or other malformations. Giant omphaloceles

present a challenge for medical and surgical management.

Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is one of the most common gastrointestinal med-

ical and/or surgical emergencies often affecting preterm neonates. With a mortality

rate often approaching 50% in preterm infants with a birth weight < 1500 g and

with the associated respiratory failure, systemic inflammatory response syndrome

and cardiovascular collapse, The pathogenesis of NEC is multifactorial and likely

includes significant decreases in gastrointestinal perfusion in general and mucosal

perfusion in particular. Risk factors for NEC include but are not limited to pre-

maturity, hypoxemic ischemic insult, presence of a patent ductus arteriosus with

‘‘diastolic aortic steal,’’ and time to full enteral feeding.

Medical management of infants with NEC should include decompression of

the intestines, abstinence from enteral feeding, broad-spectrum antibiotics, fluid

resuscitation, and support of the respiratory and cardiovascular compromise.

Surgical care may include the placement of a temporary drain or formal laparotomy

with intestinal resection as appropriate. During laparotomy, the increased insensi-

ble and transmembraneous fluid losses need to be addressed while in the pre- and

postoperative period the complex cardiovascular effects of the associated systemic

inflammatory response syndrome require constant attention (see Section I, Chapter

1 and Section III, Chapter 11).
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Chapter 13

Evidence-based Evaluation of
the Management of Neonatal
Shock

David A. Osborn, MBBS, MM, FRACP, PhD

Available Evidence that Neonatal Hypotension and/or Systemic or Cerebral

Blood Flow Abnormalities Affect Mortality and Morbidity with Special

Interest to Neurodevelopmental Outcome

Available Evidence that Treatment of Neonatal Hypotension and/or Systemic or

Cerebral Blood Flow Abnormalities has an Impact on Mortality and Morbidity

with Special Interest to Neurodevelopmental Outcome

Conclusions

References

This chapter reviews the available evidence for the effectiveness of management

of neonatal shock with a special focus on the findings in preterm neonates.

Brain injury and subsequent neurodevelopmental impairment remains one of

the greatest burdens of premature birth. Multiple risk factors in the perinatal

period are likely to impact on brain development, and contribute to brain

injury. Increasing evidence now links cardiovascular maladaptation in the first

day with subsequent brain injury, particularly peri/intraventricular hemorrhage

(PIVH), developmental, and motor impairments. Hypotension, signs of poor

tissue perfusion, and low systemic blood flow (SBF) during the immediate post-

natal period have been associated with end organ dysfunction and damage,

particularly in extremely premature infants and infants with severe respiratory

disease, asphyxia, or infection. However, simply monitoring blood pressure

and treating hypotension in preterm neonates during the first postnatal

days fails to detect many infants with low SBF (1) and has not yet been asso-

ciated with improvements in clinical outcome (2). Echocardiography,

organ Doppler ultrasound, and other techniques for assessing or measuring

organ blood flows have highlighted the potential importance of measuring

systemic and organ blood flow in preterm infants. However, evidence also

needs to be presented that using functional echocardiography or other techni-

ques to assess systemic and organ blood flows improves outcome in preterm

neonates.
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AVAILABLE EVIDENCE THAT NEONATAL HYPOTENSION AND/
OR SYSTEMIC OR CEREBRAL BLOOD FLOW ABNORMALITIES
AFFECT MORTALITY AND MORBIDITY, WITH SPECIAL
INTEREST TO NEURODEVELOPMENTAL OUTCOME

Cerebral Injury in Preterm Infants

Examining the association between cardiovascular factors and cerebral injury in

preterm infants is confounded by differences in modality of detection of injury and

timing of measurement. Head ultrasound has proven to be a simple but rather

insensitive tool for detecting cerebral injury that may be performed serially at the

bedside of even the sickest infants. The two principal patterns of injury found

include PIVH and periventricular white matter injury (WMI). PIVH includes a

spectrum from germinal matrix or subependymal hemorrhage, intraventricular

hemorrhage with or without post-hemorrhagic dilatation, to parenchymal exten-

sion of the hemorrhage (3,4). Porencephalic cysts may result subsequent to the

parenchymal extension. There are two distinct patterns in timing of PIVH. Early

PIVH detected on head ultrasound performed during the first hours after birth,

which is predominately found in vaginally delivered infants (5), and late PIVH

which occurs predominately after the first day. For late PIVH, there is strong evi-

dence that postnatal cardiovascular maladaptation contributes the development of

this form of PIVH (5–7).

White matter injuries found on ultrasound include transient and persistent

periventricular echodensities (‘‘flares’’) and periventricular leucomalacia (PVL).

The presence of persistent fetal (8) and neonatal (9) periventricular echodensities

predicts the development of cystic PVL. With the advent of MRI, term-equivalent

correlates to these abnormalities detected by ultrasonography earlier in the course

of affected preterm neonates have been described. Inder (9,10) described four

grades of WMI in preterm infants who underwent MRI at term equivalent age:

normal (grade 1); mild white matter abnormality with ventricular dilatation, focal

signal change indicating focal areas of gliosis, predominately in the white matter,

and thinning of the corpus callosum (grade 2); moderate white matter abnormality

with more diffuse signal changes indicating extensive periventricular gliosis (grade

3); and severe white matter abnormality with extensive periventricular cystic abnor-

mality associated with a substantial increase in subarachnoid space and reduction in

cerebral gray and white matter volumes (grade 4). This latter grade with extensive

periventricular cystic change is equivalent to the PVL described on ultrasound. The

presence of prolonged white matter echodensities (lasting > 7 days) on neonatal

head ultrasounds had a low sensitivity (26%) and positive predictive value (36%)

for the presence of noncystic WMI detected on MRI at term in infants born very

prematurely (9). However, all infants with cystic PVL had preceding persistent

periventricular echodensities. The importance of imaging timing is that term

equivalent findings on MRI may represent a combination of injuries, including

insults producing PIVH as well as those associated with the production of periven-

tricular WMI associated with cystic PVL.

Early Peri/intraventricular Hemorrhage

Up to 40% of PIVH in preterm infants is present on head ultrasound in the first

few hours after birth (11). Reported risk factors for early PIVH include lower

gestation (12), lower birth weight (13), lack of antenatal steroids (6,12,14), active

labor (15–18), vaginal delivery (5,6,14,19), vaginal delivery in breech but not cepha-

lic infants (17,18), breech presentation (13), low 1 min Apgar (5), and lower cord

arterial pH (12).
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Three studies (5,6,20) reported measures of postnatal blood flow in infants

with early PIVH. Two cohorts of infants (5,6) in whom right ventricular output

(RVO) and blood flow to the brain and upper body (superior vena cava [SVC]

flow) were measured, reported no association between these measures of SBF and

early PIVH. Ment (20) using the xenon technique, measured cerebral blood flow

(CBF) at 6 h and observed that infants with early PIVH had lower CBF, needed

more vigorous resuscitation at birth, had higher ventilator settings in the first 36 h

and higher values of PaCO2 compared to infants without early PIVH. No studies

have measured postnatal cardiac output or CBF prior to demonstrating early PIVH

on head ultrasound. It is likely that the low CBF detected postnatally in infants with

early PIVH is secondary to the cerebral injury. The timing and mechanism of the

insult producing early PIVH is presently uncertain but the association of early

PIVH with active labor, vaginal delivery, and depression at birth suggests the

injury is occurring intrapartum.

Late Peri/Intraventricular Hemorrhage

Of infants developing PIVH, 58% develop ‘‘late’’ PIVH, which was not present in

the first hours after birth (11). Reported risk factors for late PIVH include caesarean

section (19), low CBF (7), and low blood flow from the brain and upper body (SVC

flow) in the first 24 h after birth (5,6). In two sequential cohorts of infants (5,6),

almost all infants developing late PIVH had preceding low SVC flow in the first day.

Kluckow (6) reported a cohort of 126 infants born at < 30 weeks’ gestation.

Thirteen of 14 infants who developed late Papile grade 2–4 PIVH had SVC flow

below the normal range before development of the PIVH. In all, PIVH occurred

after SVC flow improved, with the grade of PIVH related to the severity and dura-

tion of low SVC flow. Osborn (5), in a second cohort of 128 infants born at < 30

weeks’ gestation, reported that 14 of 19 infants who developed late PIVH had

preceding low SVC flow identified in the first 24 h. Meek (7) measured CBF

using near infrared (NIR) spectroscopy in 24 infants with a median gestation of

26 weeks in the first 24 h. Cerebral blood flow was significantly lower in infants who

developed PIVH despite no difference in PaCO2 and a higher mean blood pressure.

Infants with severe PIVH had the lowest CBF. The median CBF was 12.2 mL/100 g/

min in infants without PIVH, 12.0 mL/100 g/min in infants with mild PIVH and

only 5.8 mL/100 g/min in infants with severe PIVH. The PIVH developed subse-

quent to the measurement of lower CBF. There is now reproducible evidence in

preterm infants that late PIVH is a hypoperfusion–reperfusion injury.

White Matter Injury

Clinical risk factor analyses for development of PVL in preterm infants have

reported associations with first trimester bleeding (21), maternal urinary tract

infection (21), histological chorioamnionitis (22–24), clinical chorioamnionitis

(25–29), prolonged premature rupture of membranes (21), lack of antenatal mater-

nal antibiotic treatment (30), multiple antenatal courses of dexamethasone but not

betamethasone (31), vaginal delivery in twins (32), meconium stained liquor (21),

fetal acidosis on cord blood (21), neonatal acidosis (33), high cord blood creatine

kinase brain isoenzyme (34), neonatal hypocarbia in the first days (35–42), neonatal

hypercarbia in the first days (43), a symptomatic ductus arteriosus (DA) (44),

hypotension after the first 24 h (44), and neonatal hyperbilirubinemia (45). In

infants with twin–twin transfusion syndrome, two studies (46,47) reported out-

comes of donor and recipient twins separately. They found that PVL is significantly

more likely to occur in the recipient, whereas the donor most commonly suffered

from PIVH and PVL was uncommon. The recipient is less likely to be growth
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restricted but more likely to be polycythemic potentially producing cardiovascular

dysfunction, disturbances in cerebral microvascular perfusion and chronic cerebral

hypoxia. Interestingly, studies fail to report placental insufficiency resulting in fetal

growth restriction as a risk factor for PVL (27).

Animal models have produced lesions similar to PVL from insults involving

hypoxic–ischemia (48,49) and inflammation (50,51), or a combination of both

(52). In preterm infants, several studies failed to demonstrate associations between

hypotension in the immediate postnatal period and WMI (28,43,53). White matter

injury also occurs in neonates after cardiac surgery (54,55). Risk factors for the

development of post-cardiac surgery-associated PVL included prolonged cardio-

pulmonary bypass with or without deep hypothermic circulatory arrest, hypoten-

sion, especially diastolic hypotension, and hypoxemia in the early postoperative

period (54). In ventilated preterm infants, analysis of secondary outcomes from a

trial of morphine versus placebo (44) reported adjusted risk factors for cystic PVL

were a symptomatic PDA and hypotension between 25 and 72 h after start of the

study infusion drug, along with maternal fever >38.5 8C.

There have been relatively few studies examining the role of CBF in infants

who subsequently developed PVL (56,57). Greisen (56) reported seven infants who

had early low CBF (8 mL/100 g/min) and among these infants one developed

parenchymal PIVH and two developed PVL. Although the relationship between

low CBF and parenchymal injury was significant, the small number of infants

prevents any meaningful conclusion. Okumura (57), using Doppler ultrasonogra-

phy, reported the resistive index was significantly lower during the first 72 h in

infants who developed PVL, but no association could be documented between the

resistive index and PaCO2. Mean velocity did not differ significantly in infants

developing PVL. This suggests an early loss of the ability to autoregulate CBF as

demonstrated by no change in blood flow velocity in response to changes in PaCO2,

and a loss of vascular resistance as measured by a reduced resistive index. However,

Doppler ultrasound measurement of velocity does not measure actual CBF and,

based on the timing of the assessments, these changes could well be secondary to

the cerebral injury and not necessarily causative. Two studies reported on SVC

blood flow in the first day and subsequent PVL. Kluckow (6) reported that three

of four infants and Osborn (5) reported that two of four infants who developed

PVL had low SVC flow (minimum < 41 mL/kg/min) in the first 24 h after birth.

Again, the low number of patients with PVL makes these associations intriguing

but inconclusive.

In contrast, as mentioned earlier several studies link markers of infection/

inflammation with PVL. Infectious associations reported for the development of

PVL include maternal infection (23) and urinary tract infection (21), histological

chorioamnionitis (22–24) and clinical chorioamnionitis (25–29). A protective effect

has been reported with use of maternal antibiotics (30). A meta-analysis of obser-

vational studies (58) examining the association between chorioamnionitis, PVL,

and cerebral palsy (CP), found clinical chorioamnionitis a risk factor for both PVL

(summary relative risk [RR] 3.0, 95% CI 2.2–4.0) and CP (summary RR 1.0, 95%

CI 1.4–2.5), and histological chorioamnionitis a risk factor for PVL (summary RR

1.8, 95% CI 1.5–2.3) but not CP (summary RR 1.6, 95% CI 0.9–2.7). However, an

important methodological weakness of this meta-analysis was the use of unadjusted

relative risks from the studies, resulting in a failure of the analysis to adjust for

confounding variables. Postnatal infection in premature and very premature infants

has also been associated with PVL (59,60) and developmental impairments includ-

ing CP (60–63). In the largest cohort study (n = 5587), researchers in the NICHD

Neonatal Research Network found that infants with infection were significantly

more likely to develop PVL (incidence: no sepsis 3%; clinical sepsis alone 5%;

sepsis alone 6%; sepsis with necrotizing enterocolitis [NEC] 8%; sepsis with
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meningitis 8%) and subsequent developmental impairments including CP, devel-

opmental and psychomotor delays, and hearing and visual impairment (60).

Several studies in premature infants have also implicated postnatal hypocarbia

in the development of PVL (35,37–42) and severe PIVH and PVL (36). Three

studies (37,39,41) have reported a PaCO2< 25 mm Hg in ventilated preterm infants

to be strongly associated with PVL. A strong correlation between CBF measured by

NIRS and PaCO2 has been reported in preterm infants (64). Kissack (65) reported

that cerebral fractional oxygen extraction (FOE) was increased in infants with low

left ventricular output (LVO) when the PaCO2 was low, presumably as a compen-

satory mechanism for low CBF. However, Kissack (66) found no association

between cerebral FOE and subsequent PVL. Rather a high cerebral FOE was asso-

ciated with PIVH. The timing and mechanisms linking hypocarbia with PVL are yet

to be precisely elucidated, although current data suggest that infants with hypocar-

bia may be particularly susceptible to the effects of low CBF.

MRI studies of premature infants at term equivalent age are more accurate

in detecting WMI. Inder (67) reported a cohort of 100 consecutive premature

infants with MRI performed at term equivalent age. Univariate predictors for

moderate to severe WMI were lower gestation, maternal fever, proven early onset

sepsis, use of inotropes for hypotension, a symptomatic PDA, severe PIVH, and

pneumothorax, with the presence of intrauterine growth restriction being protec-

tive. Although treatment of hypotension is associated with WMI seen on MRI at

term equivalent age in this cohort, this injury is not differentiated from WMI

associated with PIVH and may not differentiate risk factors for cystic PVL from

those for PIVH.

In summary, clinical studies to date do not provide compelling and consistent

evidence for the pathogenesis of periventricular WMI. Animal studies point to

infection/inflammation as critical in the development of cystic WMI and the poten-

tial role of hypoxia–ischemia. Studies in premature infants have reported associa-

tions with infection/inflammation and hypocarbia, but not a reproducible role

for postnatal hypotension or low blood flow states. However, data are now appear-

ing (67) associating WMI seen on term equivalent MRI with maternal fever,

infant sepsis and hypotension defined as use of inotropes, although this is con-

founded by the potential for multiple pathogenesis seen in WMI detected at term

equivalent age.

Blood Pressure and Neonatal Outcomes

Population studies in preterm infants report that systolic, mean and diastolic blood

pressure rapidly increases during the first postnatal week followed by a continued

but slower increase during the neonatal period and early infancy (68,69). In addi-

tion, infants with asphyxia and ventilated infants have significantly lower blood

pressure. However, several studies report a weak relationship between blood pres-

sure and cardiac output in preterm infants during the immediate postnatal period

(6,70–72). Kluckow (70) reported a significant but weak correlation (r = 0.38)

between left ventricular output (LVO) and mean blood pressure. In a cohort of

infants with a mean blood pressure <30 mm Hg, Pladys (72) found LVO was

frequently normal or high. In a second cohort, Kluckow (6) reported an inverse

relationship between systemic vascular resistance and SVC flow, a finding supported

by Pladys who observed many infants with low blood pressure had a low index of

resistance and normal or high LVO. It has been suggested that there may be a

‘‘critical’’ mean blood pressure (around 30 mm Hg), which results in loss of cerebral

autoregulation and reduction in CBF in very preterm infants during the first post-

natal day (73), a level associated with cerebral injury in one study (74). It has also

been suggested that the forebrain may not be a ‘‘vital organ’’ in the extremely
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premature infant (65) or newborn animal (75) in the immediate postnatal period.

However, loss of cerebral autoregulation is also a feature of cerebral hypoxia and

may reflect preceding hypoperfusion–hypoxia. The majority of studies examining

cerebral autoregulation have measured CBF or oxygenation changes in infants

predominately after the first day. Further studies examining the relationship

between blood pressure and CBF to determine the ability of the premature brain

to autoregulate in the first day are required.

Low blood pressure has been associated with morbidity and mortality in pre-

term infants. Table 13-1 summarizes studies examining the association between

blood pressure measurements and neurological outcomes in preterm infants.

Several studies have reported significant associations between early hypotension and

neurological abnormality or developmental impairment (76–79). Unfortunately,

there are relatively few data from adequately designed, prospective cohort studies

that adjust for appropriate perinatal confounders examining the association

between early neonatal hypotension and subsequent brain injury. Neonatal practice

has been influenced by observations associating a mean blood pressure <30 mm Hg

with subsequent cerebral injury. Miall-Allen (74) reported a small series of 33

infants born at <31 weeks’ gestation. A mean blood pressure <30 mm Hg for

>1 h was associated with severe PIVH, ischemic cerebral lesions, or death. Low

(77,80) reported a relationship between hypotension in the first 4 days and ultra-

sound detected cerebral lesions (including intraventricular hemorrhage, ventricu-

lomegaly, or hyperechoic parenchymal lesions), as well as neurodevelopmental

abnormality. The combination of hypotension and hypoxia increased the risk of

abnormal outcome to over 50%. Goldstein (79) reported a cohort of 191 very low

birth weight infants who had blood gas measurements to identify metabolic or

respiratory acidosis including the duration of single and cumulative episodes,

and to examine the interaction of acidosis with hypoxemia and hypotension.

Developmental follow up was performed using the Bayley Scales of Infant

Development at 6 and 24 months, corrected age. Duration of hypotension was

independently correlated with developmental outcome at 6 and 24 months’.

None of these studies measured systemic or cerebral blood flow.

Only one study reported simultaneous measurements of SBF and blood pres-

sure in the first day and developmental outcomes (76). Hunt reported a cohort of

96 surviving infants born at < 30 weeks’ gestation that had echocardiographic

measurements of SVC flow and blood pressure measurements via an arterial line

in the neonatal period, and developmental follow up at three years. No significant

association was found between average mean blood pressure over the first 12

or 24 h and abnormal developmental outcome, but a significant association was

reported between the percent of mean blood pressure readings (mm Hg) in first

24 h less than gestation in weeks with death and any disability, and abnormal

developmental outcome. Analysis of SVC flow findings is examined in the following

section on systemic and organ blood flows and neonatal outcomes.

Systemic and Organ Blood Flows and Neonatal Outcomes

Several studies have reported measures of CBF in preterm infants. Lou (81) using
133Xe measured CBF in the first hours, reported that ventilated, hypotensive infants

with respiratory distress syndrome (RDS) and/or asphyxia tended to have low

values for CBF (< 20 mL/100 g/min), whereas relatively well normotensive infants

tended to have much higher values (40 mL/100 g/min). Nine of 10 infants with low

CBF developed cerebral atrophy with only one normal on developmental follow-up.

Cerebral atrophy did not develop in those with flows above 20 mL/100 g/min. Meek

(7) measured CBF in 24 infants in the first 24 h using NIR spectroscopy. Cerebral

blood flow was significantly lower in the infants that developed PIVH
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Table 13-1 Summary of Studies of the Association Between Hypotension, Mortality, and Neurological Morbidity

Study
(Reference) Infants Methods Hypotension

Timing of
Hypotension Outcomes Results

Prospective cohorts
199 n = 42

1020–3720 g
26–36 weeks
Base population

not reported

Intermittent BP UAC
No early HUS
Some infants received volume

and inotrope

No definition
30 min recordings 2, 8,

16, and 24 h

First 24 h HUS detected PIVH,
PVED, and PVL
before day 4

Univariate: average SBP,
MBP, and DBP higher in
infants with PIVH. No
significant differences
reported in heart rate
or BP variability

76 n = 126, 103
survived to
discharge

<30 weeks

106 (84%) infants had arterial
line

Multivariate analysis
17 (17%) no Griffiths
assessment

7 (7%) infants no
developmental data

Blinded 3-year assessment

MBP (mm Hg) <
gestational age in
weeks

First 24 h 3 years pediatrician
examination and
Griffiths Scales of
Mental
Development

Multivariate: no
significant association
between average MBP
over first 24 h and
abnormal
developmental
outcome
Significant association
between proportion of
MBP readings (mm Hg)
in first 24 h < gestation
(weeks) with death and
any disability, and
abnormal
developmental
outcome

10 n = 100
<1500 g

98% of eligible infants
Multivariate analysis
66 (66%) infants had invasive

arterial line

Invasive arterial line
MBP<30 mm Hg
Inotropes used

Not reported MRI detected WMI
and GMI at term
equivalent age

Univariate: MBP<30 mm Hg
and inotrope use
predictive of
WMI.

Multivariate: inotrope use
(OR 2.7, 95% CI 1.5, 4.5),
maternal fever and infant
sepsis predictive of WMI.
GMI predicted by presence
of WMI only

200 n = 119
<1500 g and
<32 weeks

88% eligible infants
Number of infants with arterial

line not reported
No losses reported for MRI

Inotrope use Not reported MRI measured
cerebral tissue
volumes at term
corrected age

Multivariate: no effect of
inotrope use on
cerebral tissue volumes
after adjustment for
PIVH and WMI

Table continued on following page
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Table 13-1 Summary of Studies of the Association Between Hypotension, Mortality, and Neurological Morbidity (Continued)

Study
(Reference) Infants Methods Hypotension

Timing of
Hypotension Outcomes Results

77 n = 98
<34 weeks

Continuous invasive BP
monitoring

Adjusted for multiple perinatal
variables

MBP below 95% CI for
population data (<1500
g and >1500 g)

Hours MBP <95% CI

First 96 h Neurologic exam
and Bayley scales
at 6 and
12 months’
corrected age

Multivariate:
hypotension,
birthweight, and
hypoxaemia predicted
major abnormal
outcome. Increasing
duration of
hypotension and
hypoxaemia associated
with increased
probability of abnormal
outcome

78 n = 266
<32 weeks

Base population not reported
28 died before term
211 (89%) assessed
UAC (43%) or oscillometric BP

MBP <30 mm Hg on at
least 2 occasions
duration not reported

Not reported Term equivalent
HUS detected
PIVH and PVL,

Prechtl neurological
exam

Univariate: hypotension
predictor of PVL but
not PIVH.

Multivariate: hypotension
predictor of
neurological
abnormality

74 n = 33
26–30 weeks
UAC by 6 h
Normal early
HUS.
Base population

not reported

Losses not reported
clinicians ‘‘blinded to data’’

Volume and inotropes given for
‘‘underperfusion’’

UAC
No adjusted analysis

Lowest MBP for >1 hour
grouped as <25, 25–29,
30–34, �35 mm Hg

Measured MBP
from 2–5 h after
birth, average
86 h.
MBP �29 only
occurred in first
24 h

HUS detected
transient PVED,
PIVH and PVL
weekly to
discharge

Univariate: no infant
who maintained MBP
�30 had severe
cerebral lesion.
Transient PVED in
infants at all levels of
lowest MBP

43 n = 200
<1501 g

57% had SBP measured
Invasive and ‘‘indirect’’ BP used

Unblinded study
Adjusted for perinatal variables

Proportion time SBP <25,
<35, <45, <55 mm Hg

Not reported HUS detected PIVH
and PVL

Timing not reported

Univariate: SBP >55 mm
Hg predictive of PIVH.
Hypotension not
related to PIVH or PVL

Multivariate:
hypertension not
predictive of PIVH

41 n = 67 enrolled
in trial of
rescue high-
frequency jet
ventilation for
severe lung

Base population not reported
Arterial catheter BP at least

hourly
Blinded outcome measurement

Lowest MBP on day 1, 2,
and 3

First 3 days HUS by day 3,
weekly to 6–8
weeks, then 2–4
weekly to
discharge

Univariate: lowest MBP
day 3 (not 1 or 2)
predicted mortality but
not cystic PVL

Multivariate: only
cumulative PaCO2
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disease
<33 weeks
<12 h age

<25 mm Hg predictive
of cystic PVL

Retrospective cohorts
26 n = 110

25–32 weeks
with clinical or
histological
chorio-
amnionitis

101 survivors >7 days; 99
included in analysis; number
of infants with BP monitoring
not reported

‘‘Hemodynamic failure’’ –
definition not reported

Not reported HUS detected cystic
PVL and MRI
confirmed non-
cystic PVL.

Univariate: hemodynamic
failure not associated
with PVL (cystic and
non-cystic)

201 n = 127
<36 weeks

HUS by third
day

87% of eligible consecutive
infants <36 weeks
Number of infants with BP
measurement not reported

Hypotension/shock,
definition not reported

Not reported HUS before day 3
and every 1–2
weeks till
discharge to
detect postnatal
white matter
necrosis (PWMN)

Univariate: hypotension/
shock recorded in 5 of
10 infants with PWMN
– not significant

202 n = 232
�1500 g

Losses: 62/440 died before 24 h,
144 infants no BP data. 232
included

Mean BP <10th

percentile for
birthweight and
postnatal age

>24 h BP
monitoring in
first 7 days

HUS detected IVH
first 7 days

Univariate: low mean BP
associated with PIVH,
and death, not PVL

Multivariate: BP
variability day 7
associated with death.
PIVH associated with
low BP and BP
variability

203 n = 34
24–33 weeks
UAC
All with RDS and

ventilated

Base population not reported
Losses not reported
Adjusted for birthweight

gestation, and postnatal age

Umbilical artery catheter
Inotrope use

Measured mean BP
every 15 min for
first 10 days

Used daily median
mean BP in
analysis

Daily HUS detected
PIVH, no early
HUS

Univariate: No significant
differences in median
mean BP found
between infants with
and without PIVH

Trend to higher
coefficient of variation
of mean BP readings on
day of hemorrhage

79 n = 191
<1500 g

Base population not reported
23 infants died, 44 lost to

follow-up
158 (89%) followed to 6

months, 106 (71%) to 24
months

Inotrope use not reported or
adjusted for

Arterial catheter or
oscillometric recording
at least hourly

Infants <750g: SBP <35
mm Hg

Infants 750–1500 g: SBP
<40 mm Hg

Not reported Neurological
examination and
Bayley Scales of
Infant
Development at 6
and 24 months’
corrected age

Univariate: hypotension
associated with lower
MDI and PDI at 6 and
24 months

Multivariate: hypotension
associated with lower
MDI, PDI and abnormal
neurological score at
24 months

Table continued on following page
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Table 13-1 Summary of Studies of the Association Between Hypotension, Mortality, and Neurological Morbidity (Continued)

Study
(Reference) Infants Methods Hypotension

Timing of
Hypotension Outcomes Results

28 n = 632
<1750 g

Base population 709 infants;
77 (10.8%) excluded (66 died

first 12 h); Retrospective;
Indications for volume and

inotrope not reported

MBP on admission;
use of volume
expansion or inotropes
Method of
measurement not
reported

On admission to
NICU

HUS day 2 3–5,
10–14, 28; normal
HUS, grade 1 or 2
PIVH, severe PIVH,
cystic PVL

Univariate: infants with
grade 3 or 4 PIVH
significantly lower
initial MBP, received
more volume and
inotropes;
Initial MBP not
significantly different in
infants with cystic PVL

204 n = 131;
<1500 g;
UAC or

peripheral
arterial
catheter

Consecutively admitted
Base population not reported

Hourly SBP, MBP, DBP;
hypotension defined as
2 consecutive MBP
readings <10th

percentile for
birthweight, postnatal
age, and gestation

First 96 h Daily HUS 4 days
and weekly to
discharge; PIVH
and late detected
parenchymal
lesions.

Physical and
neurological exam
and Denver
Developmental
Screening Test to
2 years

Univariate: PIVH, severity
of PIVH, but not
periventricular ischemic
lesions, associated with
hypotension;
hypertension not
associated with PIVH

Multivariate: BP not
related to
periventricular ischemic
lesions

205 n = 86
<1501 g or <34

weeks

Mean BP <30 mm Hg or
volume for shock given

First week HUS detected PIVH
and PVL day 1–5,
day 7, then
weekly to
discharge

Univariate: hypotension
in 12% of infants with
normal scans and 29%
with PIVH. PVL not
associated with
hypotension

Case–control studies
206 Base population

1606 infants
500–1500 g;

Cases (n = 61: all
infants with
HUS detected
WMD;

Controls (n =
182): random

Method of BP detection not
reported

Retrospective flow sheet
retrieval of data

Unblinded
Adjusted for multiple
perinatal confounders

Lowest mean BP z-score
quartile for gestational
age

First week HUS first 4 days, day
5–15, day 15–70

White matter
echolucency

Univariate: Lowest
quartile z-score BP in
first week borderline
significant association
with echolucency

Multivariate: hypotension
not associated with
echolucency

IV WHERE IS THE EVIDENCE?
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sample without
WMD

207 n = 17 cases
(cystic PVL) and
34 controls
(normal HUS);

<34 weeks

Case–control; infants with cystic
PVL matched with 2 infants
with normal HUS and
2 infants with large PIVH by
selecting infant born within 2
months and �2 HUS; method
of BP monitoring not
reported

No adjusted analysis

SBP <40 mm Hg
requiring colloid or
dopamine
Dopamine use

Not reported HUS daily for first
week and then
twice weekly till
discharge

Detected cystic PVL
and large PIVH
detected on

Univariate: hypotension
and dopamine use
associated with cystic
PVL. Infants with large
PIVH not compared to
infants with normal
HUS

61 n = 59 cases with
CP; and 234
controls;

<32 weeks

Case–control; randomly selected
controls from area population
of infants born at <32 weeks
without CP

Mean BP <30 mm Hg on
at least two occasions

Not reported CP identified from
the Oxford region
register of early
childhood
impairments

Multivariate: PDA,
hypotension,
transfusion, prolonged
ventilation,
pneumothorax, sepsis,
hyponatraemia, and
total parenteral
nutrition associated
with CP

DBP = diastolic BP; GMI = gray matter injury; HUS = head ultrasound; MBP = mean BP; MRI = magnetic resonance imaging; PIVH = peri/intraventricular hemorrhage;
PVED = periventricular echodensities; PVL = periventricular leucomalacia; RDS = respiratory distress syndrome; SBP = systolic BP; WMI = white matter injury. WMD = white matter damage.

13EVIDENCE-BASEDEVALUATIONOFTHEMANAGEMENTOFNEONATALSHOCK
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(median 7.0 mL/100 g/min) compared to those without (median 12.2 mL/100 g/

min). Infants with severe PIVH had the lowest cerebral blood flows.

Two sequential cohort studies that adjusted for potential confounders have

now examined the relationships between a measure of systemic blood flow (SVC

flow) in the immediate postnatal period and subsequent neonatal outcomes. In a

cohort of 126 preterm infants. Evans (82) reported a multivariate analysis adjusting

for mean blood pressure, SVC flow, and Doppler measures of CBF for prediction of

PIVH. SVC flow was the only cardiovascular risk factor to remain an independent

predictor of PIVH, with mean blood pressure no longer significant in the multi-

variate model. Following up this cohort, Hunt (76) reported mortality and neuro-

developmental outcomes at three years. After controlling for confounding variables

including gestational age, need for postnatal steroids, and level of maternal educa-

tion, for every 10 mL/kg/min increase in average SVC flow in the first 24 h the odds

ratio for death or survival with any disability were decreased by 28% (P = 0.004),

abnormal development quotient decreased by 36% (P = 0.006), and there was a

trend to reduced abnormal motor development that did not reach statistical sig-

nificance (P = 0.07). The risk of death or survival with any disability increased

significantly as the number of times (from zero to three measurements) in the

first 24 h SVC flow was less than 30 mL/kg/min. All babies with two or more

measurements of SVC flow <30 mL/kg/min had an abnormal developmental quo-

tient and all babies with three low measurements had an abnormal motor score. In

unpublished data (Table 13-3), when both average SVC flow and percent mean

blood pressure readings less than gestational age in weeks were included in analysis,

average SVC flow predicted death and significant developmental delay. There was a

strong trend to reduced abnormal motor findings (cerebral palsy or motor score >2

standard deviations below population mean). The percent of mean blood pressure

readings below the gestational age in weeks in the first 24 h (but not first 12 h) also

maintained a significant relationship with death and significant developmental

delay, but not abnormal motor findings.

In a second cohort study from the same group, Osborn (5) reported 44 of

128 (34%) infants developed low SVC flow in the first 24 h. Low SVC flow was

associated with a significant increase in PIVH (20% versus 48%), severe PIVH

(6% versus 27%), mortality before discharge (13% versus 57%), NEC (0% versus

9%) and severe ROP in survivors (9% versus 30%). There was no significant

association with PVL (3 of 75 [4%) versus 3 of 24 [13%], P = 0.2). At three years,

adjusted for perinatal risk factors, low SVC flow was a significant predictor for

mortality (OR 3.89, 95% CI 1.23–12.13), associated with substantial reductions

in the Griffiths Quotient (mean difference �16.53, 95% CI �29.45,� 3.60)

and personal–social, hearing and speech and performance Griffiths subscales

(Table 13-2).

Table 13-2 Significant Perinatal Risk Factors in Multivariate Analysis for Early
PIVH, Late PIVH, in the 1995–1996 and 1998–1999 Cohorts of Infants (5)

Outcome
1995–1996
OR (95%CI) P

1998–1999
OR (95%CI) P

Early PIVH

Gestation/week decrease 1.08 (0.69, 1.70) 0.7 0.95 (0.68, 1.34) 0.8
Vaginal delivery 13.29 (1.52, 116.35) 0.02 18.15 (3.56, 91.60) <0.001
Apgar �4 at 1 min 0.58 (0.11, 3.04) 0.5 9.14 (2.23–37.49) 0.002

Late PIVH

Gestation/week decrease 1.42 (0.99, 2.02) 0.06 1.23 (0.91, 1.67) 0.2
Low SVC flow in first 24 h 20.39 (2.54, 163.89) 0.005 5.16 (1.59, 16.71) 0.006

PIVH = peri/intraventricular hemorrhage; SVC = superior vena cava; OR = odds ratio.
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Summary

There is reproducible evidence that early low systemic and organ blood flow are

associated with adverse neonatal outcomes, including mortality and late PIVH (5–

7,83), NEC (5) and developmental impairments (5,76). There is evidence that both

blood pressure and systemic blood flow are independently associated with long-term

developmental outcomes (76). The association of systemic blood flow and adverse

outcomes was predominately for infants developing low systemic blood flow in the

first 12 h, a high proportion of whom had blood pressure considered to be within

normal limits at this time. The association between blood pressure and develop-

mental outcomes was reported for measurements taken after the first 12 h. This

would appear to describe a pattern of cardiovascular maladaptation in which infants

are progressing from early compensated shock, associated with high systemic vas-

cular resistance (6,84), poor myocardial contractility (84), and normal blood pres-

sures, to decompensated shock which is clinically detectable as hypotension. Thus,

targeting of hypotension has the potential to substantially delay cardiovascular sup-

port of infants with low systemic blood flow. In addition, many extremely premature

infants who develop hypotension after the first day and infants with sepsis will have

normal or high systemic blood flow and low systemic vascular resistance (71,72,85).

These infants are likely to benefit from strategies of cardiovascular support that raise

systemic vascular resistance, whereas increasing systemic vascular resistance in ex-

tremely premature infants who develop low SBF in the first day may further impair

cardiac output in infants with poor myocardial contractility (84).

AVAILABLE EVIDENCE THAT TREATMENT OF NEONATAL
HYPOTENSION AND/OR SYSTEMIC OR CEREBRAL BLOOD
FLOW ABNORMALITIES HAS AN IMPACT ON MORTALITY
AND MORBIDITY, WITH SPECIAL INTEREST TO
NEURODEVELOPMENTAL OUTCOME

Most trials of cardiovascular interventions in preterm infants have enrolled infants

with hypotension during the immediate postnatal period, with the goal of increas-

ing blood pressure (2,86,87). These trials used varying treatment criteria, with

Table 13-3 Regression Analysis of the Association Between
Average SVC Flow in First 24 h and Percent of MBP
Readings < Gestational Age in Weeks in First 24 h for
Prediction of Death and Neurological Impairments
(unpublished data)

Outcome

Average SVC first 24 h
OR (95% CI) per
10 mL/kg/min

% readings MBP
< gestation in weeks
OR (95% CI) per
10% change

Died 0.66 (0.51, 0.85)* 1.57 (1.12, 2.12)*
Developmental quotient �2SD 0.69 (0.52, 0.92)* 1.58 (1.07, 2.34)*
Abnormal motor 0.75 (0.55, 1.02) 1.06 (0.70, 1.60)
Developmental quotient
�2SD or died

0.76 (0.63, 0.92)* 1.48 (1.11, 1.98)*

Abnormal motor or died 0.74 (0.60, 0.92)* 1.28 (0.98, 1.64)

Model = Average SVC flow per 10 mL/kg/min change in first 24 h. percent mean BP readings
in first 24 h < gestational age in weeks, gestational age, postnatal steroids.

*p < 0.05
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common thresholds including a mean or systolic BP <10th percentile for gestation

or birth weight and postnatal age, or a common approximation of this being a

mean blood pressure (mm Hg) below the gestational age in weeks during the first

postnatal day. Additional criteria have included clinical signs of reduced tissue

perfusion or disturbed organ function including increased capillary refill time,

poor urine output and acidosis. Few studies have measured systemic or organ

blood flow to determine which infants may benefit from cardiovascular support.

Several attempts have been made to use prophylactic strategies of cardiovascular

support with the goal of improving neonatal morbidity and mortality.

Delayed Cord Clamping in Preterm Infants

Systematic review of randomized controlled trials comparing early (before 30 s)

with delayed (30 to 120 s) clamping of the umbilical cord for preterm infants found

seven trials including 297 infants (88). The studies, although unblinded, were gen-

erally of good methodological quality but small in size. Delayed cord clamping was

associated with fewer transfusions for anemia or low blood pressure and signifi-

cantly reduced PIVH, but not severe PIVH, than early clamping (Table 13-4). No

effect was found on infant mortality and long-term outcomes were not reported.

A trial published subsequent to this review confirms the benefit of delayed cord

clamping for prevention of PIVH (89). There are no data on the effect of delayed

cord clamping on systemic and organ blood flows over the first day. There was a

non-significant trend to reduced use of inotropes for hypotension, although num-

bers reported were small. Given the lack of effect on severe PIVH and data on long-

term outcomes, further trials of delayed cord clamping in very preterm infants are

warranted.

Cyclooxygenase Inhibitors for Closure of the Ductus Arteriosus
in Preterm Infants

Cyclooxygenase inhibitors, including indomethacin and ibuprofen, are used to

close the PDA in preterm infants. A large PDA has the potential to result in

significant left to right shunting, increasing pulmonary blood flow and reducing

flow to vital organs. A large diameter DA (> 1.6 mm at 5 h) in extremely pre-

term infants is a risk factor for low SVC flow and late PIVH (5,6). Although pro-

phylactic indomethacin has been demonstrated in large randomized trials to prevent

PIVH (90), no neurodevelopmental benefit has been reported from use of

Table 13-4 Meta-Analysis of Trials of Early Cord Clamping Versus
Delayed Cord Clamping in Preterm Infants (88)

Outcome Studies/Participants Effect (95% CI)

Neonatal mortality 6/278 RR 1.05 (0.41, 2.73)
Transfused for anemia 3/111 RR 2.01 (1.24, 3.27)
Transfused for low BP 2/58 RR 2.58 (1.17, 5.67)
Inotropes for low BP 3/118 RR 2.17 (0.51, 9.12)
Patent ductus arteriosus 3/118 RR 0.79 (0.36, 1.72)
PIVH 5/225 RR 1.74 (1.08, 2.81)
Severe PIVH 3/161 RR 0.86 (0.15, 4.75)
Periventricular leukomalacia 1/31 RR 0.31 (0.01, 7.15)
Respiratory distress syndrome 2/75 RR 0.83 (0.59, 1.15)
Ventilated 3/121 RR 0.91 (0.65, 1.28)
Oxygen at 36 weeks postmenstrual age 2/65 RR 0.97 (0.35, 2.69)
Necrotizing enterocolitis 2/72 RR 2.08 (0.52, 8.37)

SP = blood pressure; PIVH = peri/intraventricular hemorrhage; RR = risk ratio.
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prophylactic indomethacin. Observational data indicate indomethacin may reduce

brain blood flow Doppler velocities, increase resistive indices (91–93), and reduce

NIR spectroscopy-determined CBF (94) in the short term, depending on rate of

infusion. In a randomized trial (95) examining the effects of early targeted indo-

methacin on SVC flow in the first hours after birth, 1 h after infusion of indometh-

acin or placebo there was no significant difference in degree of DA constriction

(indomethacin� 20% vs placebo� 15%), change in SVC flow (� 1% vs� 9%), or

right ventricular output (RVO). Two hours post-indomethacin, 62 infants had

uncontrolled observations at which time significant DA constriction had occurred.

At this time, infants > 26 weeks had significantly greater increases in SVC flow and

RVO compared to infants< 27 weeks. This supports the observation that the benefits

of prophylactic indomethacin in preventing PIVH appear to be greatest in larger

infants (96). Further studies are required to determine the effect of closure of the DA

on systemic and organ blood flows and to identify infants likely to benefit from early

DA closure.

Systematic review of randomized trials found no clinical benefit from prophylactic

ibuprofen for preventing PIVH or NEC (97). Studies of the hemodynamic effects of

ibuprofen have shown that ibuprofen is effective in closing the DA without reducing

CBF (94,98–100) or affecting the intestinal (101) and renal circulations (99,101).

Despite these positive hemodynamic observations, significant increased incidences

of elevated creatinine (>140 mmol/L) and oliguria were reported in trials of prophy-

lactic ibuprofen versus placebo (97). These observations are largely of the short-term

effects of ibuprofen. There are insufficient data to determine the effect of ibuprofen on

long-term neurodevelopmental outcomes. There are also insufficient data to determine

if there is a benefit in terms of systemic and organ blood flows over the first day from

closing a large diameter PDA in the first hours using ibuprofen.

Volume Expansion

Evidence does not support the use of volume expansion in preterm infants espe-

cially in the immediate postnatal period, either routinely or for treatment of infants

with evidence of cardiovascular compromise, unless hypovolemia is strongly sus-

pected. The observation (102,103) that clinical measures such as systemic hypoten-

sion are poorly correlated to blood volume in premature infants suggests that

hypovolemia is not a substantial factor underlying the cardiovascular maladapta-

tion of most newborn infants. Observational studies have found increases in cardiac

output after albumin infusion in sick preterm infants (104) and a small increase in

systemic blood pressure (102,105). However, there is also evidence of potential

harm from excessive use of volume expansion in preterm infants with observational

studies reporting an association with PIVH (105) and bronchopulmonary dysplasia

(106) in preterm infants receiving volume expansion. A systematic review (107) of

albumin infusions in critically ill patients of all ages found no benefit in mortality

risk following albumin administration for hypovolemia (RR 1.01, 95% CI 0.92–

1.10), a significant increase in mortality risk for patients with burns (RR 2.40, 95%

CI 1.11–5.19) and no significant benefit for patients with hypoalbuminemia (RR

1.38, 95% CI 0.94–2.03). For all trials, the pooled relative risk of death with albumin

administration was 1.04 (95% CI 0.95–1.13). This meta-analysis is heavily influ-

enced by the SAFE trial, which contributed 91% of the information (108).

In preterm infants, systematic review found no evidence from randomized

trials that routine volume expansion in the first day in preterm infants improves

any neonatal outcome, including mortality, PIVH or neurodevelopment (86,87)

(Table 13-5). However, most trials comparing volume expansion with no treatment

enrolled infants on the basis of birth weight or prematurity, not cardiovascular

compromise. There is insufficient evidence from randomized trials to determine
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the effect of volume on systemic blood flow in preterm infants who had hypoten-

sion or low systemic blood flow. Where infants who had cardiovascular compro-

mise were enrolled, different types of volume expansion (109–112) or volume

versus inotrope (113) were compared (Table 13-6). One small trial enrolling hypo-

tensive infants reported albumin was not as effective as dopamine for correcting

hypotension, but there were no significant differences in short-term outcomes,

including mortality, PIVH, and PVL (113). However, in trials comparing volume

expansion with inotrope (usually dopamine), around 50% of hypotensive infants

responded to albumin. Three trials compared the use of colloid (albumin 5%) with

crystalloid (saline) in hypotensive preterm infants (109,110,112). So (109) and Oca

et al. (112) reported no significant difference for outcomes, including the incidence

of failed treatment (persistent hypotension). A randomized trial investigated the

effect on blood pressure of 5 mL/kg 20% albumin, 15 mL/kg fresh frozen plasma

(FFP), and 15 mL/kg 4.5% albumin given at a rate of 5 mL/kg/h in a total of

60 hypotensive preterm infants during the first postnatal day (111). Thus, patients

in all three groups received roughly similar amounts of colloids per kg body weight.

Table 13-5 Meta-Analysis of Randomized Controlled Trials of
Volume Expansion Versus No Treatment in Preterm
Infants (87)

Outcome Studies/Participants Effect (95% CI)

Death 4/940 RR 1.11 (0.88, 1.40)
PIVH, any grade 3/533 RR 0.91 (0.68, 1.23)
PIVH grade 3–4 2/493 RR 0.94 (0.50, 1.76)
Periventricular leucomalacia 1/432 RR 0.75 (0.36, 1.60)
Necrotizing enterocolitis 1/776 RR 0.64 (0.32, 1.27)
CLD (oxygen at 28 days) 1/776 RR 1.01 (0.67, 1.54)
Severe disability 1/604 RR 0.80 (0.52, 1.23)
Death or severe disability 1/773 RR 1.00 (0.80, 1.24)
Failed treatment:

Persistent hypotension 1/644 RR 0.55 (0.24, 1.28)
Persistent low flow 0/0

Change CBF (%) 1/25 WMD 7.8 (�19.8, 35.4)
Change in LVO (%) 1/25 WMD 26.6 (�16.7, 69.9)
Change in mean BP (%) 1/25 WMD 6.8 (�16.8, 30.4)

PIVH = peri/intraventricular hemorrhage; CLD = chronic lung disease; CBF = cerebral blood
flow; LVO = left ventricular; BP = blood pressure; RR = risk ratio; WMD = white matter damage.

Table 13-6 Meta-analyses of Randomized Controlled Trials of
Volume versus Inotrope (Dopamine) in Preterm
Infants (86)

Outcome Studies/Participants Effect (95% CI)

Death 2/63 RR 1.45 (0.53, 3.95)
PIVH, grade 2–4 1/39 RR 1.47 (0.96, 2.25)
Periventricular leucomalacia 1/24 Not estimable
Failed treatment:

Persistent hypotension 1/39 RR 5.22 (1.33, 20.55)
Persistent low flow 0/0

CLD (oxygen at 28 days) 1/39 RR 0.71 (0.39, 1.29)
Retinopathy of prematurity 1/39 RR 0.83 (0.37, 1.84)
Change CBF (%) 1/24 WMD 5.9 (�25.0, 36.8)
Change in LVO (%) 1/24 WMD 3.4 (�47.2, 54.0)
Change in mean BP (%) 1/24 WMD �13.9 (�43.6, 15.8)

PIVH=peri/intraventricular hemorrhage;CLD=chronic lungdisease;CBF=cerebral bloodflow;
LVO = left ventricular output; BP = blood pressure; RR = risk ratio; WMD = white matter damage.
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FFP and 4.5% albumin were significantly more effective for treating hypotension

compared to 20% albumin after the first hour following the completion of the

infusions indicating that the volume infused rather than albumin load is important

in producing a more sustained increase in blood pressure. In a trial published only

in abstract form, Lynch (110) reported 10 mL/kg albumin administered to hypo-

tensive preterm infants in the first 3 days resulted in significantly greater increase in

mean blood pressure than saline and a reduced requirement for vasopressor sup-

port. Effects on blood flow were not reported.

In an observational study (114), 42 infants with low SVC flow (< 41 mL/kg/

min) in the first 12 h received normal saline 10 mL/kg, which produced a significant

short term increase in SVC flow (mean + 43%) measured 30 min later. As all infants

then received inotropes, it is not known whether this response would have been

maintained. Given the potential effect of delayed cord clamping in reducing need of

blood transfusion for hypotension and reducing PIVH (88), and the observations of

increased systemic blood flow in response to volume (114), further studies examin-

ing the effects of early volume expansion in preterm infants with suspected

hypovolemia may be warranted.

Vasopressor/Inotropes and Inotropes

Vasopressor/inotropes and inotropes used in preterm infants have included

epinephrine, norepinephrine, and dopamine, and isoprenaline and dobutamine,

respectively. These inotropes have varying pharmacological properties that

include increased myocardial contractility and heart rate (via cardiac b- and

a-adrenoreceptors), and reduced (via peripheral b-adrenoreceptors) or increased

(via peripheral a-adrenoreceptors and serotoninergic receptors) vascular resistance.

The cardiovascular effects of these medications are dose-dependent and depend on

which receptors are stimulated. There is concern that the immature cardiovascular

and autonomic nervous system of the immature newborn may alter the response of

newborn infants to these agents (115,116). The immature myocardium has decreased

sympathetic innervation and norepinephrine stores (117), potentially reducing the

positive inotropic effects of dopamine, which stimulates noradrenaline release (118).

Myocardial contractility is reduced in very preterm infants with low systemic blood

flow in the first postnatal day (84), as well as shocked preterm infants (119).

Substantial practice variation exists between different neonatal intensive care

units in their thresholds for treatment of hypotension, therapeutic strategies, and

doses of inotrope in preterm infants (120). This is likely to be a result of a dearth of

evidence demonstrating improvements in outcomes from various therapeutic stra-

tegies for circulatory support in preterm infants.

Epinephrine

Epinephrine is a naturally occurring sympathomimetic amine with cardiac and

peripheral a and b adrenergic effects and therefore it is characterized as a vasopres-

sor/inotrope. In animal research, low dose adrenaline has predominately b-adrenergic

effects and produces increases in cardiac output and blood pressure (115,121,122). At

doses � 3.2 mg/kg/min, a-effects become significant, with increases in vascular resis-

tance in multiple vascular beds and a trend to reduced cardiac output (121,122). Both

systemic and pulmonary pressures and resistances are increased with greatest increases

in the systemic circulation. In an observational study, epinephrine has been reported

to be effective in treating infants with infants with hypotension refractory to other

inotropes (123). In a randomized trial, epinephrine has been compared with dopa-

mine in hypotensive preterm infants in the first day (124) (see the section ‘‘Dopamine

versus epinephrine in preterm infants with hypotension’’ on p. 250).
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Dopamine

Dopamine is a naturally occurring biochemical catecholamine precursor of epineph-

rine and norepinephrine (116,118) and is characterized as a vasopressor/inotrope.

Dopamine hydrochloride stimulates dopaminergic, a- and b-adrenergic, and seroto-

ninergic receptors in a dose-dependent manner. In the mature cardiovascular system,

at infusion rates of 0.5 to 4 mg/kg/min, the dopaminergic receptors are stimulated with

renal and mesenteric vasodilatation and little change in blood pressure. At infusion

rates of 4 to 10 mg/kg/min, b1- and b2-adrenoreceptors are also activated and cardiac

output and systolic BP increase. Total systemic vascular resistance is relatively

unchanged due to peripheral vasoconstriction (a-adrenoreceptor effect) and vasodi-

latation (b2-adrenorecpetor effect). At infusion rates above to 10 mg/kg/min, the

activation of the peripheral a-receptors causes dose-dependent increases in peripheral

vasoconstriction with increases in systolic and diastolic blood pressure. Dopamine has

been used extensively in neonates for treatment of hypotension. In the immature

cardiovascular system, the myocardial and vascular response to dopamine (and the

other vasoactive amines) is affected by maturational differences in the expression of

the different adrenoreceptors and dopaminergic receptors (118). In addition, down

regulation of adrenergic receptors and relative adrenal insufficiency further influence

the cardiovascular response to dopamine (125). Therefore, the dose–response curves

established for the mature cardiovascular system do not reflect the pharmacodynam-

ics seen in the immature neonate (116,118).

Several randomized controlled trials have examined the effect of low-dose do-

pamine compared to control (no treatment or placebo) in preterm infants. These

studies enrolled ventilated infants with RDS (126,127), or infants receiving indo-

methacin (128) to determine the cardiovascular and renal effects of low dose

dopamine. In ventilated infants with RDS, Cuevas (126) reported no significant

difference in blood gases, acid–base status, blood pressure, glomerular filtration

rates, and urine outputs in infants on low-dose dopamine. The fractional excretion

of sodium was increased on infants on dopamine 1 mg/kg/min but not 2.5 mg/kg/

min. There were no significant differences in mortality, chronic lung disease or

duration of oxygen therapy. In normotensive preterm infants (127), dopamine

5 mg/kg/min resulted in a significant increase in blood pressure and LVO but not
131Xe-measured CBF compared to no treatment.

In randomized trials of dopamine for prevention of renal side effects of indo-

methacin, three trials compared low dose dopamine at rates between 2 and 5 mg/kg/

min in preterm infants being treated with indomethacin for a symptomatic DA (128).

There are no results for several important clinical outcomes including mortality, PIVH,

PVL or renal failure, CBF, cardiac output, or gastrointestinal complications. Dopamine

was associated with a minor increase in urine output but there was no significant

difference in serum creatinine, fractional sodium excretion, or incidence of oliguria.

In infants with suspected perinatal asphyxia, one trial (129) compared low-

dose dopamine at 2.5 mg/kg/min with placebo in 14 term infants with a 5 min

Apgar <6 and a systolic blood pressure � 50 mm Hg. Although dopamine

increased cardiac output, no significant differences between these two groups

were found for mortality or long-term neurodevelopmental outcome. In addition,

no data were found reporting outcomes in infants with clinical evidence of cardio-

vascular compromise. High dose dopamine (> 20 mg/kg/min) has been used in

infants with refractory hypotension (130).

Dobutamine

Dobutamine is a synthetic catecholamine with predominately b-adrenergic effects

but some a-effects and, because it does not produce increases in SVR, it is classified
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as an inotrope (116,131). Dobutamine increases myocardial contractility by direct

stimulation of myocardial a- and b-adrenergic receptors and, unlike dopamine, its

pharmacological action is not dependent on released norepinephrine (131). There

are no published randomized controlled trials of dobutamine compared to placebo

or no treatment in newborn infants, either term or preterm. Several observational

studies have reported cardiovascular effects of dobutamine in newborn infants.

Devictor (132) reported increased cardiac output, heart rate, and aortic blood

flow velocities in six term newborn infants with severe perinatal asphyxia receiving

dobutamine 10 mg/kg/min. Martinez (133) reported increases in cardiac output but

no significant change in blood pressure or heart rate at infusion rates of 5 and

7.5 mg/kg/min in sick newborn infants between 27 and 42 weeks’ gestation. All

infants had received volume prior to dobutamine. Stopfkuchen (134) enrolled

17 ventilated preterm infants selected for dobutamine treatment on the basis of

an elevated ratio of pre-ejection period to left ventricular ejection time (PEP:LVET)

reflecting abnormal left ventricular function. No volume loading was given prior to

infusion of dobutamine 10 mg/kg/min. Dobutamine infusion increased heart rate,

decreased PEP:LVET ratio, and increased mean blood pressure. The authors con-

clude that dobutamine improves left ventricular performance in preterm infants

with echocardiographic evidence of impaired left ventricular function.

Isoprenaline

Isoprenaline (isoproterenol) is a synthetic sympathomimetic amine that is struc-

turally related to adrenaline and acts almost exclusively on b-adrenergic receptors.

In animals, isoprenaline increased cardiac output, but caused a significantly greater

increase in heart rate to achieve a similar change of cardiac output compared to

dopamine and dobutamine (135). There are few published data on use of isopren-

aline in premature infants, although it has been used in clinical practice.

Isoprenaline infusions have been used for management of infants and children

with congenital heart block, status asthmaticus, and meningococcal septicemia

(136–140). There are case reports of isoprenaline infusions in infants with persistent

pulmonary hypertension of the newborn (141,142).

Norepinephrine

Norepinephrine is a naturally occurring sympathomimetic amine that acts on

myocardial and vascular a- and b-adrenergic receptors (118). Norepinephrine

differs from epinephrine primarily in its decreased peripheral b2-adrenoreceptor

affinity and therefore it causes a more pronounced peripheral vasoconstriction

(a-adrenergic action). As with epinephrine, norepinephrine has positive inotropic

effects and also dilates the coronary arteries via its cardiac b-adrenergic actions.

These effects result in increased systemic blood pressure and coronary artery blood

flow. There are few published data on use of norepinephrine in premature infants

with its use being restricted to the treatment of hypotension refractory to other

vasopressor/inotropes (143).

Dopamine versus Dobutamine in Preterm Infants with
Hypotension

Several randomized trials (Table 13-7) have compared dopamine with dobutamine

in preterm infants (144–149). These trials enrolled infants remaining hypotensive

despite a trial of volume expansion. The definitions of systemic hypotension varied

but included a systolic blood pressure < 40 mm Hg (150), mean blood pressure

< 30 mm Hg (149), mean blood pressure < 30 mm Hg for more than 1 h (148),
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mean blood pressure < 31 mm Hg for 30 min (146), and mean blood pressure

below 10th percentile for the normal range (145). The drugs were commenced at a

median age < 24 h in most studies, except one (145), which enrolled infants up to

17 days. Both agents were administered as continuous infusions at doses between

5 and 20 mg/kg/min. All studies were randomized, with allocation concealment

reported by all but one study (148). Blinding of intervention was reported by

two studies (146,148). Follow up of randomized infants was complete in all studies

although measurement was blinded in only two studies (145,146).

Meta-analysis (2) found no significant difference in mortality, grade 3–4 PIVH

and PVL (Table 13-8). Not included in this meta-analysis were reporting of any

PIVH and necrotizing enterocolitis (NEC). Meta-analysis of two studies reporting

these outcomes (146,148) found no significant difference in incidence of PIVH or

NEC. Dopamine resulted in significantly greater increases in blood pressure, with

Table 13-7 Randomized Trials of Dopamine versus Dobutamine in Hypotensive
Preterm Infants

Trial Infants

Treatment
Criteria/
Success Random Blind Intervention 1 Intervention 2

Outcome
Measures

144 1–6 days
<34 weeks

Systolic BP
<40 mm Hg

Y N Dopamine 5–
15 mg/kg/min

Dobutamine
5–15 mg/kg/
min

Correction of
hypotension

145 2 h to
17 days

Preterm

Mean BP
<10th

percentile

Y N Dopamine
10 mg/kg/min

Dobutamine
10 mg/kg/min

Change in mean
BP; mortality,
PIVH, PVL

146 <24 h
<35 weeks

Mean BP
<31 mm Hg

Y Y Dopamine 5–
20 mg/kg/min

Dobutamine
5–20 mg/kg/
min

Correction of
hypotension;
mortality,
PIVH, PVL

148 Age unclear
< 32 weeks

Mean BP
<30 mm Hg

Y Y Dopamine 5–
20 mg/kg/min

Dobutamine
5–20 mg/kg/
min

Correction of
hypotension;
echo measured
LVO; mortality,
PVL

149 <24 h
Preterm

Mean BP
<30 mm Hg

Y N Dopamine 5–
10 mg/kg/min

Dobutamine
5–10 mg/kg/
min

Correction of
hypotension

BP = blood pressure; PIVH = peri/intraventricular hemorrhage; PVL = periventricular leucomalacia; LVO = left
ventricular out-put.

Table 13-8 Meta-Analysis of Randomized Controlled Trials of
Dopamine versus Dobutamine in Hypotensive Preterm
Infants (2)

Outcome Studies/Participants Effect (95% CI)

Death 3/103 RR 1.17 (0.47, 2.92)
PIVH any grade 2/93 RR 0.75 (0.24, 2.30)
PIVH grade 3–4 2/83 RR 0.73 (0.15, 3.50)
Periventricular leukomalacia 3/103 RR 0.43 (0.12, 1.52)
Necrotizing enterocolitis 2/83 RR 0.43 (0.09, 2.06)
Failed treatment:

Persistent hypotension 4/189 RR 0.41 (0.25, 0.65)
Persistent low flow 0

Change CBF (%) 0
Change in LVO (%) 1/20 WMD �35.0 (�55.8, 14.2)
Tachycardia 1/63 RR 0.74 (0.26, 2.08)

PIVH = peri/intraventricular hemorrhage; CBF = cerebral blood flow; LVO = left ventricular
output; RR = risk ratio; WMD = white matter damage.
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meta-analysis (four studies, 189 infants) finding a significant reduction in treat-

ment failure defined as persistent hypotension in infants receiving dopamine.

However, dobutamine was effective at treating hypotension in around 60% of

infants. Three studies (146,148,149) reported no significant difference in change

in heart rate between dopamine and dobutamine. As mentioned earlier, all studies

pretreated infants with volume expansion. Measures of cardiac output were only

reported by Roze (148), who found infants on dopamine had a statistically non-

significant mean 14% reduction and infants on dobutamine a statistically signifi-

cant mean 21% increase in LVO. The difference in the response in LVO was also

statistically significant between the two medications. Dopamine produced a signif-

icantly greater increase in mean blood pressure than dobutamine, associated with a

significantly greater increase in systemic vascular resistance. The presence and size

of a DA shunt was not reported. However, nearly all the infants in this study had

cardiac outputs in the normal range with baseline mean LVO 269 mL/kg/min and

245 mL/kg/min in the dobutamine and dopamine groups, respectively. Thus, this

study appears to have investigated the cardiovascular effects of dopamine and

dobutamine in preterm infants with normal systemic blood flow during the imme-

diate postnatal period. However, since the presence, size and shunting across the DA

was not reported in these patients, caution is warranted when characterizing the

cardiovascular status of this patient population.

In summary, dopamine produces greater increases in blood pressure in hypo-

tensive preterm infants than dobutamine. There is evidence from one study that

dobutamine is better at increasing LVO, whereas dopamine produces greater

increases in blood pressure and systemic vascular resistance (148). No other clinical

benefit has been demonstrated from use of dopamine or dobutamine.

Dopamine versus Dobutamine in Preterm Infants
with Low SVC Flow

Only one study (114) enrolled infants with low systemic (SVC) blood flow. Infants

with low SVC flow (< 41 mL/kg/min) in the first 12 h received a normal saline

bolus at 10 mL/kg, and were randomized to dobutamine or dopamine at a dose of

10 mg/kg/min. If low flow persisted or recurred, the dose was increased to 20 mg/kg/

min, with crossover to the other agent if treatment failed to maintain SVC flow. At

the highest dose reached, dobutamine produced significantly greater increases in

SVC flow (Table 13-9). In contrast, dopamine produced significantly greater

increases in blood pressure. Infants on dobutamine only at 24 h had higher RVO

than infants on dopamine. However, 40% failed to increase or maintain SVC flow

in response to either medication. No significant difference in mortality, any PIVH,

PVL, and NEC was reported. However, there was a reduction in grade 3 or 4 PIVH

in the dobutamine group (5% versus 35%). In 13 survivors assessed at three years,

the dopamine group had significantly more disability and lower development quo-

tients. However, since more patients died in the dobutamine group, this finding has

to be viewed with caution. Combined rates of death or disability at three years were

similar. The study provides evidence that dobutamine is better than dopamine at

increasing SVC flow at the applied doses in preterm infants with low SVC flow in

the first postnatal day. Neither inotrope was found to increase myocardial contrac-

tility as determined by the relationship between left ventricular mean velocity of

circumferential fiber shortening and wall stress (84). A limitation of this study was

the titration of inotrope irrespective of blood pressure (and hence systemic vascular

resistance), resulting in many infants being exposed to high dose dopamine (20 mg/

kg/min). The usual approach with dopamine is to treat infants with hypotension,

with the dose titrated according to pharmacodynamic response (i.e. blood pres-

sure). However, the goal of this study was to treat infants with low systemic blood
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flow with the dose adjusted to increase systemic blood flow, and fixed dosages

selected to maintain blinding of measurement.

Dopamine Versus Epinephrine in Preterm Infants with
Hypotension

Two studies (Table 13-10) have compared dopamine to epinephrine in preterm

infants with hypotension (124,150). Only one has been published to date (124,151).

Pellicer (124,151) reported a randomized, blinded trial of dopamine versus epi-

nephrine in infants born < 1501 g and < 32 weeks’ gestation with a mean blood

pressure less than the gestational age in the first postnatal day. Dopamine (2.5, 5,

7.5, or 10 mg/kg/min) or adrenaline (0.125, 0.250, 0.375, or 0.5 mg/kg/min) was

titrated every 20 min to achieve a mean blood pressure � gestational age in weeks.

Initial successful treatment of hypotension was reported for 97% of patients on

dopamine and 94% on epinephrine. Subsequent hypotension resulted in 33% of

infants on dopamine and 38% on epinephrine receiving rescue treatment. Both

dopamine and epinephrine increased measures of cerebral perfusion using NIR

spectroscopy, as indicated by the increase in both cerebral blood volume and

oxygenation. Neonatal mortality was not significantly different (dopamine 11%

Table 13�9 Randomized Trial of Dobutamine versus Dopamine
for Preterm Infants with Low SBF (114)

Outcome
Studies/
Participants Effect (95% CI)

Mortality to discharge 1/42 RR 1.41 (0.79, 2.52)
Any PIVH 1/42 RR 1.01 (0.52, 1.97)
Late PIVH 1/42 RR 0.57 (0.22, 1.45)
PIVH grade 3–4 1/42 RR 0.39 (0.12, 1.31)
NEC 1/42 RR 2.73 (0.31, 24.14)
Cerebral palsy at 3 years 1/13 RR 0.16 (0.01, 2.64)
Deafness at 3 years 1/13 RR 0.16 (0.01, 2.64)
Griffith’s general quotient >2SD
below norm at 3 years

1/13 RR 0.16 (0.01, 2.64)

Disability at 3 years 1/13 RR 0.10 (0.01, 1.56)
Death or disability at 3 years 1/37 RR 0.79 (0.57, 1.11)
Griffith’s general quotient at 3 years 1/13 WMD 35.00 (17.68, 52.32)
PVL 1/24 RR 6.00 (0.34, 104.89)
Renal impairment (creatinine �120
mmol/L)

1/42 RR 0.55 (0.15, 2.00)

Pulmonary hemorrhage 1/42 RR 0.61 (0.11, 3.26)
Chronic lung disease at 36 weeks
postmenstrual age

1/19 RR 0.83 (0.27, 2.49)

Retinopathy of prematurity 1/20 RR 0.80 (0.30, 2.13)
Failed treatment (did not maintain
SVC flow �41 mL/kg/min in first 24
h)

1/42 RR 0.58 (0.28, 1.20)

Change mean BP at 10 mg/kg/min 1/42 WMD �4.50 (�8.06�0.94)
Change mean BP at 20 mg/kg/min 1/23 WMD �4.60 (�8.74�0.46)
Change mean BP at highest dose
reached

1/42 WMD �7.20 (�11.41�2.99)

Change SVC flow at 10 mg/kg/min 1/42 WMD 4.70 (�4.02, 13.42)
Change SVC flow at 20 mg/kg/min 1/23 WMD 9.70 (�3.93, 23.33)
Change SVC flow at highest reached 1/42 WMD 13.10 (2.87, 23.33)
Change RVO at 10 mg/kg/min 1/42 WMD 4.00 (�19.27, 27.27)
Change RVO at 20 mg/kg/min 1/23 WMD 1.20 (�25.35, 27.75)
Change RVO at highest dose
reached

1/42 WMD 10.70 (�19.16, 40.56)

SBF = systemic blood flow; PIVH = peri/intraventricular hemorrhage; NEC = necrotizing enter-
ocolitis; SD = standard deviation; PVL = periventricular leucomalacia; SVC = superior vena cava;
BP = blood pressure; RVO = right ventricular output; RR = risk ratio; WMD = white matter damage.
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versus adrenaline 19%). Unfortunately, incidences of cerebral ischemic lesions (56%

overall) were not reported according to group assignment. Although changes in

CBF were followed, no measure of cardiac output or systemic blood flow was

reported. In summary, similar treatment success rates from use of dopamine and

epinephrine in hypotensive preterm infants in the first postnatal day were reported.

Short-term measures of cerebral perfusion improved with increases in mean blood

pressure. However, subsequent treatment failure rates were high as were morbidity

and mortality.

Milrinone for Prevention of Low SVC Blood Flow in Preterm
Infants

Milrinone is a selective class III phosphodiesterase inhibitor that, in children and

adults, increases myocardial contractility and reduces systemic and pulmonary vas-

cular resistance. However, it is not known, if class III phosphodiesterase inhibitors

have positive inotropic effects in the immature animal or preterm neonate (152–

154). In a pilot study (155,156), an optimized dose regimen for Milrinone in pre-

term infants was determined that fulfilled a therapeutic goal of maintaining SVC

flow in the first 24 h when started within 6 h of birth. In a subsequent double-blind

randomized placebo controlled trial (157), 90 infants at high risk of low SVC flow

were enrolled within 6 h of birth including all infants born at � 27 weeks’ gestation

and infants at 28 to 29 weeks’ gestation with mean airway pressure � 8 cm H2O and

FiO2� 0.3. Normal saline 15 mL/kg was given and infants randomized to milrinone

(0.75 mg/kg/min for 3 h then 0.2 mg/kg/min until 18 h after birth) or placebo. No

significant difference was observed in mean SVC flow in the first 24 h, incidences of

low SVC flow (milrinone: 17% vs placebo: 19%), low RVO (14% vs 23%), or need

for vasopressor/inotrope (45% vs 35%). There was no significant difference in

PIVH (19% vs 15%) or mortality (19% vs 19%). The incidence of low systemic

blood flow was lower than predicted in this study. However, there is no evidence of

benefit from use of Milrinone for prevention of low systemic blood flow in sick very

preterm neonates during the first postnatal day.

Postnatal Corticosteroids in Hypotensive Preterm Infants

There is increasing interest in the use of postnatal corticosteroids for stabilizing the

cardiovascular status of preterm infants (115,116). The evidence for postnatal cor-

ticosteroids improving the cardiovascular status of preterm infants comes from

Table 13-10 Randomized Trials of Dopamine versus Adrenaline in Hypotensive
Preterm Infants

Trial
(refer-
ences) Infants

Treatment
Criteria/
Success Random Blind Intervention 1 Intervention 2

Outcome
Measures

150 <24 h
Mean 34–

36 weeks

Mean BP <1
SD below
mean for
weight

Y Y Dopamine 5–
20 mg/kg/min

Adrenaline
0.125–0.5 mg/
kg/min

Correction
hypotension;
echo measured
LVO, RVO

124,
151

<24 h
<32 weeks
<1501 g

Mean BP,
mmHg <
gestation
weeks

Y Y Dopamine 2.5–
10 mg/kg/min

Adrenaline
0.125–0.5 mg/
kg/min

NIR spectroscopy
measured CBF;
correction
hypotension

BP = blood pressure; SD = standard deviation; LVO = left ventricular output; RVO = right ventricular output;
CBF=cerebral blood flow.
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observations of the effects of both antenatal and postnatal corticosteroids. A sys-

tematic review (158) of randomized trials of antenatal corticosteroids given prior to

preterm birth found a significant reduction in neonatal death, respiratory distress

syndrome, PIVH (RR 0.54, 95% CI 0.43–0.69) and NEC (RR 0.46, 95% CI 0.29–

0.74). However, the incidence of hypotension, low blood flows, and use of inotrope

support was not reported. In observational studies, antenatal corticosteroids have

been reported to reduce the need for postnatal dopamine for hypotension (159),

and reduce the incidence of failure of response to dobutamine or dopamine for

infants with low SVC flow (114).

Several randomized trials (160–164) have reported increases in systemic blood

pressure and reduced need for vasopressor/inotrope support in hypotensive pre-

term infants treated with postnatal corticosteroids. Gaissmaier (161) randomized

20 preterm infants with hypotension, refractory to colloid and vasopressor/ino-

trope, to dexamethasone 0.25 mg/kg or placebo (Table 13-11). Epinephrine was

discontinued in five of eight infants treated with dexamethasone and one of nine on

placebo. Osiovich (163) compared hydrocortisone 5 mg/kg/dose for four doses to

placebo in hypotensive infants born <1250 g in the first 48 h. Dopamine use was

reduced in the hydrocortisone group. No difference was reported for clinical out-

comes (data not given – published in abstract form only). Efird (160) randomized

extremely low birth weight infants to five days’ prophylactic hydrocortisone or

placebo starting in the first three postnatal hours. Vasopressor/inotrope use for

hypotension was reduced in the hydrocortisone group on day 1 (25% versus

44%) and day 2 (7% versus 39%, P< 0.05). However, effects on systemic and

organ blood flow have not been reported. Ng (164) reported a randomized con-

trolled blinded trial of a five-day course of stress dose hydrocortisone (3 mg/kg/day)

in VLBW neonates started on the first postnatal day. Hydrocortisone resulted in a

decrease in cumulative doses of vasopressor, inotropes and volume expanders, and

a reduction in the number of infants on support after 72 h. The mean blood

pressure was significantly and consistently higher in the hydrocortisone group,

although clinical outcomes were not affected.

In a systematic review (165) of randomized trials of early (<96 h age) postnatal

corticosteroids for preventing chronic lung disease, 21 trials enrolling 3072 infants

were included with most trials enrolling ventilated low birth weight infants. Meta-

analysis found early postnatal corticosteroids resulted in earlier extubation,

decreased incidence of chronic lung disease, death or chronic lung disease, DA

and severe ROP. No significant difference was found in mortality, infection, severe

PIVH, PVL, NEC, or pulmonary hemorrhage. Early postnatal corticosteroids were

associated with significant adverse effects including increased rates of gastrointesti-

nal hemorrhage and intestinal perforation. Cardiovascular effects included increased

hypertension and hypertrophic cardiomyopathy. In trials reporting late outcomes,

some adverse neurological effects were found, including increased rates of develop-

mental delay, cerebral palsy, and abnormal neurological examination in a patients

who had received corticosteroids in the form of dexamethasone. Other late out-

comes were not significantly different, including major neurosensory disability and

combined death or major neurosensory disability. Incidences of hypotension, low

cardiac output, or organ blood flow and use of inotropes were not reported.

Echocardiographic studies of postnatal corticosteroids in newborn infants have

focussed on the long-term effects of corticosteroids in producing myocardial septal

hypertrophy and reduced left ventricular end-diastolic dimensions (165,166). Evans

(166) reported a reduction in pulmonary artery time to peak velocity to right

ventricular ejection time ratio in a small observational study of infants being treated

with dexamethasone, suggesting a reduction in pulmonary artery pressures. There

are no published data of the effects of postnatal corticosteroids on cardiac outputs

or organ blood flows in the first days after birth.
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Table 13-11 Randomized Trials of Corticosteroids in Hypotensive Preterm Infants

Trial
(References) Infants

Treatment Criteria/
Success Random Blind Intervention 1 Intervention 2

Outcome
Measures

167 <7 days
<1500 g

Mean BP <25, 30 mm Hg
at <750g and 750–
1500g, respectively

Y N Hydrocortisone
2.5 mg/kg q4h
� 2 then q6h

Dopamine 5–20
mg/kg/min

Correction of
hypotension;
PIVH, NEC,
CLD, DA,
mortality

161 1–20 days
Preterm

Mean BP mm Hg
unresponsive to volume
and dopamine: 23
(<750 g), 25 (750–999),
28–30 (1–2000), 35 (2–
3000), 40 (>3000)

Y Y Dexamethasone
0.25 mg/kg

Placebo Cessation of
adrenaline
infusion; NEC,
PIVH, PVL,
mortality

164 VLBW
8–15 h

hypotension
refractory to
dopamine
>10 mg/kg/
min

Mean BP < gestation in
weeks

Y Y Hydrocortisone
1 mg/kg q8h

Placebo Correction of
hypotension,
duration and
quality of
cardiovascular
support

BP = blood pressure; VLBW = very low birth weight; PIVH = peri/intraventricular hemorrhage; NEC = necrotizing enterolcolitis; CLD = chronic lung disease; DA = ductus arteriosus;
PVL = periventricular leukomalacia.

13EVIDENCE-BASEDEVALUATIONOFTHEMANAGEMENTOFNEONATALSHOCK
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Postnatal Corticosteroids versus Dopamine in Hypotensive
Preterm Infants

One randomized controlled trial (167) compared dopamine starting at 5 mg/kg/min

and titrated up to 20 mg/kg/min to hydrocortisone 2.5 mg/kg in hypotensive pre-

term infants < 1500 g in the first postnatal week (Table 13-11). No significant

difference was reported in treatment failure rate (absence of hypotension) in infants

receiving dopamine compared to hydrocortisone (0% versus 19%, P = 0.1). There

were no significant differences in mortality (5% versus 10%), CLD (11% versus

26%), NEC (5% versus 19%), PIVH grades 2–4 (16% versus 24%), or sepsis (32%

versus 19%). Measures of cardiac output and organ blood flow were not reported.

Inhaled Nitric Oxide in Preterm Infants

Inhaled nitric oxide (iNO) in infants with respiratory disease results in improvement

in oxygenation due to reductions in pulmonary vascular resistance (168) and

improvements in pulmonary blood flow velocities in infants with low pulmonary

blood flow velocity (169). However, there are inadequate data to determine the effect

of iNO on systemic blood flow in preterm infants. Systematic review (170)

of randomized trials of iNO enrolling preterm infants found seven trials. An add-

itional two trials have been published subsequently (171,172). Trial eligibility criteria

varied and included infants at high risk of chronic lung disease (171,173), rou-

tine use of early iNO in ventilated preterm infants (174) and infants with high

predicted mortality due to poor oxygenation indices (172,175–179). Meta-analyses

(Table 13-12) of the nine trials found no significant benefit from use of iNO on

mortality, but a significant reduction in CLD measured at 36 weeks postmenstrual

age and combined death or CLD. There was no significant difference in incidence of

PIVH or severe PIVH, although individual studies have reported significant reduc-

tions in cerebral abnormalities in infants randomized to iNO. In particular,

Schreiber (174), enrolling preterm infants at a mean age around 12.9 to 14 h,

reported a significant reduction in severe PIVH or PVL (RR 0.53, 95% CI 0.28–

0.98), and Kinsella (172), enrolling infants at a mean age of 30 h, reported a signif-

icant reduction in severe PIVH, PVL or ventriculomegaly (RR 0.73, 95% CI 0.55–

0.98). Two studies to date have reported developmental outcomes with Field (175)

reporting no significant difference (iNO 7 of 55 versus control 3 of 53) in incidence

of major disability (defined as no/minimal head control or inability to sit unsup-

ported or no/minimal responses to visual stimuli) at one year of age. This trial

Table 13-12 Meta-Analysis of Randomized Trials of Nitric Oxide
Versus No Treatment in Preterm Infants

Outcome
Studies/
Participants Effect (95% CI)

Death before discharge 9/2455 RR 0.96 (0.85, 1.08)
Death before 36 weeks postmenstrual age 5/460 RR 0.96 (0.77, 1.18)
BPD at 36 weeks postmenstrual age 9/1931 RR 0.91 (0.85, 0.98)
Death or BPD 9/2441 RR 0.93 (0.89, 0.98)
PIVH all grades 2/214 RR 0.98 (0.71, 1.35)
Grade 3 or 4 IVH 4/1426 RR 1.05 (0.86, 1.29)
PIVH (Grade 3 or 4) or PVL 7/1714 RR 0.93 (0.78, 1.10)
Neurodevelopmental disability 1/138 RR 0.53 (0.33, 0.87)
Cerebral palsy 1/138 RR 1.13 (0.40, 3.20)
Bayley MDI or PDI �2SD below norms 1/138 RR 0.56 (0.33, 0.93)

BPD = bronchopulmonary dysplasia; PIVH = peri/intraventricular hemorrhage; IVH = intra-
ventricular hemorrhage; PVL = periventricular leukomalacia; MDI = mental developmental index;
PDI = psychomotor developmental index.
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enrolled infants with severe respiratory failure in the first 28 days. However,

Schreiber (174), in a single center study, reported a significant reduction in neuro-

developmental disability (RR 0.53, 95% CI 0.33–0.87). Of note is that this is the only

trial to enrol infants predominately in the first day, a time when postnatal systemic

blood flow might be expected to be falling or at its lowest (5,6,83). Infants with more

severe RDS (FiO2> 0.5) and fatal RDS have been shown to have echocardiographic

evidence of increased pulmonary artery pressures, suggesting a relationship between

severity of RDS, pulmonary hypertension, and outcome. In addition, in term infants

with severe respiratory disease, including those with pulmonary hypertension, low

ventricular outputs are a common echocardiographic finding (180). The study raises

the possibility that reducing pulmonary vascular resistance in preterm infants with

nitric oxide has the potential to prevent cerebral injury.

In summary, trials of iNO in preterm infants have predominately used iNO for

treatment of severe respiratory disease after the first day. One single-center trial

(174) enrolling infants in the first day reported a reduction in severe cerebral lesions

(grade 3–4 PIVH or PVL) and developmental disability while the findings of

another large multicenter study (172) suggest that early iNO may be neuroprotec-

tive. Trials of early, targeted iNO in preterm infants are needed.

Infants with Perinatal Asphyxia

Low-cardiac output states occur in newborns that have perinatal asphyxia (180).

Such infants have reduced myocardial contractility (181) and variable degrees of

pulmonary hypertension (180). Evidence for treatment is sparse. There are no data

to support use of volume expansion in infants with suspected asphyxia (182),

although the occasional infant will have coexistent hypovolemia (183). One

randomized trial (184) compared use of sodium bicarbonate infusion versus 5%

dextrose in asphyxiated newborn infants. No evidence of an effect on mortality, (RR

1.04, 95% CI 0.49–2.21), abnormal neurological examination at discharge, or a

composite outcome of death or abnormal neurological examination at discharge

was reported. There was no significant difference in the incidence of encephalo-

pathy, PIVH, and neonatal seizures. Long-term neurodevelopmental outcomes were

not assessed. One observational study (132) reported increases in cardiac output,

heart rate, and aortic blood flow velocities in six term infants with severe perinatal

asphyxia receiving dobutamine 10 mg/kg/min. A similar response was observed in

another study using dopamine (185). No benefit was reported from use of low-dose

dopamine versus placebo in infants with severe asphyxia but without evidence

of cardiovascular compromise (129). There is inadequate evidence to make

strong recommendations regarding the cardiovascular support of infants with

perinatal asphyxia.

Pulmonary Hypertension

Newborns with high oxygen and ventilator-support requirements with or without

pulmonary hypertension frequently have low cardiac outputs (180). Among pre-

term infants, the incidence of low ventricular outputs (particularly RVO) in the first

days after birth increases with worsening respiratory distress (186). The incidence of

right to left ductal shunting indicating severe pulmonary hypertension was signifi-

cantly increased in infants who had fatal respiratory distress syndrome. The treat-

ment of choice for improving oxygenation in term infants with hypoxemic

respiratory failure is iNO. Systematic review of randomized trials in term and

late preterm infants found a significant reduction in combined death or need for

extracorporeal membrane oxygenation (ECMO) (187). Mortality was not reduced,

although this may be attributed to the use of ECMO. Oxygenation improved in
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around 50% of infants receiving iNO. There are inadequate data in newborn infants

to determine the effect of iNO on measures of systemic blood flow, although iNO

increases pulmonary blood flow velocities in infants with low pulmonary blood

flow velocity (169). Since the introduction of iNO, there are no trials of vasopres-

sor/inotrope or inotrope use in infants with persistent pulmonary hypertension of

the newborn (PPHN) to guide therapy. Oral sildenafil resulted in a significant

reduction in mortality in a small trial in infants with PPHN where iNO was not

available (188). No significant effects on blood pressure were noted. In centers with

ECMO available, trials of ECMO have demonstrated significant reductions in mor-

tality (RR 0.44, 95% CI 0.31–0.61) restricted largely to infants without diaphrag-

matic hernia. The UK trial reported a significant reduction in death and disability

at one year (RR 0.56, 95% CI 0.40–0.78) and four years (RR 0.62, 95% CI 0.45–

0.86). The UK trial reported that an ECMO policy was as cost-effective as other

intensive care technologies in common use. However, these trials preceded the use

of iNO and the UK trial was a trial of transport to an ECMO center and ECMO

versus no transport, limiting the generalizability of this study.

There are inadequate data to determine the effect of vasopressor/inotropes or

inotropes in infants with PPHN. Small case series document responses to dopamine

(189) and milrinone (190), with no adverse effect on blood pressure from milri-

none use reported. The focus of management for infants with PPHN has been to

maintain an adequate systemic blood pressure, the use of ventilator and pharma-

cologic measures to increase pulmonary vasodilatation and decrease pulmonary

vascular resistance, with the goal of increasing blood and tissue oxygenation and

normalization of blood pH (191). However, apart from use of iNO, sildenafil, and

ECMO, trials are currently lacking to guide specific treatments.

Infants with Sepsis

Low cardiac outputs and hypotension are common in septic infants. In children,

low-output states associated with high systemic vascular resistance (‘‘nonhyper-

dynamic’’ sepsis) and high-output states characterized by low systemic vascular

resistance (‘‘vasodilatory shock’’) have been described (192,193). A substantial cap-

illary leak can occur with subsequent hypovolemia. Unfortunately, most of this

information is derived from infants beyond the newborn period. In adult patients,

a randomized trial of ‘‘goal-directed therapy’’ for severe sepsis and septic shock has

provided guidance for the aggressive management of these patients (194). The

approach involves adjustments of cardiac preload, afterload, and contractility to

balance oxygen delivery with oxygen demand using information derived from vital

signs monitoring, laboratory data, cardiac monitoring, pulse oximetry, urinary

catheterization, arterial and central venous catheterization. Of note is that a

target of mixed venous saturation �70% was used for targeting therapy.

Mortality to 60 days was significantly reduced in patients with goal-directed therapy

(RR 0.67, 95% CI 0.46–0.96). Many of these monitoring strategies are not feasible

in newborn infants.

There is some evidence from a non-randomized study enrolling a large number

of children and neonates with septic shock, that early and aggressive volume-

therapy improves survival and outcomes even in the neonatal patient population

(195). There are no randomized trial data in newborn infants with sepsis to guide

inotrope treatment for infants with sepsis. However, in preterm infants, pentoxifyl-

line, a phosphodiesterase inhibitor might hold some promise. Meta-analysis (196)

of two small randomized trials (197,198) of pentoxifylline in preterm infants with

suspected sepsis after the first postnatal week, found a significant reduction in

mortality (RR 0.14, 95% CI 0.03–0.76). However, pentoxifylline has anti-

inflammatory properties and there are inadequate data to attribute these potential
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benefits to its cardiovascular effects. Further trials of pentoxifylline and other

vasopressor/inotropes are needed in infants with suspected or proven sepsis

tailored to the hemodynamic profile of the cardiovascular disturbance

(vasoconstriction with low cardiac output or vasodilation with hyperdynamic myo-

cardial function).

CONCLUSIONS

1. The mechanisms of cerebral injury in preterm infants remain incomple-

tely understood. In particular, research is required to determine the

antenatal, intrapartum, and immediate postpartum factors that affect

cerebral perfusion in the premature fetus/newborn.

2. Early low systemic blood flow (5,6) or low CBF (7) have been associated

with cerebral injury in premature infants, particularly late PIVH and

subsequent developmental disability.

3. Low systemic blood flow in preterm infants in the first 24 h is predom-

inately found in ventilated infants and is associated with lower gestation,

early large diameter DA, higher mean airway pressures, higher systemic

vascular resistance, and poor myocardial contractility (5,6,84). Many pre-

term infants with low systemic blood flow in the first 12 h will have blood

pressure in the normal range at this time (compensated shock) (1).

4. Findings of retrospective studies indicate that hypotension is associated

with increased mortality and morbidity in the VLBW population.

However, causation has not been documented. Prospectively collected

data indicate that low mean blood pressure in the second 12h after birth

is associated with abnormal neurodevelopmental outcome (76).

However, targeting blood pressure alone has the potential to delay treat-

ment for infants with low systemic blood flow.

5. Evidence suggests that delayed cord clamping (>30 s) in infants born

prematurely may reduce need for subsequent blood transfusion for

anemia and hypotension, and PIVH (88,89). Further trials are required

to determine the effect of delayed cord clamping on SBF and long-term

outcomes.

6. Trials of volume expansion have predominately enrolled infants selected

on the basis of birth weight or prematurity (86,87). There is no evidence

that routine volume expansion improves clinical outcomes in preterm

infants. In hypotensive infants, over 50% will respond to volume expan-

sion, although volume expansion is not as effective as dopamine for

increasing blood pressure (86).

7. In preterm infants with low systemic blood flow in the first day, dobu-

tamine at 10 or 20 mg/kg/min is better than dopamine at the same doses

at increasing systemic blood flow based on measurements of SVC flow

(114). However, no significant difference in clinical outcomes and neu-

rodevelopment was reported.

8. In hypotensive preterm infants, dopamine is better than dobutamine

at increasing blood pressure (2). However, changes in systemic blood

flow were not assessed in the majority of these studies. One trial

found medium doses of dobutamine increased LVO whereas medium-

to-high doses of dopamine resulted in a trend to decrease LVO (148).

However, no significant difference in other clinical outcomes was reported.

9. In hypotensive preterm infants, dopamine and epinephrine produce

similar increases in blood pressure and CBF (124,151). Effects on sys-

temic blood flow were not reported. There were inadequate data to

determine the effects on other neonatal outcomes.
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10. In infants with asphyxia that are at risk of low systemic blood flow (180) and

poor myocardial contractility, dobutamine increases cardiac output (132).

11. In infants with hypotension refractory to volume and/or vasopressor/

inotropes, responses have been reported with high dose dopamine (130),

norepinephrine (143), and corticosteroids (161,164). Other clinical

benefits have not been reported from the use of early postnatal

corticosteroids.

12. Further research is needed to determine how to prevent low systemic

blood flow in preterm infants, and the optimal cardiovascular treatment

strategies for infants with hypotension and/or low systemic blood flow.

In addition, cardiovascular treatment strategies for infants with

suspected perinatal asphyxia, PPHN, and sepsis need evaluation.

Finally, the relationship between systemic blood flow and CBF needs

to be rigorously studied especially in preterm neonates during the imme-

diate postnatal period.
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INTRODUCTION

Technological advancement has played a vital role in the maturation of the field

of pediatric cardiology. Description of congenital cardiac malformations (CCVM)

has moved from the anatomic pathology laboratory of the first half of the twentieth

century to the cardiac catheterization laboratory, the echocardiographic laboratory,

and now to the molecular biology laboratory. Indeed, concepts about the nature

of cardiac malformations and understanding of the etiologic mechanisms of CCVM

have progressed during this evolution. Along with tools permitting more precise,

invasive, and now non-invasive diagnosis of anatomic detail has come an evolution

in the cultural attitudes about the provision of medical care to all infants and

children, even those with complex, noncardiac birth defects and many of those

with non-lethal chromosomal abnormalities.

The next element which made recognition of potentially life-threatening

CCVM vital was the ability to alter the natural history of serious malformations,

which had hitherto led to progressive disability and premature death. The advent

of the palliative Blalock–Taussig shunt, in 1945, opened an era of therapeutic inter-

vention leading to open-heart surgical repair of even the most complex lesions

in children and now in infants as well. The last element in this evolution is the pro-

cess of understanding the genetic and environmental factors which contribute

to the phenotypic expression of cardiac malformations and other birth defects.

This last frontier enlivens the hope of clinicians and scientists alike, for with

this understanding comes the ability to prevent CCVM, the most common

of birth defects and the largest contributor to infant mortality caused by birth

defects.

PREVALENCE OF CCVM

It is in this context that the concept of prevalence of CCVM can best be understood.

To be optimal both the numerator (those with the disease of interest) and the

denominator (the entire cohort) have to be carefully defined and meticulously
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searched. The prevalence of CCVM has been reported by numerous investigators

using a variety of methodologies during the last 50 years. The prototypical study

was that of Mitchell et al. (1), reported in 1971. Using data from the National

Institute of Child Health and Human Development (NICHHD) Perinatal

Collaborative project, the cohort included 56,109 term deliveries, examined at

birth, four months, one year, and seven years of age. Cardiac defects were confirmed

by catheterization, surgery, or autopsy in 272 children, and were suspected by clin-

ical examination in 222 other children, for a prevalence rate of 8.8 per 1000. From

1968 through 1977, the New England Regional Infant Cardiac Program (NERICP)

marked the first, large-scale, multicenter effort in the USA to report the prevalence

of CCVM in a fixed geographic area (2). In this study, prevalence of major CCVM

had to be confirmed by cardiac catheterization, surgery, or autopsy carried out at

one of the regional study centers. Excluded from entry to the study were infants

at both ends of the severity spectrum. Those with clinically mild disease were

not systematically referred to regional centers, or if referred, did not require invasive

diagnosis to enable inclusion in the registry. Subjects with critical CCVM not

recognized at their birth hospital or those with aneuploidy and associated cardiac

and other organ malformations were not systematically referred, and therefore

not captured for inclusion in the prevalence data. In fact, Fyler (2) estimated

that no more than 50% of neonates with Down syndrome were referred for evalua-

tion, particularly in the earliest years of the study. With this method of case

ascertainment, the reported prevalence of CCVM in the NERICP was 2.4 per

1000 live births.

A population-based study by Fixler and colleagues (3) reported the prevalence

rates of CCVM over a 13-year period in Dallas County, Texas. During this period,

which saw 380,151 births in Dallas County, 2509 live-born infants were found to have

CCVM, for a prevalence of 6.6 per 1000. Nearly half of the cases were confirmed by

clinical examination only, with a resulting prevalence of the more serious malforma-

tions (confirmed by catheterization, surgery, or autopsy) of 3.1 per 1000. This study

also sought to include those infants with the most critical lesions who died before

clinical diagnosis and therapy could be instituted at the regional referral center. In the

last four-year period of patient registration, 5.6% of infants born alive succumbed to

their cardiac lesion and had their diagnosis confirmed by autopsy only. This finding

was similar to the experience in the Baltimore–Washington Infant Study (BWIS)

region (4). Moreover, the Dallas experience during 1980–1984 represented a marked

improvement from the 14.3% of infants diagnosed by autopsy only in the initial

four-year period of patient entry from 1971 to 1975.

The BWIS was conceived at a time when the most powerful diagnostic tool of

the last century was being introduced into clinical pediatric cardiology practice.

Two-dimensional echocardiography (2DE) had an enormous impact on our ability

to diagnose not only the most serious CCVM, but also to confirm the presence of

milder forms of cardiac defects with precision, especially with the addition of color

flow and Doppler technology in the late 1980s. The BWIS still represents the largest

case–control study of CCVM carried out in the USA. Under the leadership of

Dr Charlotte Ferencz, six regional pediatric cardiac referral centers and 53 area

birth hospitals cooperated to register 4390 live-born infants with CCVM and

3572 control infants from a regional cohort of 906,626 live births between 1981

and 1989 (5,6). The purpose of the study was to bring together clinicians and

scientists from different disciplines to stimulate discussion and enable the genera-

tion of hypotheses on genetic and environmental influences, which resulted in the

development of CCVM. Complete ascertainment of cases (the numerator) was

a priority and included a search of area hospitals’ birth and death records for

infants with CCVM, vital statistics in the various jurisdictions, and the meticulous

review of all registered cases. The unique feature of the BWIS was the inclusion of
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a representative population from the birth cohort, consisting of 3572 infants with-

out CCVM. The full description of the study plan and techniques is well described

elsewhere.

Although the range and complexity of CCVM is broad, the six most common

anatomic diagnoses encountered in the BWIS registry account for 57% of all cases

(see Table 14-1). Membranous ventral-septal defect (VSD) was the most common

malformation isolated, followed by muscular VSD; these two defects accounted for

30% of the study population, for a prevalence of 1.46 per 1000. Pulmonary valve

stenosis, atrioventricular septal defect, tetralogy of Fallot, and transposition of the

great arteries (TGA) account for the other most common lesions identified during

infancy. Several points deserve mention. Color flow mapping, (added to the diag-

nostic armamentarium in the mid-1980s) accounted for the described ‘‘epidemic”
of small, muscular VSDs noted by the BWIS (7). In the BWIS the prevalence of all

VSDs increased from 1.0 to 1.6 per 1000 live births from the first three years

of registration to the last three-year period. Moreover, physicians who are intent

on prenatal recognition of CCVM should note that these six most common lesions

share an important diagnostic feature: the presence of all four cardiac chambers.

The implications for recognition of these lesions in the fetus are clear: a normal

four-chamber view will not exclude the majority of cardiac defects seen in a live-

born population. Detailed and systematic definition of the great vessel size

and relationship, atrioventricular valve morphology, ventricular morphology, and

venous connections must all be performed, as well as color flow and Doppler

assessment of transvalvular flow patterns, if a more comprehensive effort is to be

made to define CCVM prenatally (8).

PREVALENCE OF HLH

Although the prevalence of VSDs was increasing during the nine years of case

registration, that of hypoplastic left heart syndrome (HLH) was decreasing, from

66 per 10,000 live births in 1981–1983 to 46 per 10,000 in 1987–1989. A similar but

less dramatic fall was seen in severe coarctation of the aorta, from 76 to 60 per

Table 14–1 Prevalence of Congenital Cardiovascular
Malformations: the BWIS, 1981–1989

Anatomic abnormality No. of cases Prevalence per 1000

Ventricular septal defect, membranous 895 0.987
Ventricular septal defect, muscular 429 0.473
Pulmonary valve stenosis 341 0.378
Atrioventricular septal defect 320 0.353
Tetralogy of Fallot 296 0.326
Atrial septal defect 291 0.321
Transposition of the great arteries 239 0.264
Hypoplastic left heart syndrome 162 0.178
Laterality/looping defects 131 0.144
Coarctation of the aorta 126 0.139
Patent ductus arteriosus 80 0.088
Aortic valve stenosis 74 0.081
Bicuspid aortic valve 67 0.074
Total anomalous pulmonary venous return 60 0.066
Pulmonary atresia/intact ventricular septum 53 0.058
Interrupted aortic arch 53 0.058
Truncus arteriosus 44 0.049
Ebstein anomaly of the tricuspid valve 43 0.047
Tricuspid valve atresia 33 0.036
Double outlet right ventricle 30 0.033
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10,000 live births. Both defects are notable for the discrepancy between right and

left ventricular size often seen prenatally. Hence, it is not difficult to postulate that

the impact of prenatal recognition, leading to pregnancy termination, was manifest

in this population in an era before the maturation of either successful staged

palliation or cardiac transplantation in infancy. On the other hand, the prevalence

of d-TGA did not change during this time, no doubt because it was less often

defined prenatally (with the normal four-chamber view intact) and the atrial

switch procedure (either the Mustard or Senning procedure) had become a

widely accepted, if not ideal, management strategy for the care of these neonates.

IMPACT OF PRENATAL DIAGNOSIS

The impact of prenatal diagnosis and its impact on live birth prevalence of CCVM

may be surmised from review of the descriptive epidemiologic study of selected

CCVM in Hawaii from 1986 to 1999, reported by Forrester and Merz (9). In data

derived from the Hawaii Birth Defects Program, the outcome of 282,900 total live

births and fetal deaths was reported. During this time, 93.4% of pregnancies ended

in live birth and 6.6% in fetal death, either spontaneous fetal death in utero or by

elective termination. Of this total cohort, 5010 (1.77%) were found to have CCVM.

Ascertainment of cases was vigorous with review of hospital discharge lists and echo

reports, logs at prenatal diagnostic centers, cytogenetic laboratories, counseling

centers, and centers that perform elective termination of pregnancy. Missing

from this ascertainment methodology would be the less-severe cases of CCVM

seen only in outpatient centers for elective evaluation: an important subset of

patients if prevalence data are to be meaningful. Also peculiar to this study was

the inclusion of all identified cardiac diagnoses if a case had more than one ana-

tomic abnormality. Thus, VSD (the most common finding in the BWIS because

of the high prevalence of small VSDs identified only by echocardiography in the

outpatient setting) is also the most prevalent anatomic abnormality in the Hawaii

database, but for different reasons. Certainly, the larger VSDs would be included in

both datasets. In the Hawaii data, however, VSD could be a solitary lesion, but it

would also be listed because of its presence in all cases of tetralogy of Fallot, truncus

arteriosus, interrupted aortic arch, and in a significant minority of TGA, tricuspid

atresia, and others. When the listing of cases in Table 14-2 is offered in the

Table 14–2 Rate of Selected Congenital Heart Defects, Hawaii 1986–1999

Anatomic abnormality
No. of
cases Prevalence/1000

FDIU
n (%)

Term
n (%)

Ventricular septal defect 1132 4.00 6 (0.5) 22 (1.9)
Pulmonary valve stenosis/atresia 90 0.32 2 (2.2) 0 (0)
Endocardial cushion defect 62 0.22 3 (4.8) 1 (1.6)
Tetralogy of Fallot 107 0.38 0 (0) 3 (2.8)
Atrial septal defect 558 1.97 8 (1.4) 5 (0.9)
Transposition of the great arteries/double
outlet right ventricle

111 0.39 2 (1.8) 5 (4.5)

Hypoplastic left heart syndrome 48 0.17 2 (4.2) 8 (16.7)
Coarctation of the aorta 67 0.24 2 (3.0) 0 (0)
Aortic valve stenosis 34 0.12 1 (2.9) 0 (0)
Anomalous venous return, total and partial 32 0.13 0 (0) 0 (0)
Interrupted aortic arch 12 0.04 0 (0) 0 (0)
Truncus arteriosus 21 0.07 1 (4.8) 1 (4.8)
Ebstein anomaly of the tricuspid valve 11 0.04 0 (0) 1 (9.1)
Tricuspid valve atresia/stenosis 40 0.14 0 (0) 1 (2.5)
Single ventricle 22 0.08 0 (0) 2 (9.1)

FDIU, fetal death in utero; Term, elective termination of pregnancy.
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same ordered set as in the BWIS these differences may be inferred. Moreover, the

potential impact of prenatal diagnosis on the rate of fetal death seems most evident

for HLH syndrome, where eight of 48 subjects had elective termination and an

additional two subjects experienced fetal death in utero. This represents nearly

a 21% fetal loss rate, far greater than for any other lesion in this population.

The power of the case–control methodology of the BWIS also provided for the

recognition that the population of infants with CCVM is different from their birth

cohort by more than the presence of a cardiac defect. During the earlier era of

incomplete referral of infants with clinically recognized chromosomal abnormality

to specialized cardiac centers, the genetic impact on CCVM was, predictably, under-

estimated. As noted above, infants with aneuploidy constituted no more than 5%

of the NERICP cases, but nearly 11% of the BWIS cases. In a premolecular biology

era, 522 (11.9%) live-born infants were defined to have a chromosomal abnormal-

ity. The most common lesions are well recognized clinically and include trisomies

21, 18, and 13, as well as Turner syndrome, translocations, and macrodeletions.

Add to that the ever-increasing recognition of gene mutations in syndromes such as

DiGeorge, Noonan, Williams, Holt–Oram, heterotaxy, and others, and the genetic

origin of CCVM surpasses 15% of cases (10,11,12).

DiGeorge, velocardiofacial, and conotruncal anomaly face syndrome all share

a microdeletion of one copy of chromosome 22 at the 22q11 locus. Recognition

of this common microdeletion has propelled the 22q11 microdeletion syndrome

into one of the most common deletion syndromes, affecting approximately

one per 4000 live-born infants and expressing wide variability in phenotypic expres-

sion (13). The typical CCVM associated with 22q11 microdeletion includes the

uncommon conotruncal lesions with high likelihood of microdeletion: interrupted

aortic arch (0.058 per 1000 live births, 57% with 22q11) and truncus arteriosus

(0.049 per 1000 live births, 35% with 22q11). Also represented is the most common

contruncal anomaly, tetralogy of Fallot, with a less frequent association with 22q11

microdeletion (0.032 per 1000 live births, 16% with 22q11).

CONCLUSION

Improved laboratory techniques and definition of critical families to study will

continue to lead to further refinement, and no doubt to continued knowledge of

the genetic contribution to CCVM. Astute clinical observation will also serve to

identify first-degree relatives of case infants with CCVM who may, unknowingly,

share a common genetic risk yet manifest a different phenotypic expression. Such is

not uncommon in the infant with dysplastic pulmonary valve stenosis and Noonan

syndrome and a mutation in the PTPN11 gene, where first- and second-degree

relatives with short stature and mild septal myopathy may be encountered. It may

also be noted in the family of the infant with truncus arteriosus and 22q11 micro-

deletion, whose mother had repair of a cleft palate but had no cardiac abnormality

yet shares the same microdeletion. The genetic impact on left heart disease is just

beginning to be clarified, but epidemiologic data from the BWIS early on showed

that first-degree relatives of infants with HLH syndrome had increased risk of

structural cardiac malformation (14). Larger follow-up studies identified a higher

prevalence of CCVM in first-, second-, and even third-degree relatives of infants

with HLH syndrome, a finding which is not seen in any other category of CCVM

(15). The increased familial occurrence of left heart disease extends from the most

severe, HLH, to the mildest. Crepe et al. concluded, in their study of probands with

bicuspid aortic valve (BAV), that the high heritability of BAV in their cohort is

almost entirely genetically determined (16).

As we identify the fetus, neonate, and infant with CCVM we must maintain

a high degree of awareness for potentially associated noncardiac abnormalities,
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in particular genetic factors that may play an important role in the evaluation and

management of the patient and the family. The finding of cardiac disease, even the

most straightforward lesion, may have implications for the nuclear and extended

family unit. Collaboration between obstetricians, pediatric cardiologists, and

geneticists will continue to enlighten our appreciation of the complexity of the

phenotypic expression of CCVM and offer the possibility of genotypic identifica-

tion and, ultimately, prevention of this most common birth defect.
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INTRODUCTION

Congenital heart disease occurs in five to eight per 1000 live births (1), making

it a significant cause of childhood morbidity and mortality. With improvements

in cardiac surgical techniques and postoperative intensive care over the last two

decades, most babies with congenital heart disease today will survive; however,

a significant percentage of these infants may have multiple handicaps, either

related to associated birth defects or to neurodevelopmental compromise.

Attention has now turned to the potential for neurologic injury during the

surgical repair or palliation, in which cerebral perfusion may be compromised

during cardiopulmonary bypass and deep hypothermic circulatory arrest. The

issue at hand is to determine how much of observed impairment in neurode-

velopmental outcome is related to congenital neurologic defects or to prolonged

cyanosis after birth and how much is related to potential insult during the

operative procedure. Recent studies suggest that blood flow and altered

oxygen delivery in fetuses and newborns with congenital heart disease may

have an important impact on the development of the brain and central nervous

system.

This chapter will review the following topics.

� Intrauterine growth, neurodevelopment, and cerebral blood flow autoregu-

lation in fetuses with congenital heart disease.
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� Congenital brain abnormalities and abnormal neurologic findings in babies

with heart disease.

� Intraoperative cerebral monitoring during surgery for congenital heart

disease.

� Effects of surgical intervention on cerebral perfusion.

� Neurodevelopmental outcome after surgical repair of congenital heart

disease.

INTRAUTERINE FACTORS WHICH AFFECT DEVELOPMENT

Somatic Intrauterine Growth in Fetuses with Congenital
Heart Disease

The association of complex congenital heart disease with intrauterine growth retar-

dation is well established (2–13). The etiology of this finding is speculative,

although two theories have been proposed. First, fetuses with altered growth may

have an increased risk of developing cardiac abnormalities (6). Second, and perhaps

more likely, the altered circulation that occurs as a result of the specific structural

cardiac abnormality can lead to flow disturbances which may affect normal growth

(2–5). In 1972, the concept that intrauterine blood flow is altered in the presence

of congenital heart disease was introduced (2). In 1995, supporting biometric

data from a regional, population-based, case-controlled study that tracked infants

with congenital heart disease was published (5). Birth weights, lengths, and head

circumferences were compared between infants with specific congenital heart

defects and matched control subjects. The study demonstrated that infants with

transposition of the great arteries (TGA) had normal birth weights, but small head

circumferences relative to birth weight. Newborns with hypoplastic left heart

(HLH) syndrome had birth weights, lengths, and head circumferences that were

less than normal, and had head volumes that were disproportionately small relative

to birth weight. Finally, infants with tetralogy of Fallot had normal proportions,

but birth weights, lengths, and head circumferences that were less than normal.

The authors (5) theorized that the circulatory abnormalities created by the

anatomic cardiac defects likely caused the alterations in intrauterine growth and

neurodevelopment.

Blood Flow Characteristics in Normal and Compromised Fetuses

Fetal lamb studies (4) have shown that right ventricular output is twice left ven-

tricular output, and oxygen saturation of blood delivered to the cerebral circulation

is higher than that delivered to the body through the ductus arteriosus.

Deoxygenated blood from the superior vena cava is directed into the right ventricle,

across the ductus arteriosus, and to the placenta. The Eustachian valve and atrial

septum move together to direct deoxygenated blood from the hepatic inferior vena

cava into the right ventricle, and oxygenated blood from the ductus venosus across

the foramen ovale, through the left ventricle, to the aorta and cerebral circulation.

In the human fetus, the path the blood takes through the heart is identical.

Right ventricular output is greater than left, though the difference is not as sub-

stantial as in the fetal lamb (Figure 15-1(A)).

In 1979, Peeters (14) demonstrated in an animal model that there is a redis-

tribution of blood flow to the brain in fetuses with diminished arterial oxygen

content. Arbeille (15) also documented this occurrence in lambs and showed

that there is a relationship between fetal oxygenation and cerebral blood flow as

represented by Doppler waveform tracings. In the human fetus, cerebral Doppler
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ultrasound has demonstrated that many fetuses with intrauterine growth retarda-

tion have a change in the diastolic velocity profile suggesting increased flow to the

brain (17–23). This hemodynamic phenomenon, termed ‘‘brain sparing,’’ is repre-

sented by increased diastolic flow in the cerebral arteries and decreased diastolic

flow in the descending aorta and umbilical arteries.

Resistance and pulsatility indices can both be calculated from Doppler wave-

form tracings of the cerebral vessels obtained during imaging of the fetus. The

resistance index is defined as the systolic flow velocity minus the diastolic velocity

divided by the systolic velocity, and the pulsatility index is defined as the systolic

flow velocity minus the diastolic velocity divided by the mean velocity. These indi-

ces are considered to be representative of the resistance to flow distal to the point

of measurement. Cerebral resistance and pulsatility indices have been studied in

human fetuses without heart disease (17–23). In a study by Rizzo (19), of high-risk

women with hypertension and placental insufficiency, a fetal cerebral pulsatility

index more than standard deviations (SD) below the mean compared with

normal predicted poor neonatal neurologic outcome and post-asphyxia

encephalopathy with a sensitivity of 78%, a specificity of 87%, and an accuracy

of 90%. Mari (18) showed that the cerebral pulsatility index is parabolic through

gestation, suggesting a maximum cerebral vascular resistance at about 24 weeks’

gestation that decreased after about 26 weeks’ gestation. In his study of small-for-

gestational-age fetuses, an abnormally low cerebral pulsatility index was found

in 27%. Thirty-three percent of fetuses with an abnormal index died, compared

with only 12% of those with a normal index.

A B C

D E F
FIGURE 15–1 (A) Normal fetal blood flow; (B) Hypoplastic left heart (HLH) syndrome; (C) Left

ventricular outflow obstruction; (D) Transposition of the great arteries (TGA); (E) Tetralogy of Fallot;

(F) Hypoplastic right heart. Red arrows, oxygenated blood; blue arrows, deoxygenated blood.
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The cerebral:umbilical artery pulsatility ratio, a measure of blood flow distri-

bution between the brain and the lower body and placenta, has also been shown

to be abnormal in growth-retarded fetuses (17,20,22). This ratio is more predictive

of intrauterine growth restriction and poor outcome than either umbilical or cere-

bral artery pulsatility alone. Asymmetric growth retardation may be explained

on the basis of cerebral vasodilation secondary to autoregulation of cerebral

blood flow in fetuses with placental insufficiency, whereas in symmetrically

growth-restricted fetuses, growth failure is likely related to genetically or constitu-

tionally limited growth. In a study by Gramellini (17), a cerebral:umbilical

pulsatility ratio of <1.08 after 30 weeks’ gestation in high-risk pregnancies had

a diagnostic accuracy of 70% for growth retardation and a predictive value of 90%

for poor perinatal outcome.

The cerebral:umbilical resistance ratio also may be used to distinguish normal

and growth-retarded fetuses. Arbeille (16) showed in normal fetuses that, after

15 weeks’ gestation, both the cerebral and umbilical resistance decrease linearly,

but the cerebral resistance always remains higher than the umbilical resistance.

For the duration of pregnancy the normal cerebral:umbilical resistance ratio is

>1.0. In his study, 97% of normal fetuses had cerebral:umbilical ratios >1.0, and

88% of growth-retarded fetuses had ratios <1.0.

In the fetus, the ventricles function in parallel with two distinct shunt

pathways: the foramen ovale and ductus arteriosus. These connections equalize

pressures in the atria and in the great vessels. Differences between right and left

ventricular impedence can be explained by the aortic isthmus, which is the

narrowest segment of the arch located distal to the left subclavian artery and

proximal to ductus arteriosus insertion (4). Hemodynamically, the fetal aortic

isthmus is the bridge between the left ventricular and right ventricular outputs.

Normal isthmus blood flow is toward the descending aorta in diastole. Reversed

diastolic flow in the isthmus in the absence of congenital heart disease is likely

due to an altered cerebral:placental resistance ratio caused by placental disease

or a reflex dilation of the cerebral vasculature, or both, in response to hypoxia.

Doppler interrogation with reversed flow at the isthmus has been shown to be

a predictor of poor neurological outcome in high-risk fetuses without heart

disease (24–26).

Preferential perfusion to the vital organs, including the brain and heart,

appears to be a compensatory, protective mechanism that is maintained for only

a limited time, even in the presence of persistent hypoxia and associated acidemia.

Specific regions of the fetal brain may be more protected than others. Venous blood

gas measurement in growth-retarded fetuses with placental insufficiency and

increased umbilical resistance has documented that cerebral vasodilation is associ-

ated with both acidemia and hypoxemia (27–28). In a study by Dubiel et al. (29),

interrogation of the middle, anterior, and posterior cerebral arteries was obtained

in pregnancies complicated by maternal hypertension and placental dysfunction

to determine if different regions of the brain might be more affected than others.

Cerebral vasodilation was found in the anterior cerebral artery in 41%, in the

posterior cerebral artery in 30%, and in the middle cerebral artery in 24% of fetuses

evaluated. Decreased resistance in the anterior cerebral artery predicted poor peri-

natal outcome with the highest predictive value throughout gestation. It is plausible

that redistribution of blood flow toward the brain favors perfusion of the frontal

lobes. This enhanced autoregulatory response of the anterior cerebral arteries

likely benefits this region of the brain. The middle cerebral arteries, however,

have been found to be less reactive and to lose reactivity during longstanding

compromise. This may have clinical implications in fetuses with congenital heart

disease, for which it is likely that in utero hypoxia is present for the duration of the

pregnancy.

V
C

A
R
D

IO
LO

G
Y

278



Cerebral Blood Flow in Fetuses with Congenital Heart Disease

Alterations in the intracardiac circulation and fetal blood flow caused by specific

congenital heart defects presumably affect the distal extracardiac circulatory beds

of the developing fetus. Brain development is a function of oxygen and substrate

delivery, which are dependent on both the volume of blood flow and the oxygen

content. The question of how circulatory alterations in fetuses with congenital heart

disease affect cerebral oxygen delivery and perfusion has been investigated. In 2003,

Donofrio and colleagues (30) published the first multicenter, prospective study

that assessed cerebral blood flow in human fetuses with congenital heart disease.

Fetuses were imaged at four-week intervals and compared with normal control

subjects. Exclusion criteria included chromosomal or structural cerebral abnorm-

alities, hydrops fetalis, and sustained cardiac dysrhythmias. From middle cerebral

artery and umbilical artery Doppler waveforms, cerebral artery and umbilical artery

resistance indices, and the cerebral:umbilical resistance index ratio were calculated.

Head circumferences:fetal weight ratios were recorded. Fetuses were classified

as normal or abnormal depending on whether there was any cerebral:umbilical

resistance ratio that was abnormal (<1.0) during gestation.

Fetuses with heart disease were compared with normal subjects and then

analyzed after being divided into groups based on the characteristics of the specific

defects (Table 15–1).

Normal fetal circulation directs oxygenated blood to the brain and deoxyge-

nated blood to the placenta (see Figure 15-1 (A)). Fetuses with HLH syndrome

likely have increased resistance to cerebral flow as blood flows retrograde across a

hypoplastic aortic isthmus to reach the brain. Owing to intracardiac mixing, rela-

tively deoxygenated blood supplies the cerebral circulation (see Figure 15-1 (B)).

Fetuses with left ventricular outflow tract obstruction have varying degrees of resis-

tance to aortic flow, with minimal intracardiac mixing (see Figure 15-1 (C)).

Fetuses with TGA have venous blood from the cerebral circulation directed back

to the brain (see Figure 15-1 (D)). In fetuses with tetralogy of Fallot and hypoplastic

right heart (HRH) syndrome, relatively deoxygenated blood enters the cerebral

circulation owing to intracardiac mixing (see Figure 15-1 (E) and Figure 15-1 (F)).

Sixty-three studies in 36 heart disease fetuses, and 47 studies in 21 normal

fetuses were analyzed. Mean cerebral artery resistance was lower for fetuses with

heart disease compared with normal subjects. Mean umbilical artery resistance was

not different (Figure 15-2).

Mean cerebral:umbilical resistance ratios were lower in fetuses with heart

disease compared with normal subjects. When comparing individual groups,

mean cerebral:umbilical resistance ratios were lower for fetuses with HLH

syndrome compared with normal subjects. Fetuses with TGA had the second-

lowest mean ratios and trended toward being different from normal subjects

(Figure 15-3).

Table 15–1 Hypothesized Alterations in Circulatory Dynamics for Specific
Congenital Heart Defects Compared with Normal

Defect
Resistant to
cerebral flow

Oxygen content
of cerebral blood

No. of
ventricles

Hypoplastic left heart (HLH) syndrome "" # 1
Left ventricular outflow tract obstruction " Normal 2
Transposition of the great arteries Normal ## 2
Tetralogy of Fallot Normal # 2
Hypoplastic right heart (HRH) syndrome Normal # 1
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The percentage of fetuses in each group with at least one abnormal cerebra-

l:umbilical resistance ratio during gestation was different when comparing normal

and heart disease groups (5% in normal versus 44% in heart-disease fetuses). In this

analysis, fetuses with hypoplastic left and right heart syndrome had the highest

incidence of abnormal cerebral:umbilical resistance ratios (58% in HLH syndrome

and 60% in HRH syndrome). Fetuses with tetralogy of Fallot or TGA were less

affected (45% in tetralogy of Fallot and 25% in TGA), and no fetus with left

ventricular outflow tract obstruction had an abnormal resistance ratio. The cere-

bral:umbilical resistance ratio versus gestational age relationship was different

between normal and heart-disease fetuses. Plotting of the data revealed a more

quadratic effect in fetuses with heart disease. The resistance ratio nadir for heart

disease fetuses was at 24 weeks’ gestation (Figure 15-4 (A) and Figure 15-4 (B)).

Mean head circumference:fetal weight ratio trended toward being smaller when

comparing normal and heart-disease fetuses. Abnormal cerebral:umbilical resis-

tance ratios at fetal weights around 2 kg was associated with smaller head circum-

ferences in congenital heart disease fetuses.

In 2004, Kaltman (31) published a cross-sectional, prospective analysis of

fetuses with HLH syndrome and defects with left or right heart obstruction.

Fetuses with HLH syndrome (Group 1) were compared with fetuses with left-

sided obstructive lesions (Group 2), including aortic stenosis and arch abnormal-

ities, and fetuses with right-sided obstructive lesions (Group 3), including

pulmonary stenosis or atresia, tetralogy of Fallot, Ebstein’s anomaly, and tricuspid
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FIGURE 15–3 Cerebral:placental resistance ratios for normal and congenital heart disease

fetuses. For each subgroup, individual data points (diamonds) and mean cerebral:placental resis-

tance (CPR) ratios � standard deviation (SD) (squares) are plotted. �P is significant versus normal.

FIGURE 15–2 Abnormal cerebral artery Doppler flow in a fetus with congenital heart disease.

Note that cerebral diastolic flow is accentuated and the systolic:diastolic velocity ratio is lower in the

cerebral artery than in the umbilical artery.
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atresia. Cerebral and umbilical pulsatility indices were measured and comparisons

independent of gestational age were made by use of Z-scores generated from pub-

lished normative data. One hundred fourteen normal and 58 fetuses with congen-

ital heart disease (28 with HLH syndrome, 13 with left-sided obstruction, and

17 with right-sided obstruction) were evaluated. There was a significant difference

in cerebral pulsatility indices when comparing groups: the HLH syndrome group

(Group 1) had a lower mean index and the right-sided obstructive lesions

group (Group 2) had a higher mean index than normal. The left-sided obstruction

group (Group 3) was not different from normal. There was a difference noted

in the umbilical pulsatility indices when comparing groups: the right-sided obstruc-

tive lesions group (Group 3) had a higher mean index than normal. Neither of

the other heart disease groups (Groups 1 and 2) was different from normal.
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FIGURE 15–4 (A) Cerebral:placental resistance ratio versus gestational age for normal fetuses;

(B) Cerebral:placental resistance ratio versus gestational age for fetuses with congenital heart

disease. �P is significant in normal versus congenital heart disease subjects.
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Of note, the umbilical:cerebral pulsatility ratio was not different when comparing

groups (Figure 15-5).

The results of Donofrio et al. (30) and Kaltman and colleagues (31) dem-

onstrate that alterations in the intracardiac circulation caused by specific cardiac

defects result in changes in cerebral blood flow characteristics that can be docu-

mented by Doppler ultrasound. In the study by Donofrio et al. (30), fetuses with

HLH and HRH syndromes were the most affected. These defects both have a

single ventricular chamber, with intracardiac mixing of blood, and thus lower

oxygen content in the blood that is delivered to the brain. The relative cerebral

hypoxemia may have stimulated a decrease in cerebral vascular resistance which,

in the presence of an unchanged placental resistance, resulted in cerebral vasodi-

lation and abnormal cerebral:umbilical resistance ratios. It has been shown that

the fetal myocardium delivers less active tension, generates a lower maximum

force of contraction, and responds less to increased preload than mature myo-

cardium (32). The single ventricular chamber may not be able to increase com-

bined ventricular output enough to compensate for the cerebral hypoxemia

caused by intracardiac mixing of blood. This may lead to abnormal brain devel-

opment despite cerebral autoregulation. In HLH syndrome, cerebral perfusion is

also likely limited by the increased resistance caused by the hypoplastic aortic

isthmus. Since the cerebral circulation is supplied retrograde, the isthmus may

restrict the amount of blood that can be delivered to the brain, despite the

protective autoregulatory mechanism of the cerebral vascular bed. This may con-

tribute to the higher incidence of neurodevelopmental abnormalities found in

these children. In contrast, fetuses with TGA and tetralogy of Fallot were less

affected than those with single ventricles. In these defects there is intracardiac

mixing of blood in the presence of two ventricles with no obstruction to ante-

grade cerebral flow. These hearts may be able to compensate for the cerebral

hypoxemia by increasing combined ventricular output. Of note, fetuses with

left ventricular outflow tract obstruction were not affected. These fetuses likely

have cerebral blood with near-normal oxygen content, and it may be that as long

as there is some critical volume of oxygenated blood delivered antegrade into the

aorta, the cerebral circulation is not compromised. Kaltman et al. (31) had similar

results in a group of fetuses with left heart obstruction. Both of these studies

support the concept that the presence of antegrade aortic flow is important for

adequate cerebral perfusion.

In the study by Kaltman and colleagues (31), cerebral pulsatility was dec-

reased in fetuses with HLH syndrome but increased in fetuses with right-sided

UA MCA UA/MCA
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*

FIGURE 15–5 Cerebral artery pulsatility indices, umbilical artery pulsatility indices, and umbilical:

cerebral pulsatility ratio Z scores for normal (NL) fetuses, fetuses with HLH syndrome, left-sided

obstruction (LSOL), and right-sided obstruction (RSOL). �P is significant versus normal. Adapted from

Kaltman JR, Di H, Tian Z, Rychik J. Impact of congenital heart disease on cerebrovascular blood flow

dynamics in the fetus. Ultrasound Obstet Gynecol 2005;25:32–36.
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obstructed flow. It is possible that cerebral resistance is increased in these defects

because antegrade flow from the aorta is unobstructed and perhaps increased

from normal. The increase in cerebral resistance may be attributed to cerebral

autoregulation to limit excessive flow. This finding contradicts the results of

Donofrio et al. (30); however, in the study by Kaltman et al. (31), fetuses with

right-sided obstruction included those with tetralogy of Fallot, which were ana-

lyzed separately by Donofrio and colleagues (30). The fetuses of Kaltman et al.

(31) had an increased umbilical resistance that was not found in the Donofrio

et al. (30) study. The true prevalence of altered placental flow in fetuses with

congenital heart disease is not known. In a study by Meise (33), umbilical resis-

tance was abnormal in some fetuses with heart disease. No difference was found

in cerebral resistance when comparing normal fetuses with those with congenital

heart disease. Of note, Meise (33) did not separate defects into physiologic

subtypes for analysis. Ultimately, what is of utmost importance is to quantitate

how much blood, oxygen, and substrate actually reaches the brain in fetuses with

congenital heart disease which have evidence of cerebral vasodilation on Doppler

ultrasound. Multiple factors, including cardiac output, oxygen content, and

hemoglobin content, are all critical factors that will affect the oxygen and sub-

strate delivery to the brain in addition to the relative resistances of the distal

vascular beds.

Brain development may enter a critical period at approximately 24 to 26 weeks’

gestation. Rudolph (4) showed that, in normal lamb fetuses, blood flow to the brain

begins to increase at 0.65 gestational age, which correlates to a human gestational

age of 26 weeks. Mari (18) showed that cerebral pulsatility decreases in normal

fetuses after 24 weeks, indicating increased flow to the brain. From 20 to 24 weeks’

gestation, neuronal proliferation and migration occur, and by 24 weeks’ gestation

the human cerebral cortex has its full complement of neurons. After neuronal

migration, the major gyri form between 24 and 28 weeks’ gestation, with the

most rapid increase occurring at about 26 weeks (34). Normal gyral development

is essential for normal neurodevelopment. The data on cerebral:umbilical resistance

ratios in the study by Donofrio et al. (30) is consistent with this critical time. It may

be that autoregulation of cerebral blood flow occurs during a time of brain devel-

opment when increased perfusion is needed the most to compensate for cerebral

hypoxemia.

From the studies of Donofrio and colleagues (30) and Kaltman et al. (31) it

has been demonstrated that alterations in the intracardiac circulation caused by

congenital heart disease affect the distal circulatory beds in the fetus.

Additionally, abnormalities in blood flow created by specific cardiac defects

result in a greater incidence of autoregulation of cerebral blood flow during

what may be a critical time in development. Overall, fetuses with HLH syn-

drome had the most perturbation of flow suggesting that they have the greatest

need for ‘‘brain sparing.’’ These findings, coupled with the finding that fetuses

with heart disease and altered cerebral blood flow had smaller head circumfer-

ences, suggest that neurodevelopmental abnormalities found in babies with con-

genital heart disease may not be exclusively caused by surgical sequelae, but,

rather, by inadequate fetal cerebral oxygen delivery, even in the presence of

autoregulation. Further investigation is required to answer questions about resis-

tance as well as absolute flow in specific regions of the brain. There is now

evidence that ‘‘brain sparing’’ does occur in fetuses with congenital heart disease.

What needs to be investigated is whether there is a correlation between altera-

tions in fetal circulatory dynamics and postnatal neurodevelopmental outcome.

At a minimum, the prospective identification of infants at risk for impairment

may facilitate the institution of early intervention strategies to improve the

prognosis for these children.
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PREOPERATIVE NEUROLOGICAL ABNORMALITIES IN BABIES
WITH CONGENITAL HEART DISEASE

Genetic Syndromes in Babies with Congenital Heart Disease

Genetic syndromes that have associated neurological abnormalities are present in

many children with congenital heart disease (35). All infants with trisomy 21 have

neurodevelopmental abnormalities. The incidence of congenital heart disease in this

population is approximately 40%, with the most common being defects of the

endocardial cushion and ventricular septum. DiGeorge syndrome and velocardio-

facial syndrome, both caused by a microdeletion on chromosome 22, are also as-

sociated with significant neurodevelopmental abnormalities. The most common

defects in this population are the conotruncal defects, including interrupted

aortic arch and truncus arteriosus. In girls, Turner syndrome, due to absence of

an X chromosome, is associated with mildly decreased intelligence quotient (IQ)

scores. The defects most often found in this group include abnormalities of the

aortic valve and coarctation. Finally, in Williams’ syndrome, which is due to a

chromosome mutation on 7q11, neurodevelopmental abnormalities are common.

The most common defects found in this group are supravalvar aortic stenosis and

peripheral pulmonary branch stenosis.

Congenital Structural Brain Abnormalities in Babies with
Congenital Heart Disease

Several studies have demonstrated congenital structural brain abnormalities in

infants with heart disease (36–40). At autopsy, multiple congenital brain anomalies

were found in a significant proportion of babies with HLH syndrome (36), includ-

ing marked microcephaly (brain weight more than two standard deviations (SD)

below the normal mean) in 27%, abnormal cortical mantle formation in 27%, and

overt central nervous system malformations such as agenesis of the corpus callosum

or holoprosencephaly in 10%. The absence of dysmorphic features did not preclude

the presence of central nervous system malformations and, conversely, the presence

of dysmorphic features did not reliably predict the presence of a brain abnormality

in this study. Ocular abnormalities were also found. An ultrasound study by Van

Houten and colleagues (37) revealed abnormalities in 59% of babies with congenital

heart disease versus 14% in control subjects. Cerebral atrophy and linear echoden-

sities in the basal ganglia and thalamus were the most common findings. In con-

trast, Mahle et al. (38), utilizing magnetic resonance imaging (MRI), found the only

brain anomaly believed to be congenital in origin was an open operculum, which

was present in 17%. In a study by Licht et al. (39), also using MRI, microcephaly

was found in 24% of babies with severe congenital heart disease. Delayed closure

of the opercula occurred in 16%. Finally, in a study by Limperopoulos and collea-

gues (40), preoperative evaluation of babies with congenital heart disease, excluding

HLH syndrome, revealed microcephaly in 36% and macrocephaly in 13% of the

babies evaluated.

Functional Neurological Abnormalities in Babies with Congenital
Heart Disease

Limperopoulos et al. (40) performed a prospective study to evaluate the neurolog-

ical and neurobehavioral status of babies with complex congenital heart disease.

Fifty-six babies were evaluated before surgical intervention. Neurobehavioral and

neurological abnormalities were found preoperatively in >50% and seizures were

present in 5%. These abnormalities were independent of hemodynamic instability.

Of note, babies with HLH syndrome were excluded. In another study,
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Limperoupoulos and colleagues (41) performed preoperative neurologic examina-

tions and electro encephalography (EEG) in 60 infants with congenital heart dis-

ease. Prior to surgery, 19% of the infants had epileptiform activity and 33% had

disturbances in background activity that were moderate or diffuse. Newborns had

greater abnormalities than older infants. Epileptiform activity on EEG was signifi-

cantly associated with an abnormal neurologic examination. This association

persisted postoperatively in 86%. Severe background abnormalities were predictive

of death in all cases. In another study of infants with HLH syndrome, 38% had

an abnormal neurologic examination or seizures prior to surgery (42).

In 1979 (43) a neurobehavioral assessment protocol, which incorporated items

from Prechtl’s (44) classical neurological approach and Brazelton’s (45) neonatal

behavioral assessment, was developed and used successfully to predict the neuro-

developmental outcome of newborns discharged from the neonatal intensive care

unit (46–47). In newborns who tested abnormal, lower IQ and learning disabilities

were found upon reevaluation at three and five years of age. In babies with con-

genital heart disease (48), this test was found to be a reliable assessment of neuro-

logical status. Limperopoulos and colleagues (49) utilized this test to evaluate

56 newborns (<1 month of age) and 75 infants (age one month to two years)

with congenital heart disease before and after surgical intervention. Before surgery,

neurologic and neurodevelopmental abnormalities were observed in >50% of new-

borns and approximately 40% of infants studied. Abnormalities in newborns

included hypotonia, hypertonia, jitteriness, motor asymmetry, and absent suck.

Sixty-two percent had poor behavioral state of consciousness regulation, 34% feed-

ing difficulties, and 5% seizures. In infants, abnormalities included hypotonia, head

preference, lethargy, restlessness and agitation, motor asymmetry, and feeding

difficulties. Autistic features were also found. Microcephaly was present in 25%.

Newborns with acyanotic lesions were more likely to demonstrate abnormalities

than those with cyanotic defects. In contrast, cyanotic infants with an oxygen

saturation <85% had a higher incidence of abnormalities. Diagnoses included

TGA, tetralogy of Fallot, coarctation of the aorta, interrupted aortic arch, ventric-

ular septal defect, atrial septal defect, univentricular heart, aortic stenosis, double

outlet right ventricle, pulmonary atresia, endocardial cushion defect, truncus arter-

iosus, total anomalous pulmonary venous return, anomalous origin of the left

coronary artery, and cor triatriatum. Premature infants with central nervous

system abnormalities, an identifiable syndrome, or both, were excluded.

Preoperative Brain Injury from Hemodynamic Compromise

Injury attributable to hemodynamic compromise with or without hypoxia can

occur in infants with congenital heart disease. There have been several studies

that have revealed the presence of hypoxic ischemic injury before surgical interven-

tion. In an autopsy study, Glauser et al. (42) found that 45% of babies with HLH

symdrome, half of whom did not undergo surgery, had hypoxic ischemic lesions or

intracranial hemorrhage, or both. Hypoxic ischemic injury included cerebral necro-

sis, periventricular leukomalacia, and brainstem necrosis. Cerebral necrosis was

associated with clinical hypoxia, hypotension (in particular diastolic), hyperglyce-

mia, and surgery. Babies with periventricular leukomalacia had significant exposure

to hypoxia and hypoglycemia. Licht and colleagues (39) used MRI to evaluate

preoperative cerebral blood flow in babies with severe congenital heart disease

and found periventricular leukomalacia in 28%. Periventricular leukomalacia was

associated with decreased baseline cerebral blood flow, and decreased reactivity of

cerebral blood flow with induced hypercarbia suggesting that injury was due in part

to an abnormality of the cerebral vascular bed in these patients. Mahle et al. (38)

also documented brain lesions preoperatively by MRI in 24 neonates with complex
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congenital heart disease. Periventricular leukomalacia was found in 16% and

infarcts in 8%. An elevation in brain lactate, as identified by MRI spectroscopy,

was found in >50%.

The glial-derived protein S100B is believed to be a marker for cerebral ische-

mia. In adults, elevation in the protein after cardiac surgery, in particular during

hypothermic circulatory arrest, correlates with cerebral damage and neurobehav-

ioral outcome (50). Normal neonatal S100B levels have been found to be approx-

imately 10 times greater than levels found in adults (51). In this study, neonates

with congenital heart disease had baseline S100B levels before surgery that were very

similar to the neonatal control subjects. Postoperative levels rose the highest in

babies who had circulatory arrest for repair of TGA. In another study, S100B

levels were found to be elevated in infants with congenital heart disease (52).

Levels decreased by 24 hours after repair or palliation. Infants with increased

pulmonary blood flow as compared with those with cyanosis had higher S100B

levels. Infants with HLH syndrome had the highest levels before surgery, and

the S100B concentration correlated inversely with the size of the ascending aorta.

This finding suggests that the amount of antegrade flow in the aorta in fetuses

and infants with HLH syndrome may affect the cerebral perfusion preoperatively.

INTRAOPERATIVE FACTORS WHICH AFFECT
NEUROBEHAVIORAL DEVELOPMENT AFTER CONGENITAL
HEART SURGERY

Monitoring Techniques

Monitoring the perioperative neurological status of newborns, infants, and children

with congenital heart disease is often difficult because of hemodynamic instability,

sedation, and pharmacological paralysis. There are several options for assessing

neurological status which may be used effectively, even in critically ill newborns.

Cerebral abnormalities or ongoing neurological injury, or both, may be demon-

strated by modalities including bedside cerebral ultrasound and conventional

20-lead EEG recordings. The use of near-infrared spectroscopy (NIRS) to monitor

cerebral tissue oxygenation is a technique that has been shown to be predictive

of many pathological conditions such as apnea, cyanosis, sudden infant death

syndrome, bradycardia, hypotension, silent cerebral hypoxia, asphyxia, and seizure

activity (53–58). NIRS monitoring measures cerebral autoregulation using CO2

cerebrovascular reactivity based on the changes of hemoglobin oxygen content

and total hemoglobin. Cerebrovascular reactivity has been shown to correlate

acutely with neurological status, and with subsequent clinical outcomes. Studies

have shown that NIRS is sensitive to neuronal activation in response to sensori-

motor, visual, and auditory stimulation, and to cognitive tasks, which demonstrates

its usefulness in brain functional activation testing. A fundamental limitation of

NIRS technology has been the lack of real-time monitoring of cerebral oxygenation

in the intensive care unit (ICU) and operating room. In the absence of the known

path-length of the infrared beam, only cerebral oxygenation relative to baseline

can be determined. Recent developments, including analysis over three different

path-lengths simultaneously, have addressed this limitation with the ability to make

online calculations of a ‘‘tissue oxygen index’’ (TOI). Animal investigations

have documented that TOI is a useful predictor of neurological injury and may

be used to guide management in real time to improve cerebral oxygenation (59,60).

In a study of 36 piglets, Sakamoto (60) evaluated continuous TOI during circula-

tory arrest under varying conditions of temperature (158C or 258C), hematocrit

(20% or 30%), and arrest time (60, 80, or 100 minutes). Neurologic recovery

was evaluated by a neurological deficit and overall performance score, and brain
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histology was evaluated four days after intervention by autopsy. TOI declined to

a nadir during circulatory arrest, and the time to nadir was shorter with low he-

matocrit and higher temperature. Time from nadir to reperfusion was related to

brain abnormalities found both histologically and on neurological examination.

All animals for which TOI nadir was <25 min were free of abnormalities.

A short nadir time likely limits the duration of anaerobic metabolism in the

brain during circulatory arrest and minimizes the severity of brain injury. This

study suggests that monitoring TOI during bypass and circulatory arrest, and

efforts to minimize the duration of the nadir for brain oxygenation, may improve

neurologic outcome in patients undergoing heart surgery.

NIRS monitoring, in conjunction with transcranial Doppler of the middle

cerebral artery and EEG monitoring, has been used intraoperatively in adults

undergoing cardiopulmonary bypass (61–63). In children, its usefulness has also

been reported. Edmonds et al. (63) report that the cerebral regional oxygenation

saturation (rSO2) as measured by NIRS reflects balance between cerebral oxygen

supply and demand in a mixed vascular bed dominated by gas exchange vessels,

especially the venules. It is affected by brain CO2, hemoglobin, volume status, and

vessel autoregulation of flow. Higher levels of CO2, hemoglobin, and volume

improve rSO2 in the operating room. Hypothermia has been shown to decrease

the autoregulation of blood flow in the brain during hypotension. These factors are

important to consider during cardiopulmonary bypass and hypothermic circulatory

arrest. Austin and colleagues (64) and Andropoulos et al. (65) both describe the

usefulness of intraoperative NIRS monitoring used in combination with transcra-

nial Doppler and EEG in pediatric patients. Austin et al. (64) found important

changes in brain perfusion or metabolism in 70% of 250 children in whom mon-

itoring was used. An interventional algorithm was used to identify and correct
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FIGURE 15–6 Operative intervention algorithm for near-infrared spectroscopy (NIRS), transcra-

nial Doppler of the cerebral artery (TCD), and EEG. Adapted from the guidelines of Austin EH,

Edmonds HL, Auden SM, et al. Benefit of neurophysiologic monitoring for pediatric cardiac surgery. J

Thorac Cardiovasc Surg 1997;114:707–717.
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abnormalities in cerebral blood flow, which included intervention for decreased

cerebral perfusion, decreased oxygenation, and decreased sedation (Figure 15-6).

Medical interventions that changed patient management were found to be appro-

priate in 74% of patients with abnormalities first identified with monitoring.

Abnormal neurological findings including seizures, and motor, vision, and speech

deficits were significantly higher in patients in which no intervention was taken.

Abnormalities were present in seven percent of patients with normal monitored

parameters, in six percent of patients in whom alterations in monitored parameters

initiated an intervention, and in 26% of patients in whom no intervention was

undertaken. This study (64) suggests that use of neurophysiologic monitoring with

intervention to correct noted abnormalities decreases the incidence of postoperative

neurological sequelae. These techniques need further evaluation in pediatric

patients to confirm their usefulness intraoperatively for the repair of congenital

heart disease.

Intraoperative Factors that Impact Outcome in Babies with
Congenital Heart Disease

The group at Boston Children’s Hospital has demonstrated, in three prospective

randomized clinical trials (66–68), that manipulation of intraoperative factors such

as pH strategy, hematocrit, circulatory arrest times, and utilization of low flow

bypass can improve neurodevelopmental outcomes in neonates undergoing

complex cardiac surgery.

Acid-base strategies

Traditional management of intraoperative acid-base balance during circulatory

arrest in the 1960s and 1970s used the pH stat model. Blood gas analysis at 378C
was corrected to the patient’s temperature during cooling, using a nomogram, and

CO2 was added to the oxygenator to ensure that the temperature-corrected arterial

pH remained at 7.4. Blood gas analysis using this method results in a significant

respiratory acidosis at 378C. The use of this method originated from two theories.

First, it was suggested that the leftward shift of the oxyhemoglobin dissociation

curve during hypothermia, which results in an increased affinity of hemoglobin for

oxygen, would be reversed by the addition of CO2, which then increases tissue

oxygen availability. Second, CO2 was thought to be beneficial by increasing cerebral

blood flow selectively through cerebral vasodilation.

In the 1970s, research on ectotherms led to the adoption of a different strategy.

Ectotherms are animals whose body temperature closely follows ambient tempera-

ture. As their temperature falls, their intracellular and extracellular pH increases in

parallel with the rise in the neutral pH of water. The neutral pH of blood maintains

its alkalinity relative to intracellular pH so that there is a constant hydrogen ion

concentration gradient established during all temperatures. The pH changes permit

these animals to maintain a constant ratio of hydroxyl to hydrogen ions across

temperatures by maintaining a constant CO2 at a pH in blood of 7.4 and a normal

body temperature of 378C. The blood is mostly buffered by the imidazole group

that is part of the amino acid histidine. The alpha ratio which is the ratio of

dissociated:nondissociated imidazole groups remains constant with this strategy,

and hence the term ‘‘alpha stat’’ method of acid-base buffering. The alpha stat

method was introduced because it preserves cerebral autoregulation at low tem-

peratures during cardiopulmonary bypass, whereas the pH stat method had been

shown to result in a loss of cerebral autoregulation thus making cerebral perfusion

dependent on pressure, and, in conditions using full-flow bypass, excessive flow

could result in a higher incidence of microemboli (69). du Plessis et al. (66) con-

ducted the first systematic evaluation of acid-base management in infants.
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One hundred eighty-two infants were randomized to undergo surgery with either

the alpha stat or pH stat strategy. Diagnoses included TGA, tetralogy of Fallot,

ventricular septal defect, truncus arteriosus, endocardial cushion defect, and total

anomalous pulmonary venous return. Overall surgical mortality was two percent,

all in the alpha stat group, with no mortality in the pH stat group. Postoperative

seizures occurred in nine percent of the alpha stat group compared with two

percent of the pH stat group. A subgroup analysis of infants with TGA showed

that those randomized to pH stat had less frequent postoperative acidosis and

hypotension, and shorter durations of mechanical ventilation and ICU stays

which were statistically different from the alpha stat group. In addition, in the

subgroup of babies with TGA and tetralogy of Fallot (70) there was a trend

toward worse developmental scores at one year of age, with the alpha stat

method, which did not reach statistical significance. In a study by Wong

and colleagues (71), infants with congenital heart disease at risk for cerebral

steal were found to be at particular risk of serious neurologic injury with

the alpha stat strategy. A high incidence of choreoathetosis was encountered in

babies with pulmonary atresia and multiple aortopulmonary collaterals when

this bypass strategy was introduced (71). These results suggest that pH stat

may be superior to alpha stat for repair of congenital heart disease requiring

hypothermia.

Hemodilution during bypass

Another intraoperative variable is the hematocrit maintained on bypass. Many

surgeons believe that a low hematocrit is preferable during hypothermia, to

decrease viscosity and improve blood flow through the cerebral microcirculation.

Others argue that a higher hematocrit yields improved oxygen delivery, which

outweighs the rheologic concerns. To evaluate this question, Jonas et al. (68) con-

ducted a randomized trial of hematocrit manipulation in 147 babies during repair

of congenital heart disease using hypothermic cardiopulmonary bypass. Infants

were randomized to an intraoperative hematocrit of 20% or 30% during bypass.

There was a statistically significant difference between the groups in the primary

perioperative endpoint, nadir of cardiac index 24 hours after surgery, and the

neurocognitive endpoint, the Psychomotor Developmental Index (PDI) and

Mental Development Index (MDI) of the Bayley scale measured at one year of

age. The lower hematocrit group had significantly lower nadirs of cardiac index

and worse scores on the PDI, but similar scores on the MDI. PDI scores were at

least two SD below the population mean in 29% of those in the lower hematocrit

group compared with nine percent of those in the higher hematocrit group.

This study suggests that maintaining a higher hematocrit is superior in repairs

requiring hypothermic cardiopulmonary bypass, probably because hemodilution

results in decreased cerebral perfusion pressure, increased risk of microembolism

from increased cerebral blood flow, and decreased oxygen-carrying capacity of

blood perfusing the brain.

Circulatory arrest versus low-flow bypass

The Boston Circulatory Arrest Trial (BCAT), conducted from 1988 to 1992, was

initiated to evaluate circulatory arrest and low-flow bypass. A homogeneous group

of 171 patients undergoing repair of TGA was enrolled and randomized to be

repaired using either total circulatory arrest or low-flow bypass. Newburger and

colleagues (67) reported the initial results. Of note is that during the study the alpha

stat strategy, hemodilution to 20% hematocrit, and currently outmoded hardware

for bypass were utilized. The circulatory arrest group had a statistically higher

incidence of clinical seizures (11% versus 0%), a tendency to a higher risk of

ictal activity on EEG monitoring 48 hours after surgery (28% versus 12%),
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a significantly longer recovery time to the first reappearance of normal EEG activity,

and a statistically greater release of brain isoenzymes immediately after surgery.

The duration of circulatory arrest also was associated with worse outcome.

Definite seizures were strongly statistically associated with a longer period of cir-

culatory arrest in a logistic-regression model in which the time in minutes of arrest

and the diagnosis (intact ventricular septum versus ventricular septal defect) were

used as predictors. All infants with an arrest time >35 min had clinical seizures.

Abnormalities found during the neurologic examination at discharge were not

related to the support method used. In the combined group, 20% had an abnormal

neurologic examination with the most common finding being hypotonia. Specific

findings of focal or lateralized abnormalities were present in 10% and discrepancies

in ability to control extensor posture were found in 16%. The perioperative results

of this study suggested that low-flow bypass should be used instead of circulatory

arrest with alpha stat and low hematocrit hemodilution when possible. Limiting

circulatory arrest periods to <30 min is ideal for brain protection.

The cohort of infants enrolled in the BCAT has been followed longitudinally

and assessed at one, four, and eight years postsurgery. Developmental outcome, as

measured by the Bayley scales of infant development at one year, and IQ testing,

as assessed by the Wechsler test at four and eight years, have been reported by

Bellinger et al. (70), Wang et al. (71), and Bellinger et al. (72). Neurodevelopmental

outcome at one year of age differed when comparing deep hypothermic circulatory

arrest and low-flow bypass. The PDI was significantly lower in the circulatory arrest

group than in the low-flow group (27% versus 12% scoring <80) and was inversely

correlated with the duration of circulatory arrest. The risk of neurologic abnorm-

alities significantly increased with the duration of circulatory arrest as calculated by

logistic regression. The MDI trended toward being lower in the circulatory arrest

group; however, it did not reach statistical significance. The method of support was

not associated with brain abnormalities on MRI scan. Seizures postoperatively were

associated with abnormalities on MRI and lower psychomotor testing scores.

By four years of age IQ scores and neurologic status were not associated with the

method of support; however, the circulatory arrest group did score significantly

lower on some subtests of motor function and had more severe speech abnormal-

ities. Perioperative seizures were associated with lower mean IQ and an increased

risk of neurologic abnormalities. At eight years of age the group as a whole was

closer to normal compared with the population mean. Deficits were found in

visual-spatial and visual-memory skills as well in executive functioning skills

such as attention, language, memory, hypothesis generation, and coordination

skills to perform complex operations. Interestingly, the low-flow bypass group

had more behavioral difficulties and the circulatory arrest group more motor

and speech deficits. This unique longitudinal study demonstrates that multiple

factors influence neurodevelopmental outcome, and that abnormalities may

change over time. These data support minimizing the use of circulatory arrest in

favor of low-flow bypass where possible.

Two other studies have suggested a direct relationship between the duration

of circulatory arrest and developmental testing scores. Wells and colleagues (75)

compared 31 patients who underwent heart surgery, with hypothermic circulatory

arrest, with their siblings. Patients were evaluated with the McCarthy scale.

The study suggests that each additional minute of circulatory arrest was associated

with a decrease of 0.53 points on developmental testing. In a similar evaluation

of 114 patients, Oates et al. (76) found a decrease of three to four IQ points for each

additional 10 minutes of circulatory arrest.

These studies demonstrate that neurodevelopmental outcome in infants and

children with complex congenital heart disease is influenced by intraoperative

factors which include the method of bypass, pH management strategy, and
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hematocrit (66–68). These data are encouraging because these factors can all be

controlled so that neurologic outcome may be optimized for these high-risk patients.

NEURODEVELOPMENTAL OUTCOME AFTER SURGICAL
REPAIR OF CONGENITAL HEART DISEASE

Between 10% and 30% of infants with congenital heart disease are found to have

significant neurological abnormalities following cardiac surgery (77). Neurological

sequelae that have been reported include cognitive deficits, seizures, choreoatheto-

sis, spastic quadriparesis, bilateral motor deficits, and hemiparesis (77–81). Miller

et al. (79) performed postoperative neurologic examinations in 91 infants who had

undergone heart surgery and found 15% had clinical seizures, 34% had hypotonia,

7% had hypertonia, 5% had asymmetry of tone, and 19% had decreased alertness

at hospital discharge. Limperopoulos and colleagues (49) prospectively studied 131

infants with congenital heart disease, excluding HLH syndrome. Preoperative

abnormalities were found in >50% of infants. Postsurgical evaluation in 98 chil-

dren at one to three years of age revealed gross and fine motor abnormalities in

42%. Mild to moderate deficits were noted in >50% of infants evaluated.

Neurodevelopmental Outcomes in Children with Transposition
of the Great Arteries

The most extensively studied group of children with heart disease is the cohort

enrolled in the BCAT (72–74). The details of this study, relating to the method

of bypass, have been discussed; however, in analyzing the children with TGA as a

whole, the group was found to have significant neurologic and neurodevelopmental

abnormalities. Abnormalities in academic achievement, fine motor, visual-spatial,

and higher language skills, memory, hypothesis generating, and sustaining attention

were present in a significant number of children. Full-scale IQ scores were similar

to the population mean (97 versus 100); mean performance IQ scores were

significantly lower than mean verbal IQ scores (95 versus 100).

Neurodevelopmental Outcomes in Children with
Single Ventricles

Children with a single functioning ventricle who undergo a series of palliative

surgical procedures culminating in the Fontan operation are at the highest risk

of developmental compromise. In addition to being at risk for cerebral hypoxia

and hypoperfusion in fetal life, postnatally they may also have hemodynamic com-

promise with hypotension, chronic hypoxia, failure to thrive, and thromboembolic

events. In addition, multiple operations involving bypass and circulatory arrest are

often necessary. Children with HLH syndrome are at particular risk for neurode-

velopmental abnormalities, in part because the repair involves a period of hypo-

thermic circulatory arrest that in the past has been longer than 30 to 40 min. There

have been several studies reporting neurodevelopmental outcomes in these patients.

Wernovsky et al. (82) evaluated 133 patients who had a Fontan operation between

the years 1972 and 1991, and the mean full-scale IQ of 96 was lower than the

population mean. Mental retardation was found in eight percent. Children

with HLH syndrome scored lower on all parameters when compared with children

with other single-ventricle lesions. Mahle and colleagues (83) reported results

for the period between 1984 and 1991. In 28 children the median full-scale

IQ was 86, lower than the general population mean. Performance IQ was lower

than verbal (83 versus 90). Full-scale IQ scores in the mental retardation range

were found in 18%. Neurologic evaluation in 23 children revealed that only
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perioperative seizures predicted lower full-scale IQ. Cerebral palsy with hemiparesis

was documented in 17%, microcephaly in 13%, fine motor abnormalities in 48%,

gross motor abnormalities in 39%, and speech deficits in 30%. Goldberg et al. (84)

reported IQ scores reflecting outcomes for HLH syndrome between 1989 and 1994.

Children with HLH syndrome fell within the normal range for full-scale IQ, as

measured by the Weschler test, but scored lower than children with other single-

ventricle lesions. For the whole group IQ was 101, for HLH syndrome 94, and for

other single-ventricle lesions 107. Socioeconomic status, circulatory arrest, and

perioperative seizures were each significantly predictive of neurodevelopmental

outcome in bivariate analyses.

Table 15–2 lists multiple studies evaluating neurodevelopmental status in

selected heart defects over a wide time period. Difficulties arise in interpreting

the data given that most reports are limited by factors including the era in which

the surgery was performed, the heterogeneity of the group evaluated, how the group

was identified, the variability of the surgeon, institution, and surgical techniques

utilized, and the differences and limitations of the developmental testing tools

administered. In general, full-scale IQ scores in the modern era have been found

to be within the normal population range for most defects; however, behavioral

problems, attention disorders, visual-spatial and visual-motor integration abnorm-

alities, deficient language skills, and executive function impairment are often com-

promised. Certainly, the conduct of the operation, including the method of bypass,

duration of circulatory arrest, hematocrit, pH, and temperature, have all been

shown to affect outcome, and therefore delineating the optimal conditions for

cerebral protection continues to be an important area for research.

SUMMARY

Advances in medicine, including prenatal diagnosis, improvements in preoperative,

intraoperative, and postoperative monitoring and management, and innovations in

Table 15–2 Summary of IQ Scores in Children with Congenital Heart Disease

Diagnosis Full-scale IQ Surgical era Reference

TGA 92� 12 1967–1984 Hesz and Clark (85)
TGA 102� 15 1968–1972 Newburger et al. (86)
TGA 100� 17 1972–1982 Oates et al. (76)
TGA 99� 14 1986–1992 Hovels-Gurich et al. (87)
TGA 93� 17 1988–1992 Bellinger et al. (73)
Tetralogy of Fallot 100� 17 1972–1982 Oates et al. (76)
Ventral septal defect 102� 12 1972–1982 Oates et al. (76)
Single ventricle 96� 17 1972–1981 Wernovsky et al. (82)
Single ventricle 98� 12 1986–1994 Uzark et al. (88)

99 (excluding HLH syndrome)
Single ventricle 101� 5 1991–1997 Goldberg et al. (84)

107�7 (excluding HLH syndrome)
HLH syndrome 70 1972–1981 Wernovsky et al. (82)
HLH syndrome 86 median 1984 –1991 Mahle et al. (83)
HLH syndrome 88 1986–1994 Uzark et al. (88)
HLH syndrome 88 median 1990–1996 Kern et al. (89)
HLH syndrome 94� 7 1991–1997 Goldberg et al. (84)
CHD/circ. arrest 91� 4 1972 –1976 Wells et al. (75)
CHD/bypass 102� 5 1972–1976 Wells et al. (75)
CHD/BiV repair 97� 16 1993–1998 Forbes et al. (90)
CHD 97� 16 1998–2001 Forbes et al. (91)

98� 15 BiV repair
90� 16 SV

CHD, congenital heart disease; BiV, biventricular repair; HLH syndrome, hypoplastic left heart syndrome;
TGA, transposition of the great arteries.
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cardiothoracic surgical techniques, have contributed to the increased survival of

infants with congenital heart disease. Greater attention is now being directed

toward understanding how in utero hemodynamics affect cerebral development,

how the conduct of the operation can best be manipulated to maximize cerebral

oxygen delivery and utilization, and how pre- and postoperative care can be opti-

mized to protect the delicate cerebral circulation and metabolism.

Neurodevelopmental evaluation in these high-risk children should be standard

practice to identify those in need so that appropriate intervention can be initiated

for the best long-term outcome.
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OBSTETRIC MANAGEMENT OF FETUSES WITH CONGENITAL
HEART DISEASE

Cardiac defects are among the most common and most significant of all congenital

anomalies. The prevalence of congenital heart disease is reported to be about five

per 1000 to eight per 1000 of live newborns (1). Only half of these defects are

considered to be major but they account for 30% of infant deaths and 50% of

childhood deaths related to congenital malformations (2). As a result, screening

for congenital heart disease is an important aspect of prenatal care. Routine ultra-

sound screening of low-risk patients and referral of high-risk patients for fetal

echocardiography is the optimal approach to detecting cardiac anomalies prior

to birth.

The management of a patient whose fetus is diagnosed with congenital heart

disease may vary depending on the gestational age at which the defect is identified.

The majority of major heart anomalies can be identified in the second trimester

of pregnancy. This allows the managing obstetrician to perform additional studies

such as fetal karyotyping and screening for extracardiac anomalies, to make

referrals for consultation with genetics, pediatric cardiology, and pediatric cardio-

thoracic surgery, and to counsel parents about pregnancy options. Scheduling

delivery at a tertiary-level hospital with experienced specialists in pediatric cardiac

care is another benefit of early prenatal detection of major congenital heart defects.
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PRENATAL SCREENING FOR CARDIAC DEFECTS

The majority of pregnant women in the USA undergo at least one ultrasound

examination (3). The standard of care for an ultrasound examination of the fetus

as described by the American College of Radiology, the American Institute of

Ultrasound in Medicine, and the American College of Obstetricians and

Gynecologists is to include an evaluation of the four-chamber view and its axis

at the time of a routine prenatal ultrasound (4–6) (Figure 16–1). This allows for a

general examination of the basic anatomy of the heart, the atrioventricular con-

nections, and its orientation in the fetal chest. The fetal heart is best imaged at

18 to 22 weeks of gestation, which corresponds to the optimal time to examine

fetal anatomy during pregnancy (7). The detection of major heart defects in the

second trimester offers obstetricians time for counseling and time for patients to

consider termination if they decide that continuing the pregnancy is not their best

option. Although not endorsed by the American College of Obstetricians and

Gynecologists, universal screening for congenital heart disease in the second

trimester of pregnancy offers a reasonable approach to detect major cardiac

anomalies before birth.

Unfortunately, the ability of the basic four-chamber view to detect anomalies

varies widely. In the large Routine Antenatal Diagnostic Imaging with Ultrasound

(RADIUS) trial of low-risk women in the USA, only 23% of fetuses with heart

defects were detected using the four-chamber view in tertiary care centers and

no cardiac malformations were detected in non-tertiary sites before 24 weeks of

gestation (8). Overall, the four-chamber view has been shown to identify 40% to

50% of cardiac anomalies in low-risk populations (1). Multiple factors affect the

ability to detect heart defects prenatally, including the skill of examiner, the expe-

rience of the physician interpreting the study, the gestational age of the fetus, the

fetal position during the examination, maternal weight, maternal abdominal scar-

ring from prior surgery, and amniotic fluid volume. In addition, the four-chamber

view does not allow for visualization of the great vessels. Studies have shown

that including views of the outflow tracts increases the sensitivity of cardiac

screening to over 60% in low-risk populations (9,10) (Figure 16–2 (A) and

Figure 16–2 (B)). In high-risk populations, the detection of major heart anomalies

is reported to be even higher when screening is done in experienced tertiary-level

FIGURE 16–1 A normal four-chamber view of the fetal heart from the apex. The two atria are

of equal size and the two ventricles are of equal size. The foramen ovale is visible in the atrial

septum.
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referral centers (11). However, this level of screening is not available for most

obstetric patients and the majority of congenital heart disease occurs in pregnancies

without identifiable risk factors. These are additional arguments for universal

cardiac screening of both low- and high-risk pregnancies, and recognition that

improvements in screening are needed.

INDICATIONS FOR FETAL ECHOCARDIOGRAPHY

The American College of Cardiology, American Heart Association, and the

American Society of Echocardiography have defined reasons to obtain an echocar-

diogram during pregnancy (7,12) (Table 16–1). A positive family history of con-

genital heart disease is a common indication for fetal echocardiography. While a

previously affected pregnancy has a low rate of recurrence at one percent to three

percent, the risk may be as high as 5% to 15% when multiple siblings have been

A

B
FIGURE 16–2 (A) Long-axis view of the left ventricular outflow tract (LVOT). The ventricular

septum is contiguous with the wall of the ascending aorta. (B) Short-axis view of the right ventric-

ular outflow tract (RVOT). The branching of the RVOT into the ductus arteriosus and the pulmonary

artery may be appreciated.
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affected or when the parent has a congenital heart defect (13). Despite the iden-

tification of high-risk factors for congenital heart disease, over 90% of heart

defects occur in low-risk pregnancies (14). Interestingly, an abnormal cardiac

screen at the time of routine obstetric ultrasound has become the most

common reason for referral for fetal echocardiography and the most predictive

of congenital heart disease (13). A fetal echocardiogram is a more extensive exam-

ination of the heart which evaluates multiple views and connections utilizing M-

mode, color, and pulsed wave Doppler technologies. The goal of a screening fetal

echocardiogram is to demonstrate normal fetal cardiac anatomy, and normal fetal

heart rate and rhythm. In cases of an abnormal cardiac screening exam, fetal

echocardiography is expected to confirm the presence of a defect and to more

completely define the features of the lesion and its impact on heart function.

An enlarged nuchal translucency is a recently recognized indication for fetal

echocardiography. The fetal nuchal translucency refers to the subcutaneous space

between the skin and the cervical spine observed in the first trimester of pregnancy

(15). Although nuchal translucency assessment is used primarily with maternal

serum markers for aneuploidy screening, an increased nuchal translucency alone

has been found to be associated with fetal malformations including congenital

heart disease (Figure 16–3).

The reported sensitivities of increased nuchal translucency for major car-

diac defects have steadily decreased since the initial studies in the late 1990s

(Table 16–2). In the recently completed First And Second Trimester Evaluation

of Risk (FASTER) trial, nuchal translucency assessment in the first trimester lacked

the characteristics of a good screening tool for major congenital heart disease in a

Table 16–1 Indications for Fetal Echocardiography (7,12)

Abnormal-appearing fetal heart on routine obstetric ultrasound examination
Fetal tachycardia, bradycardia, or persistent irregular rhythm on clinical or
ultrasound examination
Parent, sibling, or first-degree relative with congenital heart disease
Maternal diabetes
Maternal systemic lupus erythematosus
Teratogen exposure during first trimester
Other fetal system abnormalities, including chromosomal, structural, enlarged nuchal
translucency
Performance of transplacental therapy or presence of a history of significant but
intermittent arrhythmia

FIGURE 16–3 Ultrasound image of an 11-week fetus with increased nuchal translucency

thickness measuring 2.4 mm.
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large, unselected population (16). However, nuchal translucency measurement

more than two multiples of the median was a marker for major cardiac defects

with almost a fifth of major heart anomalies found in this group. While most

congenital heart disease will occur in cases of normal nuchal translucency, an

enlarged nuchal translucency does warrant referral for fetal echocardiography.

Regardless of the indication for referral, the results of the fetal echocardiogram

are very important in managing pregnancies complicated by congenital heart dis-

ease. The distinction between a simple and a complex cardiac malformation can

assist with making decisions about the appropriate delivery hospital. For example,

the detection of a small ventricular septal defect may permit a patient to deliver in

her community hospital rather than transfer for delivery in a tertiary care center.

The type of cardiac anomaly can also be useful in counseling patients about the

likelihood of chromosomal abnormalities or associated genetic syndromes.

Complex heart lesions are more likely to be affected by hemodynamic compromise

and the development of hydrops fetalis. As a result, serial echocardiograms for

repeat assessments of cardiac function and monitoring of potentially progressive

lesions are recommended when managing these pregnancies.

MANAGEMENT FOLLOWING THE DIAGNOSIS OF AN
ABNORMAL FETAL HEART

The optimal management of fetuses with congenital heart disease involves a multi-

disciplinary team of obstetricians, pediatric cardiologists, geneticists, pediatric car-

diothoracic surgeons, and neonatologists. Ideally, this multidisciplinary approach

should occur in a single center during a single visit so that comprehensive infor-

mation can be provided to the patient and her family in a timely fashion. Several

large referral hospitals have dedicated centers that function to coordinate the care of

these complicated pregnancies.

A number of important issues must be addressed when an abnormal fetal heart

is found: Is it simple or complex? Is not isolated or associated with multiple

anomalies? Does the fetus have a normal or abnormal karotype? Is the lesion as-

sociated with hemodynamic compromise or are there no functional implications?

Table 16–2 Nuchal Translucency (NT) Screening and Detection of Congenital
Heart Disease

Study (year) Type n

Incidence of
major CHD
(per 1000) NT threshold

Sensitivity
(%)

Positive
predictive
value (%)

Hyett et al.
(1999) (38)

Single-center 29,154 1.7 95th percentile 56 1.5

99th percentile 40 6.3
Makrydimas
et al. (2003) (39)

Meta-analysis 58,492 2.8 95th percentile 37 3

99th percentile 31 6
Hafner et al.
(2003) (40)

Single-center 12,978 2.1 95th percentile 25.9 1.1

Bahado-Singh
et al. (BUN)
(2004) (41)

Multicenter 8167 2.6 95th percentile 23.8 0.8

Simpson et al.
(FASTER) (2004)
(16)

Multicenter 33,968 1.3 2.0 MoM 18.6 1.5

2.5 MoM 16.3 3.7
3.0 MoM 11.6 5.4
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Will the infant be a candidate for surgical intervention or is comfort care an

option? Counseling about corrective and palliative surgical options, genetics,

obstetric management and delivery plans, neonatal management, long-term sur-

vival, and expected quality of life should all be part of the discussion with the

parents (17). Maternal mental health should also be the focus of obstetric man-

agement. The involvement of social services and consultation with an experienced

psychologist or psychiatrist can provide the level of support many patients and

their families need during this time.

The details of the counseling will depend on the specific diagnosis

(Table 16-3). It is important to recognize that the diagnosis can change or be

modified during the antepartum period or after birth. Reported long-term out-

comes also vary for different cardiac anomalies and can differ depending on

whether prenatal or postnatal clinical studies are considered (18). Certain heart

defects are expected to have a more favorable antenatal course and perinatal out-

come. For example, fetuses with two ventricles, normal chromosomes, and no

other significant anomalies typically have a better prognosis than a fetus with a

single ventricle (17,19,20). Overall, poor prognostic indicators include complex

cardiac lesions, abnormal karyotype, extracardiac malformations, intrauterine

growth restriction, and hydrops fetalis (21–23). In general, major congenital

heart disease has a 5% to 12% rate of intrauterine fetal demise (11,24,25).

Although a multidisciplinary approach is ideal, the managing obstetrician

often serves as the coordinating physician for the patient’s care. Obstetric man-

agement of fetuses with congenital heart disease should include an evaluation for

extracardiac anomalies, chromosomal abnormalities, pregnancy option considera-

tions, serial growth scans, antenatal fetal testing, and scheduled delivery of major

heart defects at experienced centers.

NON-CARDIAC STRUCTURAL ANOMALIES

Once the diagnosis of a cardiac anomaly is confirmed, an assessment of the

remainder of the fetal anatomy should be performed. This may involve a review

of a previously performed comprehensive ultrasound or referral for a repeat fetal

Table 16–3 Classification of Congenital Heart Disease by Risk

Low risk Moderate risk High risk

Long-term survival likely
with low morbidity

Potential impact on long-term
survival with moderate
morbidity

Significant impact on long-term survival
with potential high morbidity

Ventricular septal defect Complete and corrected TGA Truncus arteriosus
Atrial septal defect Tetralogy of Fallot HLH syndrome
Mild pulmonic stenosis Atrioventricular septal defect Hypoplastic right ventricle
Mild aortic stenosis Double outlet right ventricle Tetralogy of Fallot with pulmonary

atresia
Coarctation Critical aortic stenosis
Ebstein anomaly Atrioventricular canal with double

outlet right ventricle and right
isomerism

Isolated total anomalous
pulmonary venous return

Atrioventricular canal with congenital
heart block and left isomerism
Ebstein anomaly with severe
cardiomegaly
Total anomalous pulmonary venous
return with obstruction or with
isomerism syndrome

Modified from Allan LD and Huggon. Counseling following a diagnosis of congenital heart disease. Prental Diagn
2004;24:1136–1142.
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survey in a more experienced ultrasound practice. Major extracardiac malforma-

tions are found in over 30% of prenatally diagnosed cases (22,23,26). Multiple

structural defects often imply the presence of fetal syndromes which frequently

are associated with abnormal development of the heart and less-favorable out-

comes. Certain combinations of congenital defects may also suggest the diagnosis

of a specific genetic syndrome that may have a poorer prognosis than would be

expected for the same isolated cardiac defect. The accurate detection of associated

structural anomalies is important for pregnancy counseling as well as for ongoing

antepartum and intrapartum care. In addition to a potential to influence a patient’s

decision to continue the pregnancy, the severity of extracardiac malformations may

affect the amount of antenatal testing, monitoring during labor, and route of

delivery.

CHROMOSOMAL ABNORMALITIES

It is estimated that the etiology of 90% of congenital heart disease is multifactorial,

the result of some yet undefined interaction of genetic and environmental factors

(27). Previous studies have suggested that three percent of all congenital heart

defects are caused by single gene mutations, seven percent by chromosomal aberra-

tions, and the remainder by a host of other factors (28). However, in some prenatal

series, 17% to 38% of fetuses diagnosed with cardiac anomalies have an underlying

abnormality in their chromosomes (29). While the risk of a karyotypic abnormality

is significant when congenital heart disease is associated with multiple non-cardiac

malformations, this risk is reduced to 15% or less if the cardiac defect is isolated

(23). Cases of known fetal aneuploidy should also be screened carefully for con-

genital heart disease. It is well-recognized that 40% to 50% of fetuses with trisomy

21 and more than 90% of fetuses with trisomy 18 will have structural cardiac

anomalies (1).

Fetal karyotyping by amniocentesis, placental bed biopsy, or fetal blood sam-

pling should be considered for most cases of prenatally diagnosed heart defects.

Although some heart lesions, such as complete transposition of the great vessels

(TGA), are rarely reported to be associated with chromosomal abnormalities, rou-

tine discussions about fetal karyotyping at the time of diagnosis will decrease the

risk of missing a chromosomally abnormal fetus or the need for invasive procedures

later in pregnancy when additional findings or disease progression make an abnor-

mal fetal karyotype more likely. For patients who decline fetal chromosomal ana-

lysis, this may be accomplished at the time of pregnancy termination or following

delivery of a live or stillborn infant. The results of the chromosomal testing can be

valuable for genetic counseling about the current and future pregnancies.

Although specific gene abnormalities have not yet been identified for all heart

defects, a microdeletion of the short arm of chromosome 22 (22q11) has been

associated with conotruncal anomalies. These include truncus arteriosus, mala-

ligned ventricular septal defects, tetralogy of Fallot, and interrupted aortic arch.

This microdeletion has been linked to DiGeorge syndrome and velocardiofacial

syndrome (30). Unfortunately, the phenotype can be variable and its effect on

neurodevelopment uncertain. Fluorescence in-situ hybridization (FISH) at the

time of fetal karyotyping may be used to make the diagnosis prenatally. Referral

to an experienced geneticist is important in order to provide accurate information

about the implications of a 22q11 microdeletion.

PREGNANCY OPTIONS

Whilst pregnancy options can be difficult to discuss with the patient and her family,

the managing obstetrician often has the most established relationship with the
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patient and the best understanding of available options for pregnancy termination.

A comprehensive assessment of the case, with input from all the subspecialists, is

important as parents decide whether to end or continue a pregnancy. Ideally,

the diagnosis is made early enough to give the patient ample time to consider

her options. Although the patient and her family may ask for specific

recommendations, non-directive counseling is optimal. Termination of pregnancy

is never an easy decision for a patient but she must be the one to make that

decision.

The incidence of a pregnancy termination varies with the severity of the

cardiac defect, gestational age at diagnosis, and geographic location. There is a

high rate of termination when severe congenital heart disease is detected in the

second trimester of pregnancy. In some European countries, 50% to 80% of

fetuses affected by serious cardiac malformations are terminated following early

diagnosis (9,25,31). It is speculated that the termination rate might be even

higher if prenatal screening for congenital heart disease was improved. The accep-

tance of pregnancy termination in the USA also varies by region. In a small study

in Boston, 31% of congenital heart disease was diagnosed prior to 24 weeks’

gestation and 22% of eligible patients chose the option of pregnancy termination

(13). In contrast, only 13% of patients were diagnosed before 24 weeks’ gestation

in a New York series but 55% of eligible women chose to end their pregnancies

(32). It is clear that universal screening and improved early prenatal detection of

congenital heart disease could have a significant impact on pregnancy

management.

ANTEPARTUM CARE

In addition to routine prenatal care, serial growth scans are often done for the

early detection of poor fetal growth when a fetus has a known cardiac defect.

While there is some controversy over the strength of the association between

congenital heart disease and intrauterine fetal growth restriction, in many cases

is it higher than the expected 10% background risk. The recognition of poor

intrauterine fetal growth impacts obstetric management with respect to antenatal

surveillance and timing of delivery. This may also decrease the risk of fetal demise

because early delivery is undertaken if non-reassuring testing occurs or lack of

growth is identified.

Unfortunately, intrauterine fetal demise and stillbirth are still more common

in pregnancies affected by in utero congenital heart disease (31). Although some

fetal deaths may be the result of poor growth, lesion progression with the devel-

opment of hydrops fetalis is another cause of stillbirth. For example, an obstructed

vessel or chamber may lag behind the growth of the rest of the fetus, resulting in

hypoplasia of the affected part. Aortic stenosis or coarctation may progress to

hypoplastic left ventricle, pulmonary stenosis can result in right ventricular hypo-

plasia, and pulmonary or aortic stenosis can progress to atresia. Hemodynamic

compromise with chamber dilation, atrioventricular valve regurgitation, and car-

diomegaly can eventually lead to fetal hydrops (17). Once hydrops develops, the

prognosis for the fetus with congenital heart disease decreases significantly with

only rare survivors (31). For these reasons, serial ultrasounds and echocardio-

grams are often planned every two to four weeks to monitor the fetus with

a major heart anomaly.

Although there is no direct evidence that antenatal fetal testing improves

outcomes in congenital heart disease, many managing obstetricians advocate for

weekly fetal surveillance in the third trimester. Twice-weekly testing is recom-

mended when intrauterine fetal growth restriction is diagnosed, which may be

increased to daily testing depending on the umbilical artery Doppler assessments.
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Although daily fetal surveillance with a nonstress test or biophysical profile, or

both, is recommended when the diastolic flow is absent, delivery should be con-

sidered if the umbilical artery end-diastolic flow is reversed. The role of routine fetal

testing in the absence of intrauterine growth restriction is uncertain. Whilst ante-

natal fetal testing may not benefit the fetus with a lesion judged to be incompatible

with long-term survival, this should be thoroughly discussed with the members of

the multidisciplinary team and with the parents. Parental decisions concerning care

and the management plan should be clearly documented in the antenatal record.

INTRAPARTUM MANAGEMENT

The most critical aspect of intrapartum management is a planned delivery in a

hospital capable of caring for an infant with congenital heart disease. Whereas

smaller community hospitals may be appropriate for the birth of an infant with

a small isolated ventricular septal defect, most cases of major congenital heart

disease should be delivered at a tertiary-level center. Although definitive evidence

that delivery in a tertiary care hospital improves outcome is lacking, a scheduled

delivery in a center experienced in handling the medical, surgical, and supportive

interventions that may be necessary for the newborn with a cardiac anomaly makes

the process easier for the patient, her family, and the multidisciplinary team (33).

In certain circumstances, survival may be improved by prenatal detection and

delivery in a referral hospital. For example, the prenatal diagnosis of hypoplastic

left heart (HLH) syndrome has been associated with decreased preoperative acido-

sis and improved survival compared with those diagnosed after birth (34). This has

also been observed in neonates diagnosed with lesions amenable to biventricular

repair (17).

In addition to delivery in the appropriate setting, a major goal of intrapartum

management is to minimize the possibility of fetal hypoxemia and metabolic acido-

sis, which can lead to multi-organ failure and neurological handicap in the new-

born. When the correct diagnosis has been made prenatally, potential problems can

be identified and appropriate measures taken to support the neonate until correc-

tive surgery can be performed (11,24,35). The prenatal detection of ductal-depen-

dent lesions such as complete TGA with an intact ventricular septum or total

anomalous pulmonary venous return, can result in life-saving measures in the

immediate postnatal period (36). Anticipation of potential interventions, such as

prostaglandin administration, emergency balloon valvuoplasty, or atrial septost-

omy, or utilization of extracorporeal membrane oxygenation (ECMO), may

reduce confusion and chaos during the intrapartum period.

In contrast, a request for nonintervention may be made when the likelihood of

long-term survival is small. It is optimal that these decisions be made in consulta-

tion with the multidisciplinary team prior to labor and delivery. In these circum-

stances, parents may opt for no intrapartum fetal monitoring, no Cesarean delivery

for nonreassuring fetal testing, and no neonatal interventions apart from comfort

care. Experienced care-providers in a comforting setting can make the birthing

process less distressing even when lethal fetal anomalies are present (37).

Fortunately, most fetuses with major congenital heart disease tolerate labor and

delivery without incident. Continuous intrapartum fetal monitoring with Cesarean

delivery for standard obstetric indications is appropriate management in the major-

ity of cases. Scheduling delivery at 39 weeks’ gestation is ideal if the patient has a

favorable cervix or when a Cesarean delivery is required. An established delivery

plan provides an opportunity to have the various specialists involved in the patient’s

care available for the birth. This is comforting to the patient and her family, and, it

is hoped, improves the immediate and long-term outcome of the infant with major

congenital heart disease.
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CONCLUSIONS

In summary, the obstetric management of a fetus with congenital heart disease

involves a multidisciplinary approach which takes into account the needs of both

the parents and the infant. Information about the severity of the defect, associated

extracardiac anomalies, and chromosomal abnormalities is valuable for planning

appropriate care of the patient during the antepartum, intrapartum, and neonatal

periods.
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INTRODUCTION

Advances in ultrasound and fetal imaging have enhanced our understanding of how

cardiac form follows function, with development in utero to exert secondary devel-

opmental effects which create lesions of greater severity and complexity after birth.

The hypoplastic left heart (HLH) syndrome exemplifies this model. Obstruction to

left ventricular inflow or outflow in fetal life may cause progressive hypoplasia of

the left ventricle (1), but the characteristics of the fetal circulation permit continu-

ing extracardiac development. After birth, however, the lesion is almost uniformly

fatal unless treated. The aim of fetal intervention is therefore to curtail the patho-

logical process in utero and to allow for normal fetal development, thereby:

� improving fetal outcomes

� decreasing the severity of congenital heart disease and its effects on other

organ systems

� improving postnatal outcome.

Advances in our understanding of these processes, alongside technical advances

and capabilities, have allowed the realistic pursuit of these goals. At present, how-

ever, the risk:benefit ratio remains very high. Fetal cardiac intervention is currently

practiced only in select centers, on select lesions, and much progress remains to be

made with regard to patient selection, pathology amenable to intervention, and

technical hurdles to be overcome before cardiac fetal intervention becomes a rou-

tine and widespread therapeutic modality. This chapter will address some of the

major advances, as well as the inherent risks, of fetal surgery. Table 17–1 sum-

marizes some of the current applications of fetal surgery. We do not address all

lesions summarized in the table, but, rather, focus on a number of lesions that have

had a major impact on this field; we also address the specific issues that these

surgeries present for the fetal cardiovascular system and that the cardiovascular
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Table 17–1 Summary of Applications of Fetal Surgery

Defect Effect on development Open Minimal access

Lethal
Placental vascular anomalies
Twin–twin transfusion
syndrome (TTTS)

Vascular steal through placenta ! Fetal hydrops/demise Fectectomy Photooagulation
of chorangiopagus

Surviving twin with severe
morbidity

! Fetectomy

Twin reversed arterial
perfusion syndrome (TRAP)

Normal co-twin heart pumps
for both twins

High output cardiac
failure, hydrops

Selective reduction via
umbilical cord ligation
or radiofrequency
needle

Obstructive uropathy Hydronephrosis ! Renal failure Vesicostomy Vesicoamniotic shunt
Lung hypoplasia ! Pulmonary failure Valve ablation

Congenital diagphragmatic
hernia

Lung hypoplasia ! Complete repair Temporary tracheal
occlusion (PLUG)
Temporary tracheal
occlusion

Cystic adenomatoid
malformation/sequestration

Lung hypoplasia or hydrops ! Respirator insufficiency Pulmonary lobectomy Radiofrequency
ablation

Fetal hydrops/demise
Sacrococcygeal teratoma High-output heart failure ! Fetal hydrops/demise Debulk Laser vascular occlusion

Complete resection
Complete heart block Low-output failure ! Fetal hydrops/demise Pacemaker Pacemaker
Pulmonary/aortic stenosis Ventricular hypertrophy ! Heart failure Valvuloplasty Catheter valvuloplasty

Single ventricle
physiology

Pericardial teratoma Heart failure ! Fetal hydrops/demise Resection –
Ebstein’s anomaly Heart failure ! Fetal hydrops/demise Valve repair and atrial

reduction
–

Pulmonary hypoplasia Pulmonary failure
Congenital high airway
obstruction syndrome

Overdistention by lung fluid ! Fetal hydrops/demise Tracheostomy Tracheostomy

EXIT strategy
Obstructive hydrocephalus Hydrocephalus ! Brain damage Ventriculoamniotic shunt Ventriculoamniotic

shunt
Ventriculoperitoneal
shunt

Nonlethal
Myelomeningocele Chiari formation ! Paralysis Repair Repair

Table continued on following page
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Table 17–1 Summary of Applications of Fetal Surgery (Continued)

Defect Effect on development Open Minimal access

Explosed spinal cord Neurogenic bladder/
bowel

Hydrocephalus Orthopedic anomalies
Tension hydrothorax Lung hypoplasia ! Respiratory failure – Serial thoracenteses

Thoracoamniotic shunt
Previable premature rupture
of membranes

Preterm labor ! Fetal demise – Amniopatch

Fetal/maternal infection – Amniograft
Gastoschisis Bowel exteriorization ! Bowel perivisceritis – Amnioexchange

Prolonged ileus
Amniotic bands Limb/digit/umbilical cord

constriction
! Limb/digit deformity or

amputation
– Laser separation of

bands
Fetal demise (cord
occlusion)

Other
Stem cell/enzyme defects Hemoglobinopathy ! Anemia – Stem cell transplants

Immunodeficiency Infection Gene therapy
Storage diseases Neurological impairment

From Malladi P, Sylvester KG and Albanese CT. Outcomes in fetal surgery. In: Stringer M, Oldham K, Mouriquand P (eds). Longterm Outcomes in Paediatric Surgery and Urology. Cambridge:
Cambridge University Press, in press.
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system presents to these surgeries. We present problems related to cardiopulmonary

bypass and cardiac imaging in anticipation of the advent of routine fetal cardiac

surgery in the not too distant future.

CATHETER-BASED TECHNIQUES

As catheter techniques have pioneered fetal intervention in congenital heart disease,

a brief overview is of their development is warranted here.

The pioneering work of Rudolph and colleagues in delineating fetal physiology

and the pathophysiologic effects of cardiovascular disease in experimental models

of cardiac disease in the sheep fetus laid the foundation for these interventions.

Chronic instrumentation of sheep fetuses determined the changes in cardiovascular

hemodynamics through the course of gestation (2) and demonstrated that flow is a

key factor in normal growth and development of the cardiovascular system (3).

The observation that HLH syndrome may develop over the second trimester

and that pulmonary atresia with intact ventricular septum is a relatively late event

in fetal development led to the premise that relief of outflow obstruction would

increase blood flow through the affected chambers, resulting in normal chamber

size and function (4–6). Early animal studies supported this hypothesis. Alteration

in blood flow in the chick embryonic heart led to HLH syndrome (7–9) and

obstructing left ventricular inflow in the baboon fetal heart, by inflating a balloon

in the left atrium, diminished left ventricular size and mass. The longer the balloon

was left inflated in the left atrium, the more severe the left ventricular hypoplasia

(10). Creation of left ventricular outflow obstruction by placement of an ascending

aorta band caused initial left ventricular hyperplasia, followed, after one to two

months of aortic stenosis, by severe left ventricular hypoplasia. The degree of

hypoplasia was proportional to the degree of aortic stenosis. These early experi-

ments provided the rationale for the assumption that relief of valvular obstruction

would increase flow through the distal chamber, thereby stimulating normal fetal

growth of that chamber and achievement of a two-ventricle heart after birth.

The first balloon valvuloplasty in a human fetus was reported by Maxwell and

colleagues (11) in 1991, who ballooned the aortic valve in two fetuses. Experience

continued in the subsequent decade (12), although the numbers of interventions

were small and morbidity and mortality remained high. Further advances in mater-

nal anesthesia, fetal imaging, and interventional techniques prompted an expanded

fetal intervention program at a few centers, notably at the Children’s Hospital in

Boston (13–16). In a review of 20 aortic balloon valvuloplasties in fetuses of 21 to

29 weeks’ gestation 14 were technically successful, but, of these, only three babies

achieved a two-ventricle circulation after birth. Six children were born with HLH

syndrome and five fetuses succumbed in utero.

Candidate selection, maternal anesthesia, fetal imaging, and technical abilities

continue to be important factors in catheter-based fetal interventions, while current

developments include a combined surgical–catheter approach to allow for optimal

positioning of the fetus.

Pulmonary valvuloplasty in pulmonary atresia and intact ventricular septum is

now being performed to treat the fetus with a hypoplastic right ventricle; however,

experience remains limited as compared to the wider experience that has been

accumulated in ballooning the aortic valve (17,18).

FETAL SURGERY

Several trends culminated in the advent of fetal surgery in past decades. The devel-

opment of ultrasound and, more recently, magnetic resonance imaging (MRI) has

allowed documentation of prenatal pathology and its evolution over gestation. In
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addition, the creation of animal models of congenital pathologies has permitted

study of the pathogenesis, evolution, and treatment of these lesions. Fetal position-

ing has facilitated both superior imaging and improved surgical access, while

advances in anesthesia of the mother and the fetus have permitted fetal surgery

and have reduced its risks. Surgical advances in technique and instrumentation have

advanced from open uterine surgery in the initial period, to laparoscopic and other

minimally invasive techniques today. Resultant reduction in the major risks of fetal

intervention, including preterm labor, chorioamniotic membrane separation,

preterm premature rupture of the membranes, and altered fetal homeostasis have

shifted the risk:benefit ratio to a more beneficial one. Lastly, the advent of rando-

mized clinical trials to evaluate fetal interventions now provide answers to many

key questions and allow for a more objective assessment of the efficacy and safety

of these procedures.

SURGICAL INTERVENTIONS FOR SPECIFIC LESIONS

We will now consider some of the key pathologies for which significant progress in

fetal interventions have been made.

Congenital Diaphragmatic Hernia

High postnatal mortality rates, despite prenatal diagnosis and optimal postnatal

care, provided the impetus for fetal surgery for congenital diaphragmatic hernia

(CDH) (19,20). Fetal surgery, initially performed in sheep and primates, demon-

strated that lung growth, pulmonary function, and neonatal survival were improved

(21–23). Surgical repair through a hysterotomy with partial fetal delivery and repair

of the diaphragmatic defect was demonstrated to be feasible in humans in

1990 (20). Many problems, however, including preterm premature rupture of the

membranes, preterm labor, and fetal morbidity, precluded surgery for CDH from

becoming a routine procedure.

In 1997, a prospective study revealed similar survival rates of fetuses undergo-

ing prenatal open repair compared with standard postnatal care (75% versus 86%,

respectively) (24), leading to the conclusion that less severely affected fetuses pre-

natally diagnosed with CDH (i.e. those without liver herniation through the

diaphragmatic hernia and a normal lung:head ratio) should be treated with stan-

dard postnatal care. However, the optimum treatment for more severely affected

fetuses, that is, those with liver herniation through the CDH and a small lung:head

ratio remained unanswered.

The observation that fetal lungs do not grow when drained of fluid, whereas

prevention of fluid efflux from the lungs via tracheal obstruction promotes lung

growth (25) created the rationale for reversible tracheal occlusion, several methods

of which were subsequently developed. These included placement of an intratra-

cheal plug or external tracheal clips at open surgery (26). Complications of these

procedures included tracheomalacia and impaired lung function after birth, even in

fetuses with dramatic lung growth following the procedure (27). These complica-

tions were attributed to various factors, including infant prematurity, impaired

number and function of type II pneumocytes (28–30), and abnormal lymphatic

drainage. Further progress came in the form of video-assisted fetal endoscopy

(FETENDO), designed to reduce uterine trauma and its resultant complications

(31,32,33). This technique is performed through a small (5 mm) hysterotomy, and

has evolved from clips placed externally on the fetal trachea, through various

devices, to placement of a detachable balloon that occludes the tracheal lumen.

FETENDO improved fetal and postnatal survival over previous experience, and was

encouragingly high at 77% at 90 days after procedure, although problems arising
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from infant prematurity as well as other complications remained. Issues that

continue to be actively studied include optimal timing for tracheal occlusion, occlu-

sion duration, and developments in instrumentation. However, outcomes for many

fetuses with CDH continue to be poor (34), especially for fetuses with a small

lung:head ratio and those with herniated liver through the defect. In some popula-

tions pregnancy termination after fetal diagnosis of CDH is high (34).

Twin–twin Transfusion Syndrome

Twin–twin transfusion syndrome (TTTS), defined by polyhydramnios in the recip-

ient twin’s sac and oligohydramnios in the donor twin’s sac (35) results from an

imbalance in net blood flow between the twins owing to abnormal placental

vascular communications that occur in 10% of monochorionic pregnancies (36).

This flow imbalance leads to increased cardiac afterload in the donor and increased

cardiac preload in the recipient. It has been hypothesized that a placental vascu-

lopathy is responsible for the pathophysiology of TTTS and several humoral med-

iators have been implicated in its pathogenesis (37–39). As a result of high vascular

resistance mediated by endothelin, the renin–angiotensin axis and the shunting of

blood, the donor twin develops hypovolemia and oligohydramnios. On the other

hand, the recipient has low vascular resistance and develops polyhydramnios and

cardiac remodeling.

The recipient twin is the most severely afflicted by the cardiac sequelae of this

condition. Initially, the right ventricle dilates and hypertrophies in response to the

increased volume load, but the fetal heart tolerates volume loading poorly, and

right ventricular dysfunction and tricuspid regurgitation develop, leading to pro-

gressive hydrops. Flow through the ductus venosus decreases and flow reversal in

the ductus venosus may follow. With worsening fetal condition, increased right

atrial pressure may cause pulsations in the umbilical vein through an abnormally

relaxed ductus venosus sphincter. Diastolic umbilical arterial flow, normal or even

increased initially, will also eventually decrease. The increased vascular resistance,

decreased cardiac output, and decreased flow across the right ventricular outflow

may lead to pulmonary stenosis and even pulmonary atresia with intact ventricular

septum. These severe hemodynamic abnormalities will cause fetal demise in a high

proportion of affected fetuses. Although the donor is usually less severely affected,

and usually has normal left and right ventricular size and function, without inter-

vention, both twins will die in 80% to 100% of cases (36,40). Risk factors for poor

outcome (41) include no urine in the donor twin bladder after 60 min of

observation and abnormal Doppler flow studies in either twin (absent or reversed

end-diastolic velocity in the umbilical artery, pulsatile umbilical venous flow, and

flow reversal in the ductus venosus). Cardiac failure, manifested by hydrops in

either twin, is an extremely poor prognostic indicator, and death of one twin

usually portends death of the other or neurological impairment in survivors.

Treatment options for TTTS have included expectant management in low-risk

cases or cases discovered late in pregnancy, selective fetocide, amniotic fluid reduc-

tion, amniotic septostomy, laser photocoagulation of abnormal communicating

vessels in the placenta, and umbilical cord occlusion.

Serial amniocentesis to reduce amniotic fluid volume in the recipient sac pro-

longs pregnancy and improves survival of at least one twin to 79% and survival of

both twins to 50% (42). The mechanism by which serial amniocentesis works is

unknown (43,44). Fetoscopy guided Nd-YAG laser photocoagulation of placental

vessels crossing the intertwin membrane was first performed for TTTS in 1990

(45–47). One technique targets all vessels crossing the intertwin membrane while

a second selectively targets unpaired arterial vessels (in these vessels the vein returns

to the recipient fetus). Similar survival rates to those reported for serial
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amniocentesis have been reported for photocoagulation (47), although laser

therapy might increase survival of both twins (46), lessen intrauterine deaths,

decrease brain abnormalities, prolong pregnancy, and lead to higher birth weights

in comparison with serial amniocentesis. Despite improvements in neonatal out-

come after laser treatment of TTTS, outcomes still remain poor as compared with

monochorionic twins without TTTS (48).

Umbilical cord occlusion is usually undertaken only in cases where intrauterine

death of one twin is likely. A falling blood pressure in the dying twin causes acute

hemorrhage from the healthy twin into the dying one, which may cause neurologic

damage or death in the previously relatively healthy twin (49). Umbilical cord

occlusion by ligating (50,51) or cauterizing (52,53) the umbilical cord of the

dying twin limits the amount of blood transfused between the fetuses. Survival

after umbilical cord ligation is somewhat lower than that after photocoagulation

(41,53). Furthermore, the incidence of cerebral palsy may also be lower with

umbilical cord ligation (35).

Septostomy, first described in 1995, equalizes volumes in each fetal sac and

minimizes the number of invasive procedures (54). A needle is used to puncture the

intertwin membrane, allowing fluid to accumulate around the oligohydramniotic

fetus. Survival rates in the range of 83% are comparable with those for more

invasive methods. However, it should be noted that some authors believe that as

there is no pressure differential between the two sacs, septostomy lacks physiologic

rationale and is a poor treatment option (55,56). On the other hand, complications

of septostomy can be significant and may include cord entanglement and fetal

demise (35).

Sacrococcygeal Teratoma

Sacrococcygeal teratoma (SCT), a usually but not always benign tumor (57), arises

from extragonadal germ cells around the sacrum, occurring in one out of 35,000 to

40,000 live births, four times more frequently in females than males (58). Fetuses

with SCT, especially those with large, rapidly growing, solid, vascular SCT, are at

high risk for hydrops and high-output cardiac failure because of the high blood

flow through the tumor (19,59). Fetal cardiac output may be calculated using

echocardiography, by multiplying the Doppler velocity time-integral of the right

ventricular outflow tract by the right-ventricular outflow cross-sectional area and

heart rate. The normal average fetal cardiac output, indexed for weight, was

found to be 553 ± 153 mL/min�kg in one study (60) and 429 ± 100 mL/min�kg in

another (61). Schmidt and colleagues (62) found a cardiac index as high as

1200 mL/min�kg in three fetuses with SCT. Fetal demise is not uncommon in

this scenario, although if the SCT is resected the prognosis is usually excellent.

Other potential complications from the SCT itself may include tumor rupture,

preterm labor, and dystocia (63–65).

The goal of fetal intervention is to interrupt the high-flow circulation through

the tumor (66). Initially accomplished by open hysterotomy with tumor debulking

or complete resection, fetal intervention has evolved to intrauterine therapy, often

with resolution of hydrops. Cyst aspiration to reduce uterine irritability, maternal

discomfort, or tumor rupture at time of delivery is a less invasive approach (67,68),

but generally works only in relatively avascular, cystic tumors. Cyst–amniotic shunts

have been used when the SCT has caused obstructive uropathy (69,70). Minimally

invasive approaches for highly vascular tumors in fetuses with heart failure have

included tumor embolization, balloon occlusion, sclerosis, endoscopic snaring of

the tumor neck, laser ablation, thermocoagulation, and radio-frequency ablation.

Fetoscopically guided Nd-YAG laser treatment to reduce bloodflow to the tumor in

a 20-weeks’ gestation fetus with polyhydramnios has been reported (71), as has
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attempted thermocoagulation of the tumor neck in one fetus, although this fetus

did not survive (72). Percutaneous radio-frequency ablation of large SCT is yet

another approach. In a report of this procedure in four fetuses, two fetuses survived

and two others succumbed (73). Survivors suffered large soft-tissue defects

that necessitated further postnatal surgery. A more focused field of ablation to

limit collateral heat production should reduce this complication. Combined

radio-frequency ablation and angiography with embolization before surgery has

also been performed (74).

SCT leads to profound hemodynamic changes in the fetus at time of surgery

(75). Before surgery the fetal heart faces increased preload and afterload,

determined by the combined vascular resistances of the fetus, placenta, and low-

resistance SCT. After resection of the SCT there is an abrupt reduction in the

preload, a large increase in afterload, but no immediate change in the cardiac

ventricular mass, leading to a diminished ventricular cavity and relative increase

in myocardial wall thickness, a substrate for diastolic dysfunction (75).

Congenital Cystic Adenomatoid Malformation

Congenital cystic adenomatoid malformation (CCAM) is a focal pulmonary dys-

plasia, involving proliferation of the terminal respiratory bronchioles at the expense

of alveoli development, leading to cysts of various sizes. CCAM represents 25% of

all congenital lung malformations and its course is highly variable ranging from

complete in utero regression to severe fetal hydrops and fetal demise.

In the normal fetus, the collapsed lungs and relatively noncompliant chest wall

restrict preload, limiting cardiac stroke volume. A large CCAM further reduces the

already limited preload by impeding ventricular filling, thus limiting stroke volume

and cardiac output, producing tamponade-like physiology and diastolic dysfunc-

tion (76,77). This diastolic dysfunction may lead to fetal hydrops and eventual fetal

demise. Surgical removal of the CCAM leads to resolution of fetal hydrops and

subsequent survival of the fetus (78,79), providing the rationale for fetal interven-

tion in severe cases of CCAM. However, fetal surgery for CCAM is fraught with

risk, as fetuses with CCAM were found to be the sickest of all patient groups at the

time of surgery (75). Rychick and colleagues (75) have recently summarized their

institution’s experience with fetal surgery for CCAM. Before surgery, fetuses with

CCAM were commonly hydropic and had low cardiac output. At surgery, fetuses

with CCAM demonstrated profound hemodynamic changes, including a 50% drop

in cardiac output: to as low as 200 mL/kg�min, severe ventricular and valvar dys-

function, and bradycardia. These changes occurred immediately after removal of

the mass through the thoracotomy incision, necessitating resuscitation with cardiac

compressions along with infusion of fluids and medications. Operative mortality

was high: only seven of 15 fetuses surviving beyond 24 h after surgery. These

authors also noticed prominent proximal coronary arteries in two fetuses which

died whilst undergoing CCAM removal, and theorized that this finding may be

related to the sudden decrease in intrathoracic pressure when the CCAM is

removed from the chest, leading to an increased gradient necessary for coronary

perfusion. This group therefore recommends extracting the CCAM very slowly,

while monitoring the ventricular cavity volume as a measure of preload.

Volume infusion is given as the mass is removed, guided by the echocardiographic

appearance of the ventricular cavities.

CARDIOPULMONARY BYPASS FOR FETAL SURGERY

Fetal cardiac bypass was first reported by Bradley and colleagues in 1992 (80).

This early experimental work in the fetal lamb showed that it was technically
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possible to place the fetus on separate cardiopulmonary bypass (CPB) (80,81),

although most animals died within hours of the procedure as a result of placental

dysfunction and fetal stress – the two major challenges to successful fetal CPB

(80–83).

Placental dysfunction after CPB is characterized by elevated fetal partial carbon

dioxide pressure (pCO2), progressive acidosis, and elevated placental vascular resis-

tance. Suggested mechanisms for placental dysfunction have included diminished

or nonpulsatile placental blood flow, hypothermia, cytokines, neutrophils, nitric

oxide (NO), and endothelin-1 (84–92). Stimuli for placental dysfunction may

include fetal stress in response to the procedure, use of priming substances in the

CPB circuit, exposure of fetal blood to extracorporeal surfaces, and the flow char-

acteristics of the circuit itself. These induce endothelial dysfunction, as demon-

strated by a reduced response of umbilical arterial flow to direct vasodilator

injection after fetal cardiac bypass (89), by cardiac bypass-induced endothelial

dysfunction of the umbilical artery and hemodynamic deterioration as a result of

metabolic acidosis (93), and by exaggerated sensitivity to vasoconstrictors such as

endothelin-1. Fetal serum concentrations of endothelin-1 are elevated after CPB,

causing an elevation in placental vascular resisistance and a decrease in placental

blood flow. This response is blocked by administration of endothelin-1-blocking

agents. A second axis in this pathophysiologic response is mediated through secre-

tion of prostaglandin E2 and thromboxane A2. This effect is ameliorated by indo-

methacin or corticosteroids and these pharmacologic agents have been shown to

improve placental function after fetal CPB (83,94). Further support for vascular

endothelial dysfunction as the basis for placental dysfunction has come from the

demonstration that pulsatile bypass flow preserved endothelial NO synthesis more

efficiently than nonpulsatile flow (91).

To overcome this placental dysfunction, significant modifications have been

made to CPB technique and equipment. The ‘‘hemopump,’’ a system that ignores

priming volume and utilizes an inline axial pump to decrease extracorporeal surface

area, is advantageous to the conventional roller-pump method. The hemopump

yielded better hemodynamic results associated with lower placental vascular

resistance, increased placental blood flow, and improved survival (from 42% to

88.9% in one study as compared with the conventional roller-pump) (95).

Fetal responses to CPB and surgery include catecholamine secretion and myo-

cardial depression, which lead to low cardiac output and metabolic acidosis.

Immature fetal cardiac cellular components differ both in morphology and func-

tion from the mature form in adult myocytes. The sarcoplasmic reticulum (SR)

content in fetal myocytes is markedly reduced (96) and contains low concentrations

of calcium ATPase and the calcium storage protein calsequestran (97). In addition,

functional differences exist between fetal and adult forms of phospholamban, a SR

membrane calcium transport protein (97). These differences lead to impaired fetal

myocyte calcium uptake and release (98), yielding the fetal heart extremely sensitive

to calcium concentrations in cardioplegia solutions. Hence, hypocalcemic cardio-

plegia may optimize fetal myocardial protection, and several studies have demon-

strated improved post-ischemic recovery with normocalcemic cardioplegia and

profound post-ischemic myocardial dysfunction with hypercalcemic cardioplegia

(99,100). Bolling and colleagues (101) reported equivalent protection of the

neonatal myocardium with different calcium cardioplegic concentrations under

normal conditions, but improved protection of the hypoxic myocardium with

hypocalcemic cardioplegia. Hypocalcemic cardioplegia improved post-ischemic

systolic function of both fetal ventricles, although right ventricular diastolic func-

tion was not improved. The right ventricle may be more compliant than the left,

and thus may be less prone to ischemic diastolic dysfunction. As the fetal right

ventricle contributes two-thirds of the combined ventricular output this finding
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holds potentially significant implications for myocardial protection in the

fetus. Calcium influx has been implicated in cellular damage during reperfusion

injury, and immature fetal myocardial calcium regulation magnifies the

deleterious effects of increased intracellular calcium during periods of ischemia.

It is evident that the fetal myocardial response to ischemia and the response to

calcium metabolism are intricately connected. The fetal heart is especially sensitive

to ischemic stress (102), and as ischemic stress is intricately related to myocyte

calcium metabolism, hypocalcemic cardioplegia may provide better fetal

cardioprotection.

Myocyte contractile proteins also influence fetal myocardium vulnerability to

CPB and fetal surgery. Immature isoforms of contractile proteins, such as heavy

chain myosin, predominate in the fetal ventricle (103). The adult form of heavy

chain myosin, found only in atrial tissue during fetal life, begins to be expressed in

the ventricle only after birth (103). This histology may underlie the impaired

Frank–Starling mechanism and diastolic compliance of the fetal ventricle (81).

Volatile anesthesia administered to the mother is another potential cause of

fetal myocardial depression. Relatively high levels of isoflurane are necessary to

provide an appropriate degree of uterine relaxation. At these high levels isoflurane

can decrease maternal cardiac output and uterine blood flow by up to 30% (104).

Diminished uterine blood flow reduces oxygen delivery to the utero–placental unit,

causing fetal hypoxia (105). Halothane has been shown to increase placental

and total vascular resistance, potentially limiting gas exchange and increasing

afterload on the fetal heart (106). This increased afterload is deleterious to the

fetal myocardium owing to its altered myocardial compliance as compared with

the mature myocardium (107). Therefore, fetal hypoxia, altered afterload, or direct

myocardial depression by the anesthetic agent may decrease systolic function and

decrease cardiac output. Decreased cardiac output induces metabolic acidosis,

which, in turn, further compromises cardiac function. These explanations, largely

derived from animal models, need further confirmation in the human fetus.

Fetal bradycardia has been observed in various types of fetal surgery (75), and

may result from fetal hypoxia as the fetal response to hypoxia is bradycardia (108).

Mechanical compression of the umbilical cord or uterine vessels may also induce

bradycardia (109).

INTRA-AMNIOTIC ULTRASOUND FOR FETOSCOPY

Fetal cardiac interventions have traditionally been guided by transabdominal fetal

echocardiography. Adequate fetal position, high imaging quality, and sufficient

acoustic windows are critical to the success of these procedures. Dorso-anterior

fetal position, inadequate ultrasound windows, or ultrasound scatter from inter-

ventional devices might hinder adequate visualization of the procedure (110). Fetal

transesophageal echocardiography using intravascular ultrasound probes has also

been used to monitor fetal cardiac anatomy and hemodynamics during experimen-

tal procedures (110–114). However, intraesophageal placement of the intravascular

ultrasound probes may be precluded in very small fetuses, may not be successful

owing to unfavorable fetal position, and has the potential to cause esophageal

trauma. These problems mean that minimally invasive fetoscopic procedures for

fetal cardiac intervention are being developed in sheep as an alternative to existing

imaging methods (111,112,115,116). Intra-amniotic fetal echocardiography with a

phased-array intravascular ultrasound catheter has been used in the assessment of

fetal cardiac anatomy and hemodynamics in sheep, and in the future may also be

used to precisely define the incision site on the fetal chest (115). Insertion of the

catheter is achieved by use of a modified Seldinger approach and has been found

safe in animal studies (115). Owing to its intra-amniotic position the phased-array
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catheter permits detailed two-dimensional fetal echocardiography as well as color,

pulsed, and continuous-wave Doppler interrogation of the fetal cardiovascular and

feto–placental system, and may supplant transcutaneous imaging for monitoring of

fetal cardiac anatomy and hemodynamics during fetoscopic interventions. In the

future, intra-amniotic imaging may also be indicated in the assessment of high-risk

fetuses when sufficient images cannot be obtained by conventional maternal trans-

abdominal or transvaginal imaging techniques. This detailed two-dimensional and

Doppler imaging also allows hemodynamic monitoring inside a gas-insufflated

uterus during fetoscopic interventions. However, low insonance angles may be

difficult to achieve for all cardiac, great vessel, and feto–placental flows during an

individual study, limiting the physician’s ability to estimate pressure gradients, flow

volumes, and valvar regurgitation. Despite these limitations, important fetal circu-

lation-flow profiles can be obtained, including pathologic signals such as retrograde

flow in the ductus venosus, umbilical vein pulsatile flow, absent or reversed umbil-

ical artery end-diastolic flow, and flow disturbance across stenotic valves. Potential

hazards of intra-amniotic imaging include injury to the fetus, umbilical cord or

placenta, infection, premature rupture of the membranes, amniotic fluid leakage,

and premature induction of labor. The operator therefore needs to be especially

cautious when manipulating the intra-amniotic catheter. Because of this invasive

nature intra-amniotic imaging should be reserved for fetoscopic interventions and

high-risk fetuses in whom conventional imaging methods have failed. Similar-sized

devices introduced into the amniotic cavity, such as fetoscopes and vesico–amniotic

shunts, hold a risk as high as 10% for premature rupture of membranes and

induction of labor (117) and it would be reasonable to assume that intra-amniotic

imaging holds similar risks. These potential risks may be offset by virtue of

the intra-amniotic ultrasound as a monitoring tool that minimizes the risks of

the intervention itself, as well as by the fact that the catheter can be placed with

minimal uterine injury. Therefore, intra-amniotic ultrasound may hold less risk

than would have been expected otherwise (111) and as smaller-caliber catheters

become available it is likely that the risks of intra-amniotic imaging will be even less

in the near future.

CONCLUSION

Ongoing and future directions in this area pertain to development of biplane

and multiplane intravascular ultrasound catheters and assessment of high-risk

pregnancies for recognition of abnormal fetal phenotypes.

REFERENCES

1. Rudolph AM. Congenital Diseases of the Heart: Clinical–Physiological Considerations. Armonk, NY
Futura, 2001.

2. Rudolph AM, Heymann MA. Circulatory changes during growth in the fetal lamb. Circ Res
1970;26:289–299.

3. Rudolph AM, Spitznas U. Hemodynamic considerations in the development of narrowing of the
aorta. Am J Cardiol 1972;30:514–525.

4. Danford CA, Cronican P. Hypoplastic left heart syndrome: progression of left ventricular dilation
and dysfunction to left ventricular hypoplasia in utero. Am Heart J 1992;123:1712–1713.

5. Simpson JM, Sharland GK. Natural history and outcome of aortic stenosis diagnosed prenatally.
Heart 1997;77:205–210.

6. Hornberger LK, Sanders SP, Rein AJ, Spevak PJ, Parness IA, Colan SD. Left heart obstructive lesions
and left ventricular growth in the midtrimester fetus. A longitudinal study. Circulation
1995;92:1531–1538.

7. Harh JY, Paul MH, Gallen WJ, Friedberg DZ, Kaplan S. Experimental production of hypoplastic left
heart syndrome in the chick embryo. Am J Cardiol 1973;31:51–56.

8. Hogers B, De Ruiter MC, Gittenberger-de Groot AC, Poelmann RE. Unilateral vitelline vein ligation
alters intracardiac blood flow patterns and morphogenesis in the chick embryo. Cric Res
1997;80:473–481.

V
C

A
R
D

IO
LO

G
Y

318



9. Hove JR, Koster RW, Forouhar AS, Acevedo-Bolton G, Fraser SE, Gharib M. Intracardiac fluid
forces are an essential epigenetic factor for embryonic cardiogenesis. Nature 2003;421:172–177.

10. Fishman NH, Hof RB, Rudolph AM, Heyman MA. Models of congenital heart disease in fetal
lambs. Circulation 1978;58:254–364.

11. Maxwell D, Allan L, Tynan MJ. Balloon dilatation of the aortic valve in the fetus: a report of two
cases. Br Heart J 1991;65:256–258.

12. Kohl T, Sharland G, Allan LD, et al. World experience of percutaneous ultrasound-guided balloon
valvuloplasty in human fetuses with severe aortic valve obstruction. Am J Cardiol
2000;85:1230–1233.

13. Marshall AC, van der Velde ME, Tworetzky W, et al. Creation of an atrial septal defect in utero for
fetuses with hypoplastic left heart syndrome and intact or highly restrictive atrial septum.
Circulation 2004;110:253–258.

14. Tworetzky W, Marshall AC. Balloon valvuloplasty for congenital heart disease in the fetus. Clin
Perinatol 2003;30:541–550.

15. Tworetzky W, Wilkins-Haug L, Jennings RW, et al. Balloon dilatation of severe aortic stenosis in the
fetus: potential for prevention of hypoplastic left heart syndrome: candidate selection, technique,
and results of successful intervention. Circulation 2004;110:2125–2131.

16. Marshall AC, Tworetzky W, Bergersen L, et al. Aortic valvuloplasty in the fetus: technical character-
istics of successful balloon dilatation. J Pediatr 2005;147:535–539.

17. Arzt WTG, Aigner M, Mair R, Hafner E. Invasive intrauterine treatment of pulmonary atresia/intact
ventricular septum with heart failure. Ultrasound Obstet Gynecol 2003;21:186–188.

18. Tulzer G, Arzt W, Franklin RC, Loughna PV, Mair R, Gardiner HM. Fetal pulmonary valvuloplasty
for critical pulmonary stenosis or atresia with intact septum. Lancet 2002;360:1567–1568.

19. Bond SJ, Harrison MR, Schmid KG, et al. Death due to high-output cardiac failure in fetal sacro-
coccygeal teratoma. J Pediatr Surg 1990;25:1287–1291.

20. Harrison MR, Adzick NS, Longaker MT, et al. Successful repair in utero of a fetal diaphragmatic
hernia after removal of herniated viscera from the left thorax. N Engl J Med 1990;322:1582–1584.

21. Harrison MR, Bressack MA, Churg AM, de Lorimer AA. Correction of congenital diaphragmatic
hernia in utero. II. Simulated correction permits fetal lung growth with survival at birth. Surgery
1980;88:260–268.

22. Harrison MR, Jester JA, Ross NA. Correction of congenital diaphragmatic hernia in utero. I.
The model: intrathoracic balloon produces fatal pulmonary hypoplasia. Surgery 1980;88:174–182.

23. Harrison MR, Ross NA, de Lorimer AA. Correction of congenital diaphragmatic hernia in utero. III.
Development of a successful surgical technique using abdominoplasty to avoid compromise of
umbilical blood flow. J Pediatr Surg 1981;16:934–942.

24. Harrison MR, Adzick NS, Bullard KM, et al. Correction of congenital diaphragmatic hernia in
utero. VII. A prospective trial. J Pediatr Surg 1997;32:1637–1642.

25. Carmel JA, Friedman F, Adams RH. Fetal tracheal ligation and lung development. Am J Dis Child
1965;109:452–456.

26. Harrison MR, Adzick NS, Flake AW, et al. Correction of congenital diaphragmatic hernia in utero.
VIII. Response of the hypoplastic lung to tracheal occlusion. J Pediatr Surg 1996;31:1339–1348.

27. Flake AW, Crombleholme TM, Johnson MP, Howell LJ, Adzick NS. Treatment of severe congenital
diaphragmatic hernia by fetal tracheal occlusion: clinical experience with fifteen cases. Am J Obstet
Gynecol 2000;183:1059–1066.

28. Benachi A, Chailly-Heu B, Delezoide AL, et al. Lung growth and maturation after tracheal occlusion
in diaphgragmatic hernia. Am J Respir Crit Care Med 1998;157:921–927.

29. Bin Saddiq W, Piedboeuf B, Laberge JM, et al. The effects of tracheal occlusion and release on type
II pneumocytes in fetal lambs. J Pediatr Surg 1997;32:834–838.

30. O’Toole SJ, Karamanoukian HL, Irish MS, Sharma A, Holm BA, Glick PA. Tracheal ligation: the
dark side of in utero congenital diaphragmatic hernia treatment. J Pediatr Surg 1997;32:407–410.

31. Skarsgard ED, Meuli M, Vander Wall KJ, Bealer JF, Adzick NS, Harrison MR. Fetal endoscopic
tracheal occlusion (‘Fetendo-PLUG’) for congenital diaphragmatic hernia. J Pediatr Surg
1996;31:1335–1338.

32. Vander Wall KJ, Skarsgard ED, Filly RA, Eckert J, Harrison MR. Fetendo-clip: a fetal endoscopic
tracheal clip procedure in a human fetus. J Pediatr Surg 1997;32:970–972.

33. Harrison MR, Mychaliska GB, Albanese CT, et al. Correction of congenital diaphragmatic hernia in
utero. IX. Fetuses with poor prognosis (liver herniation and low lung-to-head ratio) can be saved by
fetoscopic temporary tracheal occlusion. J Pediatr Surg 1998;33:1017–1022, discussion 1022–1023.

34. Colvin J, Bower C, Dickinson JE, Sokol J. Outcomes of congenital diaphragmatic hernia: a popula-
tion-based study in Western Australia. Pediatrics 2005;116:e356–e363.

35. Quintero RA. Twin–twin transfusion syndrome. Clin Perinatal 2003;30:591–600.
36. Machin GA, Keith LG. Can twin-to-twin transfusion syndrome be explained, and how is it treated?

Clin Obstet Gynecol 1998;41:104–113.
37. Bajoria R, Gibson MJ, Ward S, Sooranna SR, Neilson JP, Westwood M. Placental regulation of

insulin-like growth factor axis in monochorionic twins with chronic twin–twin infusion syndrome.
J Clin Endocrinol Metab 2001;86:3150–3156.

38. Mahieu-Caputo D, Dommergues M, Delezoide AL, et al. Twin-to-twin transfusion syndrome. Role
of the fetal renin-angiotensin system. Am J Pathol 2000;156:629–636.

39. Mahieu-Caputo D, Meulemans A, Martinovic J, et al. Paradoxic activation of the rennin-angioten-
sin system in twin–twin transfusion syndrome: an explanation for cardiovascular disturbances in
the recipient. Pediatr Res 2005;58:685–688.

1
7

FE
T
A

L
C

A
R
D

IA
C

IN
T
E
R
V

E
N

T
IO

N

319



40. Weir PE, Ratten GJ, Beischer NA. Acute polyhydraminos – a complication of monozygous twin
pregnancy. Br J Obstet Gynaecol 1979;86:849–853.

41. Quintero RA, Comas C, Bornick PW, Allen MH, Kruger M. Selective versus non-selective laser
photocoagulation of placental vessels in twin-to-twin transfusion syndrome. Ultrasound Obstet
Gynaecol 2000;16:230–236.

42. Johnsen SL, Albrechtsen S, Pirhonen J. Twin–twin transfusion syndrome treated with serial amnio-
centeses. Acta Obstet Gynecol Scand 2004;83:326–329.

43. Saunders NJ, Snijders RJ, Nicolaides KH. Therapeutic amniocentesis in twin–twin transfusion
syndrome appearing in the second trimester of pregnancy. Am J Obstet Gynecol 1992;166:820–824.

44. Trespidi L, Boschetto C, Caravelli E, Villa L, Kustermann A, Nicholini U. Serial amniocentesis in the
management of twin–twin transfusion syndrome: when is it valuable:? Fetal Diagn Ther
1997;12:15–20.

45. De Lia JE, Cruickshank DP, Keye WR, Jr. Fetoscopic neodymium: YAG laser occlusion of placental
vessels in severe twin–twin transfusion syndrome. Obstet Gynecol 1990;75:1046–1053.

46. Hecher K, Plath H, Bregenzer T, Hansmann M, Hackloer BJ. Endoscopic laser surgery versus serial
amnioamcenteses in the treatment of severe twin-to-twin transfusion syndrome. Am J Obstet
Gynecol 1999;180:717–724.

47. Ville Y, Hecher K, Gagnon A, Sebire N, Hyett J, Nicolaides K. Endoscopic laser coagulation in
the management of severe twin-to-twin transfusion syndrome. Br J Obstet Gynaecol
1998;105:446–453.

48. Lopriore E, Sueters M, Middeldorp JM, Oepkes D, Vandenbussche FP, Walther FJ. Neonatal out-
come in twin-to-twin transfusion syndrome treated with fetoscopic laser occlusion of vascular
anastomoses. J Pediatr 2005;147:597–602.

49. De Lia J, Fisk N, Hecher K, et al. Twin-to-twin transfusion syndrome – debates on the etiology,
natural history and management. Ultrasound Obstet Gynecol 2000;16:210–213.

50. Lemery DJ, Vanlieferinghen P, Gasq M, Finkeltin F, Beaufrere AM, Beytout M. Fetal umbilical cord
ligation under ultrasound guidance. Ultrasound Obstet Gynecol 1994;4:399–401.

51. Quintero RA, Romero R, Reich H, et al. In utero per cutaneous umbilical cord ligation in the
management of complicated monochorionic multiple gestations. Ultrasound Obstet Gynecol
1996;8:16–22.

52. Deprest JA, Audibert F, Van Schoubroeck D, Hecher K, Mahieu-Caputo D. Bipolar coagulation of the
umbilical cord in complicated monochorionic twin pregnancy. Am J Obstet Gynecol 2000;182:340–345.

53. Taylor MJ, Shalev E, Tanawattanacharoen S, et al. Ultrasound-guided umbilical cord occlusion using
bipolar diathermy for Stage III/IV twin–twin transfusion syndrome. Prenatal Diag, 2002;22:70–76.

54. Saade GR, Belfort MA, Berry DL, et al. Amniotic septostomy for the treatment of twin oligohy-
dramnios–polyhydramnois sequence. Fetal Diagn Ther 1998;13:86–93.

55. Hartung J, Chqaoui R, Bollmann R. Amniotic fluid pressures in both cavities of twin–twin trans-
fusion syndrome: a vote against septostomy. Fetal Diagn Ther 2000;15:79–82.

56. Quintero RQL, Morales W. Amniotic fluid pressures in severe twin–twin transfusion syndrome.
Prenat Neonat Med 1998;3:607–610.

57. Altman RP, Randolph JG, Lilly JR. Sacrococcygeal teratoma: American Academy of Pediatrics
Surgical Section Survey – 1973. J Pediatr Surg 1974;9:389–398.

58. Rescorla FJ, Sawin RS, Coran AG, Dillon PW, Azizkhan RG. Long-term outcome for infants and
children with sacrococcygeal teratoma: a report from the Children’s Cancer Group. J Pediatr Surg
1998;33:171–176.

59. Silverman NH, Schmid KG. Ventricular volume overload in the human fetus: observations from
fetal echocardiography. J Am Soc Echocardiogr 1990;3:20–29.

60. De Smedt MC, Visser GH, Meijboom EJ. Fetal cardiac output estimated by Doppler echocardiog-
raphy during mid- and late gestation. Am J Cardiol 1987;60:338–342.

61. Mielke G, Benda N. Cardiac output and central distribution of blood flow in the human fetus.
Circulation 2001;103:1662–1668.

62. Schmidt KG, Silverman NH, Harrison MR, Callan PW. High-output cardiac failure in fetuses with
large sacrococcygeal teratoma: diagnosis by echocardiography and Doppler ultrasound. J Pediatr
1989;114:1023–1028.

63. Flake AW, Harrison MR, Adzick NS, Laberge JM, Warsof SL. Fetal sacrococcygeal teratoma.
J Pediatr Surg 1876;21:563–566.

64. Gross SJ, Benzie RJ, Sermer M, Skidmore MB, Wilson SR. Sacrococcygeal teratoma: prenatal diag-
nosis and management. Am J Obstet Gynecol 1987;156:393–396.

65. Musci MN, Jr, Clark MJ, Ayres RE, Finkel MA. Management of dystocia caused by a large sacro-
coccygeal teratoma. Obstet Gynecol 1983;63(3 Suppl.):10s–12s.

66. Langer JC, Harrison MR, Schmidt KG, et al. Fetal hydrops and death from sacrococcygeal teratoma:
rationale for fetal surgery. Am J Obstet Gynecol 1989;160:1145–1150.

67. Hedrick HL, Flake AW, Crombleholme TM, et al. Sacrococcygeal teratoma: prenatal assessment,
fetal intervention, and outcome. J Pediatr Surg 2004;39:430–438.

68. Kay S, Khalife S, Laberge JM, Shaw K, Morin L, Flageole H. Prenatal percutaneous needle drainage
of cystic sacrococcygeal teratomas. J Pediatr Surg 1999;34:1148–1151.

69. Garcia AM, Morgan WM, III, Bruner JP. In utero decompression of a cystic grade IV sacrococcygeal
teratoma. Fetal Diagn Ther 1998;13:305–308.

70. Jouannic JM, Doimmergues M, Auber F, Bessis R, Nihoul-Fekete C, Dumez Y. Successful intrauter-
ine shunting of a sacrococcygeal teratoma (SCT) causing fetal bladder obstruction. Prenat Diagn
2001;21:824–826.

V
C

A
R
D

IO
LO

G
Y

320



71. Hecher K, Hackeloer BJ. Intrauterine endoscopic laser surgery for fetal sacrococcygeal teratoma.
Lancet 1996;347:470.

72. Lam YH, Tang MH, Shek TW. Thermocoagulation of fetal sacrococcygeal teratoma. Prenat Diagn
2002;22:99–101.

73. Paek BW, Jennings RW, Harrison MR, et al. Radiofrequency ablation of human fetal sacrococcygeal
teratoma. Am J Obstet Gynecol 2001;184:503–507.

74. Cowles RA, Stolar CJ, Kandel JJ, Weintraub JL, Susman J, Spigland NA. Preoperative angiography
with embolization and radiofrequency ablation as novel adjuncts to safe surgical resection of a
large, vascular sacrococcygeal teratoma. Pediatr Surg Int 2006;6:554–556.

75. Rychik J, Tian Z, Cohen MS, et al. Acute cardiovascular effects of fetal surgery in the human.
Circulation 2004;110:1549–1556.

76. Mahle WT, Rychik J, Tian ZY, et al. Echocardiographic evaluation of the fetus with congenital
cystic adenomatoid malformation. Ultrasound Obstet Gynecol 2000;16:620–624.

77. Rice HE, Estes JM, Hedrick MH, Bealer JF, Harrison MR, Adzick NS. Congenital cystic adeno-
matoid malformation: a sheep model of fetal hydrops. J Pediatr Surg 1994;29:692–696.

78. Adzick NS, Harrison MR, Crombleholme TM, Flake AW, Howell LJ. Fetal lung lesions: manage-
ment and outcome. Am J Obstet Gynecol 1998;179:884–889.

79. Adzick NS, Harrison MR, Flake AW, Howell LJ, Golbus MS, Filly RA. Fetal surgery for cystic
adenomatoid malformation of the lung. J Pediatr Surg 1993;28:806–812.

80. Bradley SM, Hanley FL, Duncan BW, et al. Fetal cardiac bypass alters regional blood flows, arterial
blood gases, and hemodynamics in sheep. Am J Physiol 1992;263:H919–928.

81. Hanley FL. Fetal cardiac surgery. Adv Card Surg 1994;5:47–74.
82. Malhotra SP, Thelitz S, Riemer RK, Reddy VM, Suleman S, Hanley FL. Induced fibrillation is

equally effective as crystalloid cardioplegia in the protection of fetal myocardial function. J Thorac
Cardiovasc Surg 2003;125:1276–1282.

83. Sabik JF, Assad RS, Hanley FL. Prostaglandin synthesis inhibition prevents placental dysfunction
after fetal cardiac bypass. J Thorac Cardiovasc Surg 1992;103:733–741, discussion 741–742.

84. Champsaur G, Parisot P, Martinot S, et al. Pulsatility improves hemodynamics during fetal bypass.
Experimental comparative study of pulsatile versus steady flow. Circulation 1994;90(5 Pt 2):II47–II50.

85. Champsaur G, Vedrinne C, Martinot S, et al. Flow-induced release of endothelium-derived relax-
ing factor during pulsatile bypass: experimental study in the fetal lamb. J Thorac Cardiovasc Surg
1997;114:738–744, discussion 744–745.

86. Hawkins JA, Clark SM, Shaddy RE, Gay WA, Jr. Fetal cardiac bypass: improved placental function
with moderately high flow rates. Ann Thorac Surg 1994;57:293–296, discussion 296–297.

87. Hawkins JA, Paape KL, Adkins TP, Shaddy RE, Gay WA, Jr. Extracorporeal circulation in the fetal
lamb. Effects of hypothermia and perfusion rate. J Cardiovasc Surg 1991;32:295–300.

88. Parry AJ, Petrossian E, McElhinney DB, Reddy VM, Hanley FL. Neutophil degranulation and
complement activation during fetal cardiac bypass. Ann Thorac Surg 2000;70:582–589.

89. Parry AJ, Petrossian E, McElhinney DB, et al. Role of the endothelium in placental dysfunction
after fetal cardiac bypass. J Thorac Cardiovasc Surg 1999;117:343–351.

90. Reddy VM, McElhinney DB, Rajasinghe HA, Rodriguez JL, Hanley FL. Cytokine response to fetal
cardiac bypass. J Mat–Fetal Invest 1998;8:46–49.

91. Vedrinne C, Tronc F, Martinot S, et al. Better preservation of endothelial function and decreased
activation of the fetal renin-angiotensin pathway with the use of pulsatile flow during experimental
fetal bypass. J Thorac Cardiovasc Surg 2000;120:770–777.

92. Vedrinne C, Tronc F, Martinot S, et al. Effects of various flow types on maternal hemodynamics
during fetal byass: is there nitric oxide release during pulsatile perfusion? J Thorac Cardiovasc Surg
1998;116:432–439.

93. Oishi Y, Masuda M, Yasutsune T, et al. Impaired endothelial function of the umbilical artery after
fetal cardiac bypass. Ann Thorac Surg 1999–2003;discussion 2004.

94. Sabik JF, Heinemann MK, Assad RS, Hanley FL. High-dose steroids prevent placental dysfunction
after fetal cardiac bypass. J Thorac Cardiovascular Surg 1994;107:116–124, discussion 124–125.

95. Reddy VM, Liddicoat JR, Klein JR, McElhinney DB, Wampler RK, Hanley FL. Fetal cardiac bypass
using an in-line axial flow pump to minimize extracorporeal surface and avoid priming volume.
Ann Thorac Surg 1996;62:393–400.

96. Friedman WF, Pool PE, Jacobwitz D, Seagren SC, Brunwald E. Sympathetic innervations of the
developing rabbit heart. Biochemical and histochemical comparisons of fetal, neonatal, and adult
myocardium. Circ Res 1968;23:25–32.

97. Pegg W, Michalak M. Differentiation of sarcoplasmic reticulum during cardiac myogenesis. Am J
Physiol 1987;525:H22–H31.

98. Mahony L. Maturation of calcium transport in cardiac sarcoplasmic reticulum. Pediatr Res
1988;24:639–643.

99. Corno AF, Bethancourt DM, Laks H, et al. Myocardial protection in the neonatal heart. A com-
parison of topical hypothermia and crystalloid and blood cardioplegic solutions. J Thorac
Cardiovasc Surg 1987;93:163–172.

100. Pearl JM, Laks H, Drinkwater DC, et al. Normocalcemic blood or crystalloid cardioplegia provides
better neonatal myocardial protection than does low-calcium cardioplegia. J Thorac Cardiovasc
Surg 1993;105:201–206.

101. Bolling K, Kronon M, Allen BS, et al. Myocardial protection in normal and hypoxically stressed
neonatal hearts: the superiority of hypocalcemic versus normocalcemic blood cardioplegia.
J Thorac Cardiovasc Surg 1996;112:1193–1200, discussion 1200–1201.

1
7

FE
T
A

L
C

A
R
D

IA
C

IN
T
E
R
V

E
N

T
IO

N

321



102. Lee JC, Halloran KH, Taylor JF, Downing SE. Coronary flow and myocardial metabolism in
newborn lambs: effects of hypoxia and acidemia. Am J Physiol 1973;224:1381–1387.

103. Mahdavi V, Izumo S, Nadal-Ginard B. Developmental and hormonal regulation of sarcomeric
myosin heavy chain gene family. Circ Res 1987;60:804–814.

104. Palahnuik RJ, Shnider SM. Maternal and fetal cardiovascular and acid-base changes during hal-
othane and isofluane anesthesia in the pregnant ewe. Anesthesiol 1974;41:462–472.

105. Toubas PL, Silverman NH, Heymann MA, Rudolph AM. Cardiovascular effects of acute hemor-
rhage in fetal lambs. Am J Physiol 1981;240:H45–48.

106. Sabik JF, Assad RS, Hanley FL. Halothane as an anesthetic for fetal surgery. J Pediatr Surg
1993;28:542–546, discussion 546–547.

107. Grant DA, Fauchere JC, Eede KJ, Tyberg JV, Walker AM. Left ventricular stroke volume in the fetal
sheep is limited by extracardiac constraint and arterial pressure. J Physiol 2001;535:231–239.

108. Rudolph AM. The fetal circulation and its response to stress. J Dev Physiol 1984;6:11–19.
109. Tchirikov M, Hecher K, Deprest J, Zikulnig L, Devlieger R, Schroder HJ. Doppler ultrasound

measurements in the central circulation of anesthetized fetal sheep during obstruction of umbi-
lical–placental blood flow. Ultrasound Obstet Gynaecol 2001;18:656–661.

110. Kohl T, Hartlage MG, Westphal M, et al. Intra-amniotic multimodal fetal echocardiography in
sheep: a novel imaging approach during fetoscopic interventions and for assessment of high-risk
pregnancies in which conventional imaging methods fail. Ultrasound Med Biol 2002;28:731–736.

111. Kohl T, Stelnicki EJ, Vander Wall KJ, et al. Transesophageal echocardiography in fetal sheep.
A monitoring tool for open and fetoscopic cardiac procedures. Surg Endosc 1996;10:820–824.

112. Kohl T, Suda K, Reckers J, Scheld HH, Vogt J, Silverman NH. Fetal transesophageal echocardiog-
raphy utilizing a 10-F, 10-MHz intravascular ultrasound catheter – comparison with conventional
maternal transabdominal fetal echocardiography in sheep. Ultrasound Med Biol 1999;25:939–946.

113. Kohl T, Szabo Z, Vander Wall KJ, et al. Experimental fetal transesophageal and intracardiac echo-
cardiography utilizing intravascular ultrasound technology. Am J Cardiol 1996;77:899–946.

114. Kohl T, Westphal M, Strumper D, et al. Multimodal fetal transesophageal echocardiography for
fetal cardiac intervention in sheep. Circulation 2001;104:1757–1760.

115. Kohl T, Strumper D, Witteler R, et al. Fetoscopic direct fetal cardiac access in sheep: an important
experimental milestone along the route to human fetal cardiac intervention. Circulation
2000;192:1602–1604.

116. Kohl T, Szabo Z, Suda K, et al. Fetoscopic and open transumbilical fetal cardiac catheterization in
sheep. Potential approaches for human fetal cardiac intervention. Circulation 1997;95:1048–1053.

117. Morales RAQ, WJ. Percutaneous fetoscopically guided interventions. In Harrison MR, Adzick NS,
Holzgreve W (eds). The Unborn Patient. Philadelphia, PA WB Saunders 2001;199–211.

V
C

A
R
D

IO
LO

G
Y

322



Chapter 18

Impact of Prenatal Diagnosis
on the Management of
Congenital Heart Disease

Charles S. Kleinman, MD

Introduction

Continuation versus Termination of Pregnancy

Impact of Prenatal Cardiac Diagnosis on the Prevalence of Congenital

Heart Disease

Does a Prenatal Cardiac Diagnosis Enhance Neonatal Survival?

Prenatal Cardiac Diagnosis and In Utero Medical Therapy

Prenatal Cardiac Diagnosis and Fetal Intervention

The Impact of Prenatal Cardiac Diagnosis on Informed Consent

Conclusion

References

INTRODUCTION

Thirty years ago, when our laboratory first became involved in echocardiographic

examination of the human fetal heart, it was hoped that these studies might provide

added insight into the anatomic and physiologic development of the human car-

diovascular system. It was our intention to take a systematic approach to the devel-

opment of the human fetus in order to determine whether we could use fetal

echocardiography to compare human cardiac development with the studies of

chronically instrumented fetal lambs that served as the foundation for our under-

standing of fetal cardiovascular development. Our first publication documented the

utility of the technique to measure the growth of cardiac structures through the

second and third trimesters, recognized relative right ventricular volume overload

as a normal feature of the fetal human heart, and established the potential for

studies to identify congenital cardiac malformations among fetuses identified to

be at higher than normal risk for congenital heart disease (1). At that time we were

intrigued with the research potential of the technique, but Dr Helen B. Taussig, who

was present at our initial presentation at the 1977 annual meeting of the Society for

Pediatric Research, enthusiastically welcomed the potential for the prenatal diag-

nosis of congenital heart disease. Dr Taussig, who had devoted her life to the care of

children with congenital heart disease, and who shared in the development of the

first surgical procedure for the palliation of tetralogy of Fallot, emphasized

the potential for the use of prenatal cardiac diagnostic studies to identify candidates

for termination of pregnancy, in order to avoid devastating disability and pain.

At the time of our presentation we had decided to avoid mention of termination of

pregnancy, owing to the emotional controversy and the risk that such discussion
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could eclipse the remainder of the content of the presentation. Dr Taussig,

however, in characteristic fashion was prescient and unflinching in offering her

observations.

Today, fetal echocardiography has become a fundamental aspect of perinatal

care throughout the developed world. Routine visualization of the fetal heart

has become a standard of care for obstetrical ultrasound, and the prenatal

diagnosis of major forms of congenital heart disease is now commonplace. It has

taken these 30 years, however, to define the clinical role that prenatal diagnosis

has in the management of pregnancies which are complicated by congenital

heart disease.

Prenatal diagnosis for genetic, skeletal, neurologic, gastrointestinal, pulmonary

and urological malformations, and certain metabolic diseases has been common-

place for many decades. Furthermore, there are widely accepted standardized,

diagnostic, counseling, and treatment protocols in place. However, there is little

consensus concerning the most appropriate response to specific prenatal cardiac

diagnoses. Indisputably, the answer to the question of whether prenatal cardiac

diagnosis ‘‘makes a difference’’ is an emphatic ‘‘yes.’’ In this chapter the various

options offered by the prenatal recognition of congenital heart disease will be

discussed (2,3,4).

CONTINUATION VERSUS TERMINATION OF PREGNANCY

Given its prevalence (approximately eight per 1000 live births) consumption of

healthcare resources (approximately four per 1000 will require medical or surgical

therapy during the first year of life), and its mortality rates, congenital heart disease

is one of the most dominant birth defects (5). Survivors may fare quite well, but

often with significant chronic disabilities, requiring ongoing medical care, special

education resources, and vocational and other social supports.

Although most frequently found in isolation, congenital heart disease does

occur in association with extracardiac anomalies, frequently in recognizable mal-

formation syndromes or in association with an abnormal karyotype (6). Studies in

our laboratory in the 1980s suggested that the diagnosis of congenital heart disease

by echocardiography during the second trimester was associated with an abnormal

karyotype in almost 30% of affected fetuses (7). This is consistent with expectations

based on the incidence of abnormal karyotype in patients who are diagnosed with

congenital heart disease at term and the expected incidence of spontaneous fetal

wastage of affected neonates during late gestation. Therefore, we recommend care-

ful genetic screening in all fetuses diagnosed prenatally with congenital heart

disease.

Whilst discussions of termination of pregnancy are complicated by religious,

emotional, moral, legal, and political considerations it is important to recognize

that families face the question of whether termination of pregnancy is a reasonable

option for their situation. Many families, faced with the reality of a diagnosis of

congenital heart disease, may decide to terminate the pregnancy. An additional

complicating factor is that antenatal diagnosis of congenital heart disease is con-

fined to fetuses beyond 10 weeks’ gestational age, with the vast majority of these

diagnoses established during the second trimester. The decision to terminate a

pregnancy at this stage can be wrenching. Careful counseling, including discussion

of the degree of certainty of the diagnosis, detailed discussion of the nature of the

cardiac lesion, including management options, expected survival, and functional

outcomes (prediction of activity level, academic performance, long-term survival,

and reproductive capacity), and the potential for recurrence in future offspring

should be made clear. While no two families use the same decision-making formula,

the most common considerations are as follows.
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Gestational Age

Some individuals faced with congenital cardiac malformations, in isolation or

associated with defined syndromes incompatible with life, have sought late-term

abortion. The counseling of the majority of patients is based on local abortion laws,

most of which limit this option to 20–24 weeks of gestation. Although it might

seem intuitive that the abortion option would be chosen more frequently in earlier

gestation, the literature is somewhat contrary on this point (8). A recent publica-

tion, offering a mathematical model to calculate the impact of prenatal cardiac

diagnosis on the prevalence of congenital heart disease uses a factor of 1.4 to

account for an increased likelihood of the abortion option being chosen during

early gestation (9).

� Nature of the lesion: isolated congenital heart disease may most often be

addressed with surgical strategies that result in long-term palliation, if not a

definitive ‘‘cure.’’ For a long time, we have used a linear scale of severity,

from one to 10, when counseling families about the complexity of heart

disease in their fetuses. We consider lesions that may be repaired or palliated

into a two-ventricular physiology as inherently ‘‘simpler’’ than abnormal-

ities that will require univentricular palliation, passing through cavopul-

monary connection, or orthotopic cardiac transplantation. To be sure, we

may encounter hearts with biventricular circulations (e.g. complex atrio-

ventricular discordant hearts, persistent truncus arteriosus with important

truncal valve regurgitation) which represent daunting surgical or medical

problems. The specter of a minimum of two – and often more – complex

open heart procedures in the first years of life, with the known potential

complications of the Fontan circulation (10) has weighted the parental

decision to seek termination of pregnancy.

Neurodevelopmental Potential

Although the literature is not completely consistent on this point, it appears that

children who are subjected to open heart surgery during early infancy are at higher

risk for neurodevelopmental delay (11). This has been a particular concern in the

follow-up of children with complete transposition of the great arteries (TGA).

This subgroup of patients is of particular interest. A large-scale long-term follow-

up study at the Boston Children’s Hospital (12) has focused particular attention on

the impact of deep hypothermic cardiac arrest on neurodevelopmental outcomes by

following a large cohort of patients with simple transposition and transposition

with ventricular septal defect. The study randomized patients into two groups:

one with a deep hypothermic cardiac arrest strategy and one with a bypass strategy

involving the use of low-flow bypass. Neurodevelopmental testing demonstrated

an advantage among children managed with low-flow bypass, with further data

suggesting that the differences in neurodevelopmental outcome between the two

groups could be ameliorated with the use of early intervention educational

strategies. Whilst considerable attention has been focused on the effect of circula-

tory support strategy during cardiac bypass as the cause of neurodevelopmental

disability it is important to note that both experimental groups in the Boston Deep

Hypothermic Arrest Trial (BDHAT) fell below the neurodevelopmental scores of

normal infants. This suggests that there could be a global disadvantage of cardiac

bypass per se on neurodevelopmental outcome, or that these infants may have poor

neurodevelopmental potential, based on the presence of congenital heart disease.

We have been interested in the study of Rosenthal (13), which suggest that neonates

1
8

P
R
E
N

A
T
A

L
D

IA
G

N
O

S
IS

O
N

T
H

E
M

A
N

A
G

E
M

E
N

T
O

F
C

O
N

G
E
N

IT
A

L
H

E
A

R
T

D
IS

E
A

S
E

325



with congenital heart disease associated with impaired systemic perfusion or

cyanotic congenital heart disease tend to have smaller head versus abdominal

circumferences. We postulated that this disturbed growth pattern might reflect

altered blood flow distribution during fetal development, which results in a relative

shortfall of cerebral substrate or oxygen delivery, or both. A multicenter preliminary

study demonstrated that patients with cyanotic lesions (i.e. tetralogy of Fallot,

tricuspid atresia, and TFA (or lesions associated with retrograde perfusion of the

aortic arch and cerebral circulation, such as hypoplastic left heart (HLH) syn-

drome)) tended to have reversal of the cerebro:placental resistance ratio, in a

manner that parallels the altered resistance ratio of fetuses with placental insuffi-

ciency and ‘‘brain-sparing’’ growth restriction (14). In these patients there is lower

than normal systemic resistance in the cerebral circulation, reflecting an autoregu-

latory ‘‘centralization’’ of systemic blood flow. Neurodevelopmental studies of

growth-restricted neonates suggest that these children are at a disadvantage despite

their centralization of blood flow, since there may be a shortfall in cerebral oxygen

or substrate delivery, or both (15). Fouron and colleagues (16) have demonstrated

that retrograde perfusion of the aortic isthmus is associated with impaired

neurocognitive outcomes in fetuses with congenital heart disease. We have

postulated that the detection of reversed cerebro:placental resistance ratio, in the

presence of congenital heart disease, may be an indicator of poor neurodevelop-

mental potential, regardless of the circulatory support strategy that is used during

open-heart surgery. We have not yet included this in our patient counseling,

since our experience is only preliminary. We are in the process of testing this

hypothesis in a multicenter study of HLH syndrome, and anticipate that such

studies will be expanded to include a wider spectrum of congenital cardiac

malformations.

Associated Malformations

Although usually found as isolated birth defects, congenital cardiac malformations

are often part of a multi-organ constellation of abnormalities that may include the

skeletal, gastrointestinal, urogenital, and neurologic systems. In some cases

there may be a predictable pattern of multisystem involvement. Such syndromic

associations are found in infants with:

� VACTERL association (Vertebral, Anal, Cardiac, Tracheal, Esophageal,

Renal, and Limb anomalies).

� CHARGE association (Coloboma, Heart abnormalities, Atresia choanae,

Retarded growth and development and/or central nervous system anoma-

lies, Genital hypoplasia, and Ear anomalies).

� Karyotypic abnormalities such as trisomy 21, trisomy 18, and trisomy 134)

in fetuses with partial deletions from the short arm of chromosome

22 (e.g. velocardiofacial or DiGeorge syndrome) which occurs in approxi-

mately 25% of fetuses diagnosed with conotruncal malformations,

including interrupted aortic arch type B (between the carotid arteries),

persistent truncus arteriosus, tetralogy of Fallot, and/or fetuses with

isolated aortic arch anomalies such as double aortic arch and right aor-

tic arch. Whilst the manifestations of the velocardiofacial syndrome may

be pleomorphic, making accurate counseling difficult, the recent suggestion

that this syndrome may be associated with schizophrenia in adoles-

cence or early adulthood in as many as 25% of affected patients has

resulted in an increase in the frequency with which termination of

pregnancy is chosen for the management of fetuses who have this micro-

deletion (17–28).
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Cardiopulmonary Interaction

A substantial subgroup of fetuses with congenital heart disease are prone to

associated pulmonary hypoplasia, airway obstruction, pulmonary lymphangiectasis,

and/or pulmonary hypertension that may threaten survival, even in situations in

which the anatomy of the heart may be amenable to surgical repair. For example,

fetuses with intrathoracic space-occupying masses may have lung hypoplasia on the

side of the mass. In addition, shift of the mediastinal mass into the contralateral

thoracic cavity may result in concomitant hypoplasia of that lung. This has been

well-established in clinical cases of congenital diaphragmatic hernia as well as in

fetal animal models. The association of congenital diaphragmatic hernia with

congenital heart disease may be particularly malignant, and while we have had

some experience with performing ex utero intrapartum treatment (EXIT) proce-

dures to establish extracorporeal membrane oxygenation (ECMO) support (29), the

overall result for children with this combination of lesions has been disappointing.

The subgroup of patients with tetralogy of Fallot with Absent Pulmonary Valve

syndrome may be at a severe disadvantage, owing to aneurismal dilation of the

main and proximal branch pulmonary arteries, resulting in compression of the

carina and proximal tracheal tree (30). In addition, some of these fetuses have

morphologically abnormal distal plexiform arborization patterns of the pulmonary

arteries, resulting in pulmonary hypertension. Approximately 25% of these fetuses

also have the DiGeorge or velocardiofacial syndromes. Our experience suggests that

parental response to counseling regarding the potential outcome for tetralogy of

Fallot with Absent Pulmonary Valve syndrome will often be to choose termination

of pregnancy. Pulmonary lymphangiectasis may result from severe in utero obstruc-

tion to pulmonary venous return (31). There are some cardiac lesions associated

with critical obstruction to pulmonary venous return. These include total anoma-

lous pulmonary venous return with obstruction and HLH syndrome with prema-

ture obstruction of the foramen ovale. Diagnosis of isolated anomalies of

pulmonary venous return may be difficult in the mid-trimester fetus, and our

experience with the prenatal diagnosis of total anomalous pulmonary venous

return has largely been in patients with complex congenital heart disease in the

setting of right atrial isomerism and asplenia (32,33). Parents faced with this con-

stellation of anomalies will often choose to terminate the pregnancy. Fetuses with

HLH syndrome, complicated by premature closure of the foramen ovale, represent

a subgroup of patients with an extremely poor prognosis. These fetuses are usually

born with severe respiratory distress and severe hypoxemia (33,34,35). Despite

aggressive neonatal management, including immediate surgical palliation or neo-

natal radio-frequency wire perforation of the atrial septum with subsequent stent-

ing of the septum, mortality rates approach 50%. The latter appears to relate to

irreversible prenatal development of pulmonary vascular changes. These poor

neonatal outcomes have served as the impetus for the effort to develop a

protocol for intrauterine stenting of the atrial septum. It is not surprising that

parents faced with the reality of a fetus with HLH syndrome that will require

heroic prenatal or neonatal intervention, only to be placed on the pathway

through Norwood and Fontan palliation will often choose to terminate these

pregnancies.

IMPACT OF PRENATAL CARDIAC DIAGNOSIS ON THE
PREVALENCE OF CONGENITAL HEART DISEASE

The impact of prenatal cardiac diagnosis on the prevalence of congenital heart

disease was reviewed in a recent publication by Germanakis and Sifakis (36).

These authors enumerated the factors that are considered by parents in their
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decision-making and reviewed the literature in an effort to determine the

frequency with which pregnancy termination is chosen for specific malformations.

They offer a mathematical model to determine the impact of prenatal diagnosis on

prevalence and suggest that the product of the probability that prenatal cardiac

ultrasound screening will be performed (Pevaluation), the probability that congenital

heart disease, if present, will be detected (Pdetection), and the probability that a

decision will be made to terminate the affected pregnancy (Pdecision), subtracted

from unity, represents the impact of prenatal cardiac diagnosis on the prevalence of

congenital heart disease (1.0). This model is certainly accurate; however, the

specific impact of prenatal cardiac diagnosis will differ from locale to locale, and

will vary for specific cardiac malformations according to local surgical experience.

For example, the authors suggest that Pevaluation approximates 1.0, based on

the widely held European standard of at least one, if not multiple, mandated

ultrasound examinations during uncomplicated pregnancies and the recommenda-

tion that all such studies include fetal cardiac imaging. In the USA the standard

of care still does not call for routine ultrasound examination of every pregnant

woman, although the American Institute of Ultrasound in Medicine, the American

College of Obstetrics and Gynecology, and the American College of Radiology all

have established four-chamber and outflow tract views of the fetal heart as the

standard of care during any general ultrasound study of the fetus. Depending

upon the community being considered, Pevaluation in the USA is probably in

the range of 0.5 to 0.8. The authors estimate that Pdetection is approximately

0.47, based on a review of the literature. Our experience suggests that a detection

rate of 47% is a best-case scenario, with the standard of care in many communities

considerably lower. In addition, the authors estimate a Pdecision of �0.35. Based

on these estimates the overall impact of prenatal cardiac diagnosis on the prevalence

of congenital heart disease was estimated to be a 14% reduction, with the

estimate increasing to 21%, assuming an overall factor of 1.4 may be applied

owing to earlier gestational diagnosis. Our own experience has suggested that

Pdecision may vary greatly. At Morgan Stanley Children’s Hospital of New York –

Presbyterian Pdecision has hovered in the 0.10 range for the past three years.

This almost certainly reflects the referral patterns to our laboratory. Our Section

of Maternal–Fetal Medicine is actively involved in Level III fetal echocardiographic

studies for prescreening. Many patients do not seek further counseling once they

have been informed of the presence of congenital heart disease as part of

multiorgan malformation complexes or in association with karyotypic abnormal-

ities. To be sure, the local surgical philosophy and the social mores of a particular

community will have a profound impact on the way in which even the most com-

plex abnormalities are managed. This may be witnessed by examining the

extremely high frequency of termination of pregnancy in the series reported

by Dr Lindsey Allen when she described her experience in London compared

with her experience with the same cardiac lesions when diagnosed in

New York City. The suggested mathematical model may be useful for assessing

the impact of prenatal diagnosis on the prevalence of individual cardiac malforma-

tions, but the results will clearly differ depending on the community of patients

and physicians.

DOES A PRENATAL CARDIAC DIAGNOSIS ENHANCE
NEONATAL SURVIVAL?

Our assumption, from the time of our first prenatal cardiac diagnosis (tricuspid

atresia, ventricular septal defect, and pulmonary stenosis) was that advance knowl-

edge of the presence of congenital heart disease, especially lesions that render the

neonate dependent upon persistent patency of the ductus arteriosus for ongoing
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pulmonary or systemic blood flow, would quickly be shown to enhance survival.

In fact, it has taken over 20 years, and multiple studies, to demonstrate a statistically

significant enhancement in survival for such children.

Our initial assessment of the impact of fetal echocardiographic diagnosis of

congenital heart disease on survival, demonstrated a survival advantage for neo-

nates who had been diagnosed prenatally with lesions that could be managed using

a two-ventricular management strategy. Infants who would ultimately require

Fontan palliation of single ventricle variants did not appear to enjoy a survival

advantage. This was initially a surprise, since most of these neonates required some

form of neonatal surgery, most frequently associated with ductal-dependent lesions.

In retrospect, our numbers were relatively small, and our local experience with

HLH syndrome was such that the statistics could not detect an enhancement of

survival likelihood related to antenatal diagnosis. Other centers investigating the

same question drew similar conclusions, related either to uniformly dismal surgical

outcomes for HLH syndrome, or, alternatively, such uniformly excellent results

that the studies lacked the statistical power to adequately investigate the hypothesis

at hand.

More recent studies, from large pediatric cardiac surgical centers took into

account variables such as the impact of prenatal diagnosis on intention to treat,

and demonstrated a relatively profound impact of prenatal diagnosis on the sur-

vival likelihood of lesions such as HLH syndrome, complete transposition of the

great arteries, and coarctation of the aorta (2,3,4). Of interest is the fact that a

recent report from the Children’s Hospital of Philadelphia failed to demonstrate a

significant survival advantage imparted by the prenatal diagnosis of visceral

heterotaxy. This, in part, is related to the uniformly poor prognosis for this syn-

drome, which appears virtually unmanageable in a significant percentage of

fetuses and neonates, regardless of the application of aggressive management

strategies (37).

A recent publication established the importance surgical volume plays in the

outcome for neonates undergoing surgical palliation of HLH syndrome. Survival is

directly proportional to surgical volume at such centers, independent of the oper-

ating surgeon at each institution (38). Although not examined for other neonatal

surgical procedures, it seems logical that the same phenomenon will hold for a wide

variety of complex surgical procedures. This raises an obvious question when con-

sidering the potential impact of prenatal diagnosis on neonatal surgical survival:

What is the impact of such diagnoses in allowing patients to be referred for delivery

at particular high-volume pediatric cardiac centers with demonstrated excellence in

the performance of specific procedures? With the proliferation of fetal cardiac

diagnostic centers throughout our geographic area we have noted a selective process

of referral to our center for specific high-risk procedures. We anticipate that such a

collaborative approach to neonatal cardiac surgical management will be adopted in

an increasing number of centers as regionalization of care for ‘‘super-specialties’’

such as neonatal cardiac surgery is mandated, either by clinical necessity, by medical

governing boards, or by economic reality.

Our first study of the impact of prenatal diagnosis of congenital heart disease

on survival did note a significant decrease in the frequency of metabolic acidosis in

neonates with a variety of critical congenital heart diseases who had been diagnosed

antenatally (39). This finding was confirmed in a study from Columbus Children’s

Hospital which focused on fetuses with left heart obstructive lesions, although they

did not detect a survival advantage among these children (40). In a subsequent

multicenter study involving our group at Yale, the University of Maryland and the

University of Utrecht, in the Netherlands, prenatal cardiac diagnosis was found to

virtually eliminate the risk of preoperative metabolic acidosis in the presence of

critical congenital heart disease (41), presumably by allowing anticipatory
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treatment to avoid hypoxemia and ischemia secondary to neonatal closure of the

ductus arteriosus or the initiation of inotropic support, or both, for fetuses with

impaired ventricular pump function. The neurocognitive advantage imparted by

avoidance of metabolic acidosis has previously been demonstrated in premature

infants. It remains to be seen whether a similar phenomenon can be demonstrated

for mature infants with congenital heart disease (42).

In our study we attempted to demonstrate an economic advantage that could

be attributed to prenatal cardiac diagnosis. Naı̈vely, we assumed that prenatal

diagnosis would facilitate neonatal surgery, improve surgical outcomes, and shorten

hospitalizations. Retrospectively, it seems obvious that we should have anticipated

no such impact in the subgroup of patients for whom prenatal diagnosis had no

significant impact on survival (e.g. patients with single ventricle variants).

In patients in whom there was a survival advantage, costs were significantly

increased owing to the increased cost of hospitalization of the surviving children.

We could, however, demonstrate significantly lower costs if we factored in the

savings to the medical care delivery system associated with termination of preg-

nancy, and if it can be proven that prenatal cardiac diagnosis contributes to an

improvement in neurodevelopmental outcome. The substantial costs per surgical

survivor may be dwarfed by the costs incurred for the care of survivors with chronic

disabilities. Of course it is difficult, if not impossible, to perform an accurate

cost:benefit analysis, since we cannot adequately assign a value to a given child’s

survival.

PRENATAL CARDIAC DIAGNOSIS AND IN UTERO MEDICAL
THERAPY

At the time of our initial publication concerning prenatal cardiac diagnosis

we commented on the use of M-mode echocardiography to detect and ana-

lyze disturbances in fetal cardiac rhythm. Among the arrhythmias that were

described were isolated extrasystoles, one case of complete heart block in the

fetus of a mother with a history of collagen vascular disease and a high titer

of anti-nuclear antibodies, and a hydropic fetus with left atrial isomerism, com-

plex atrioventricular canal defect, atrial flutter, and complete heart block.

We quickly realized that fetal extrasystoles were a frequent and relatively benign

rhythm disturbance. However, they may serve to initiate reciprocating atrioven-

tricular tachycardia in fetuses who have an underlying anatomic substrate (an

accessory atrioventricular connection and decremental conduction in the atrioven-

tricular node). The risk of juxtaposition of appropriately timed extrasystoles and

appropriate anatomic substrate appears to occur in 0.5% to 2% of neonates with

supraventricular ectopic beats, and in a similar percentage of fetuses with

extrasystoles.

In the early 1980s we focused our attention on the frequency with which

idiopathic non-immune hydrops fetalis could be attributed to primary fetal

cardiovascular disease, including congenital heart disease associated with atrioven-

tricular or semilunar valve regurgitation. In hydropic fetuses, the edema is thought

to be secondary to the limited reserve of fetal myocardium, in which increased

preload results in a dramatic increase in systemic venous pressure, with a limited

augmentation of systolic output. Increased systemic venous pressure, translates into

increased hydrostatic pressure at the capillary level of the fetus. This results in a

rapid accumulation of interstitial and third-spaced fluid (hydrops) in fetuses with

lower oncotic pressure, interstitial tissue pressure, and greater vascular permeability

than the mature organism. The normal fetus produces considerably more lymphatic

fluid per unit of body weight than the mature child. An increase in outflow pressure

from the thoracic duct beyond a critical level will result in a relatively abrupt
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cessation of lymphatic drainage. This results in the development of anasarca. In the

adult sheep the ‘‘closing pressure’’ to lymphatic drainage is in the range of 25 mm

Hg, whereas in the fetal lamb this critical pressure is in the range of 12 mmHg to 15

mmHg. Significantly increased systemic venous pressure, therefore, leads to a

marked increase in extravasated water and an abrupt decrease in lymphatic drain-

age. It should be no surprise that hydrops fetalis is the final common pathway for a

variety of structural and functional abnormalities that lead to increased venous

pressure or diminished lymphatic drainage in the fetus (46).

Romero (47) and Friedman (48), studying fetal and mature sheep hearts and

isolated muscle strips, demonstrated that fetal myocardium is less compliant and

generates less contractile force when stimulated at any given preload than mature

myocardium. This is reflected in the Doppler diastolic filling waveforms from both

ventricular inflow tracts and longitudinal myocardial tissue velocities from both

lateral atrioventricular valve rings that demonstrate E/A (and E’/A’) ratios <1.0.

This indicates the reliance of ventricular diastolic filling on coordinated active atrial

contraction. The loss of a coordinated atrial contraction results in ‘‘cannon’’

a-waves, which are reflected in retrograde pulsations in the inferior vena cava,

ductus venosus, and, in most severe cases, the umbilical vein. These cannon

a-waves may result in a sufficient increase in capillary hydrostatic pressure to

cause hydrops fetalis.

Fetuses with atrial tachyarrhythmias have foreshortened diastolic filling

periods, often resulting in inadequate atrial emptying. In addition, fetuses with

atrioventricular reciprocating tachycardia may have ineffective atrial contractions,

depending upon the ventriculoatrial conduction time. In the presence of short

ventriculoatrial conduction time, the active atrial contraction may occur so soon

after the ventricular depolarization that it may interfere with atrial, rather than

facilitate ventricular, filling. This results in a-wave reversal in the inferior vena cava,

ductus venosus, and, possibly, the umbilical vein. In the presence of atrial flutter

there will typically be multiple retrograde a-wave pulsations in the fetal systemic

venous system that will be associated with elevated mean venous and capillary

hydrostatic pressure. These findings account for the rapid development of hydrops

fetalis in fetuses with sustained atrial tachyarrhythmias. Krapp and colleagues (49)

have suggested that prolonged atrial retrograde flow in the ductus venosus after

conversion of atrial tachycardia to sinus rhythm may be used to define the

presence of tachycardia-induced cardiomyopathy. The latter may result in atrial

compromise rather than a disturbance in ventricular pump function and may

delay the resolution of hydrops fetalis, despite the re-establishment of normal

sinus rhythm (50).

Whilst it has been demonstrated that the administration of ß-mimetic

agents may increase fetal heart-rate, there has been little evidence that this resolves

hydrops fetalis. The latter may well require establishment of atrioventricular

synchrony, and may have an impact on efforts to develop protocols for fetal

pacemaker therapy. Our experience with the use of absorbable corticosteroid in

a small group of patients with complete heart block suggested that the

anti-inflammatory effect of such therapy improves fetal hemodynamics, and may

partially ameliorate immune complex-mediated damage to the atrioventricular

node (51). This finding has led to a multicenter study of the effect of corticosteroid

for the treatment of complete heart block associated with high maternal titers of

anti-Ro or anti-La antibodies. Jaeggi and colleagues (52) have presented data to

suggest a remarkable improvement in the prognosis of fetuses with complete heart

block since they introduced routine administration of corticosteroid for these

fetuses.

In a review of 4838 consecutive fetal echocardiograms Copel et al. (53) found

that 595 (12.3%) had been referred for arrhythmia evaluation. Three hundred thirty
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(55.4%) of these fetuses were in normal sinus rhythm at the time of initial evalua-

tion, whereas 255 (42.9%) had isolated extrasystoles at initial examination.

Ten fetuses (1.7%) had sustained atrial tachyarrhythmias. Of the 330 fetuses in

normal sinus rhythm at the time of initial evaluation five (1.5%) subsequently

developed supraventricular tachycardia (during later gestation or the neonatal

period). Of the 10 fetuses in which sustained atrial tachyarrhythmias were diag-

nosed on initial evaluation there was one death, in a fetus with congenital heart

disease and atrial flutter.

Although algorithms for the evaluation and treatment of fetal tachyarrhyth-

mias remain in flux, it is clear that a detailed risk:benefit analysis must take place

prior to initiating transplacental treatment of fetal arrhythmias. The complexities

of treating a patient within a patient make it advisable to bring a range of sub-

specialists to the table when considering antiarrhythmic treatment. The team

should include experts in fetal cardiac ultrasound, developmental electrophysiology,

neonatology, perinatology, and adult cardiology. The decision-making algo-

rithm should include accurate diagnosis of the nature of the arrhythmia, its

hemodynamic consequences, fetal gestational age and pulmonary maturity, and

the potential risks and benefits of antiarrhythmic therapy on the fetus and

mother. Both members of the complex patient ‘‘unit’’ require careful monitoring.

There is a lack of unanimity concerning the role of antiarrhythmic therapy

in the management of fetuses with intermittent tachycardia. On the other

hand, we believe that supraventricular tachyarrhythmia, associated with hydrops

fetalis, in a previable or extremely premature fetus, warrants transplacental

antiarrhythmic therapy.

PRENATAL CARDIAC DIAGNOSIS AND FETAL INTERVENTION

The role of fetal intervention for the management of selected fetuses with aortic

stenosis has intrigued the pediatric cardiology community since the early 1990s.

The initial descriptions of transplacental introduction of balloon catheters for

balloon aortic valvuloplasty were stimulated by poor outcomes among

neonates with valvar aortic stenosis at that time. The low success rate of

such interventions and the parallel improvement in neonatal surgical and catheter

intervention for this condition resulted in a moratorium for such procedures

(54,55). Recently, however, there has been a renaissance in the degree of

interest in this technique as a means of preventing progressive left ventricular hy-

poplasia in fetuses with aortic stenosis, left ventricular fibro-elastosis and retrograde

perfusion of the aortic arch and ascending aorta. The subgroup of patients

with HLH syndrome and premature closure of the foramen ovale have a

particularly malignant course, due to pulmonary insufficiency and lymphangiecta-

sia (54–56). The same investigative group has used catheter therapy, and more

recently stent implantation, to relieve pulmonary venous hypertension in such

patients. Additionally, catheter-based therapy has been applied for the palliation

of membranous fetal pulmonary atresia with intact ventricular septum. While the

initial report of successful pulmonary balloon valvuloplasty suggested that each

of the two fetuses faced an immediate future of hydrops fetalis, based on the detec-

tion of atrial flow reversal in the ductus venosus (57), subsequent experience

has suggested that such flow reversal is the rule, rather than the exception, in fetuses

with pulmonary outflow obstruction (58). The status of the foramen ovale may

well be a determinant of the presence or absence of hydrops fetalis in this subgroup

of patients.

While the impact of such interventions on the management of fetuses with

congenital heart disease remains to be defined, the lessons that are being learned
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and applied to the treatment of the fetus are likely to produce a quantum leap in

our understanding of the fetal and transitional circulation.

THE IMPACT OF PRENATAL CARDIAC DIAGNOSIS ON
INFORMED CONSENT

While we have reached a level of sophistication in prenatal diagnosis that allows

most major forms of congenital heart disease to be diagnosed reliably

between approximately 12 weeks’ and term gestation, even the busiest fetal

cardiac centers appear to have reached a plateau in the frequency with which

diagnoses are made prenatally. Our own experience has suggested that 45%

to 55% of the neonates who pass through our neonatal intensive care unit with a pri-

mary diagnosis of congenital heart disease will have been diagnosed prenatally.

We estimate this figure to approximate >85% among patients who are

followed by our full-time obstetrical faculty, whereas the figure among

referral centers outside the New York – Presbyterian Health Care System is

significantly lower.

In a study that was recently conducted in our laboratory, Williams et al. (59)

used a written instrument to measure the level of maternal understanding. The

mothers of fetuses who were diagnosed prenatally to have congenital heart disease

demonstrated a significantly enhanced degree of understanding compared with the

level of understanding demonstrated by the mothers of children with similar con-

ditions, who were not diagnosed until after birth.

CONCLUSION

The field of pediatric cardiology has seen significant change over the past 30 years.

One of the most fundamental differences is the change of focus: from neonatal

through school-age patients constituting >90% of clinical activities in 1977 to more

than 50% of patient activity involving the care of young adults and fetuses with

congenital heart disease.

As discussed above, the prenatal diagnosis of congenital heart disease

has had profound implications for the clinical care of neonates with congeni-

tal heart disease. The challenge that we now face is to extend fetal

cardiology beyond the academic medical center and to demonstrate that prena-

tal cardiac diagnosis has a positive impact on the functional outcome of our

patients.

PA

LV

FIGURE 18–1 Mid-trimester fetal heart with complete (d-) transposition of the great arteries

(TGA). Bifurcating pulmonary artery (PA) arises from left ventricle (LV). Parallel course of proximal

great arteries may be demonstrated using color flow or Doppler power imaging.
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FIGURE 18–2 Retrograde flow (in orange) in aortic arch of fetus with complex double outlet right

ventricle, with aortic outflow tract obstruction with aortic arch hypoplasia. Fouron and colleagues

(16) have demonstrated that retrograde perfusion of the aortic arch through the aortic isthmus is

associated with a high risk of unfavorable neurocognitive outcome.

MPA

FIGURE 18–3 Mid-trimester fetus in which clinical diagnosis of referring physician, of valvar pul-

monary stenosis, was confirmed. Previous counseling had focused on neonatal pulmonary balloon

valvuloplasty, with possible later aortopulmonary shunting. Somewhat to our surprise, in light of

absence of ventricular septal defect, fetus was noted to have polyhydramnios with persistently

absent stomach bubble. In addition, ectopic pelvic kidneys, with probable horseshoe deformity,

and kyphoscoliosis, with several hemivertebrae were diagnosed. Apparent diagnosis is previously

unsuspected VACTERL with esophageal atresia component. Counseling has included management

of esophageal atresia with probable TE fistula, and probable insertion of stent into ductus arteriosus

at the time of pulmonary valvuloplasty, in order to avoid need for two thoracotomies during the

neonatal period.
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Hrt

St

FIGURE 18–4 Fetus with large left-sided diaphragmatic hernia. Stomach bubble is seen alongside heart. Latter is

displaced far to the right chest wall. The left lung, on the side of the hernia, is hypoplastic, as is the lung on the right

side, where the heart and mediastinum are functioning as space-occupying masses. There is some controversy about the

prognostic accuracy of lung:head ratios for prediction of adequacy of neonatal pulmonary function.

MPA
2 1

RPA

MPA
RV

LV

Pul Vlv

FIGURE 18–5 Fetus with absent pulmonary valve syndrome. Right ventricle (RV) and main pulmonary artery (MPA) are

dilated. Pulmonary annulus is guarded by dysplastic tissue that results in moderate pulmonary outflow obstruction and

severe pulmonary regurgitation (Pul Vlv). Right-hand panel demonstrates aneurismal dilation of MPA and right pulmonary

artery (RPA). Aneurismal pulmonary arteries result in significant large airway compression. This fetus had acquired

premature closure of the ductus arteriosus.

FIGURE 18–6 Discordant atrial volumes in fetus developing hypoplastic left heart (HLH) syndrome. Upper panels

demonstrate smaller left atrium with narrow jet of left-to-right shunting across atrial septum into relatively dilated

right atrial chamber. In panel below pulsed Doppler waveform in pulmonary vein demonstrates ‘‘to-and-fro’’ flow pattern

that presages severe respiratory insufficiency in the delivery room, secondary to pulmonary venous obstruction and

secondary pulmonary edema. Such fetuses require emergency decompression of the pulmonary veins.
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1
2

3

FIGURE 18–7 Fetal heart demonstrating multiple, large, homogeneous, sessile masses at the apex

of the left ventricle (1–3), the interventricular septum, and the right ventricular free wall. This is the

typical appearance of ventricular rhabdomyomata. These are associated with a high (�80%) like-

lihood of tuberous sclerosis. A careful family history, including genetic screening for one of the

tuberous sclerosis-associated genes is indicated.

FIGURE 18–8 Multiple intensely echogenic foci are demonstrated in this fetus at 20 weeks’

gestation. The echocardiographic signal is virtually as intense as that from adjacent boney struc-

tures. There are multiple foci, most involving the papillary muscles of the mitral valve (bracket), with

a single focus associated with a tricuspid papillary muscle. These foci do not represent cardiac

neoplasms. There presence increases the odds ratio of the Down syndrome by a factor of five to

six. These findings must be taken into consideration during general counseling of families regarding

fetal wellbeing, and the need for amniocentesis.
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ular tachycardia. Image reproduced with permission from Moss and Adam’s Heart Disease in Infants, Children and

Adolescents. Including the Fetus and Young Adult, 2 volume set, Lippincott Williams & Wilkins, Fedilion (October 1, 2007).
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INTRODUCTION

Historically, cardiac catheterizations have been an essential technique for diagnos-

ing cardiac lesions in newborn infants. Cardiac catheterizations were performed on

virtually all infants, and children who were suspected of having a cardiac anomaly,

to provide vital hemodynamic and anatomic information to direct further therapy.

Recent advances in echocardiography have significantly decreased the need for

diagnostic catheterizations (1). Two-dimensional echocardiography has been

refined so that accurate delineation of intracardiac and extracardiac anatomy

may be accomplished noninvasively. With the addition of Doppler analysis and

advancements in computer processing, a routine echocardiogram can also provide

accurate hemodynamic information, which, in the past, necessitated diagnostic

catheterization. Today most neonatal cardiac surgery is performed without the

neonate ever undergoing cardiac catheterization.

Magnetic resonance angiography (MRA) is a new noninvasive technique that

can accurately delineate the intracardiac and extracardiac anatomy in neonates (2).

MRA is especially useful in neonates with complex ventricular malformations and

aortic arch abnormalities (including vascular rings) to delineate central and distal

pulmonary artery abnormalities and supravalvular stenosis. These new noninvasive

techniques have decreased the need for catheterization and avoid the risks

associated with radiation, contrast agents, sedation, cold stress, blood loss,

arrhythmias, and vascular complications, which are inherent during neonatal

catheterization (3,4).
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Although this noninvasive revolution has decreased the need for routine

diagnostic catheterization the catheterization laboratory has also undergone a revo-

lution of its own. With the development by Rashkind and Miller (5) of balloon atrial

septostomy, in 1966, the catheterization laboratory became an area where interven-

tional procedures could easily be performed. Such interventions can palliate and even

‘‘cure’’ various congenital heart diseases with equal and even better success than the

previously performed surgical procedures, often with less morbidity and mortality

(6). The remainder of this chapter will discuss the various interventional techniques

currently employed in neonates and, when surgical options are available, we will

discuss the advantages and disadvantages of the various options.

CREATION OF AN ATRIAL SEPTAL DEFECT

Transcatheter creation of an atrial septal defect (ASD) was initially developed to

palliate neonates with transposition of the great arteries (TGA) who were deeply

cyanotic with unremitting metabolic acidosis secondary to poor mixing of the

parallel circulations (5). Previous surgical techniques performed in these critically

ill neonates carried an extremely high mortality rate. This stimulated Rashkind and

Miller (6), in 1966, to develop a technique for creating an ASD using a balloon-

tipped catheter. Immediately after creation of the ASD by balloon atrial septostomy

(BAS) these deeply cyanotic neonates have a rapid improvement in their oxygen

saturation valves and resolution of the hypoxia-induced metabolic acidosis.

The success of BAS for TGA has led to the application of this procedure

for other types of cardiac anomalies with obligatory interatrial shunts, such as

hypoplastic left heart (HLH) syndrome, tricuspid atresia, and total anomalous

venous return (7). In infants with HLH syndrome and a restrictive ASD, emergent

enlargement of the atrial defect may be needed before surgical palliation. BAS has

not met the same degree of success in these types of anomalies as that achieved in

TGA. This is, in part, because the atrial septum in these anomalies is typically

thickened and abnormal in position. Other techniques have been developed to

create these defects in these neonates, such as blade atrial septostomy and atrial

septoplasty (8,9).

BALLOON ATRIAL SEPTOSTOMY

BAS creates or enlarges an ASD by first passing a special balloon-tipped catheter from

the right to left atrium across the patent foramen ovale. The catheter’s balloon is

inflated in the left atrium and withdrawn rapidly into the right atrium tearing the sep-

tum primum and enlarging the ASD. BAS can be performed under fluoroscopic

guidance in the catheterization laboratory or under echocardiographic guidance in

the neonatal intensive care unit (NICU). Performing a BAS under echocardiographic

guidance was first described in 1982 by Allan and colleagues (10).

Echocardiography allows the technique to be performed at the neonate’s

bedside, with direct visualization of the catheter as it crosses the atrial septum.

This bedside procedure may be performed via the umbilical or femoral vein.

Umbilical access is preferred in neonates older than 48 hours of life since femoral

access frequently causes permanent occlusion of the vein after BAS (11). An umbil-

ical venous catheter is placed into the right atrium and then replaced with a sheath

over a wire. The septostomy catheter is then advanced through the sheath into the

right atrium. Asfaq and Houston (11) reported successful umbilical cannulation in

27 of 37 neonates who were more than 48 hours old by use of echocardiographic

guidance. If umbilical venous access is not feasible, right femoral venous assess is

obtained. Under echocardiographic guidance the catheter tip is advanced from

the right atrium through the patent foramen ovale into the left atrium and
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filled with saline (Figure 19-1 (A)). Echo guidance ensures that the balloon is

inflated in the left atrium and not within the pulmonary veins or mitral valve

apparatus. When performed in the catheterization laboratory the balloon is filled

with dilute contrast under biplane fluoroscopy to assure proper positioning within

the left atrium (Figure 19-1 (B)). The size of the tear and the degree of atrial

shunting may be assessed by echocardiography and by the neonate’s improved

oxygen saturation valve (Figure 19-1 (c) and Figure 19-1 (D)).

Once the position of the inflated balloon in the left atrium is confirmed the

catheter is pulled with a sharp and forceful tug into the right atrium with imme-

diate release to prevent inferior vena cava obstruction and tears (Figure 19-2 (A),

Figure 19-2 (B)). The balloon is deflated and the procedure may be repeated several

times with a larger balloon.

Complications of BAS include damage to the mitral or tricuspid valve

apparatus, pulmonary venous perforation, inferior vena cava tears, heart block,

stroke, and femoral venous obstruction. Damage to the atrioventricular valves

and pulmonary veins can almost always be avoided by the use of echocardiographic

guidance prior to and during balloon inflation.

After creation of an ASD by BAS in infants with TGA, intracardiac mixing

improves and support medications, such as prostaglandin 1 (PGE1), may be

stopped. These defects rarely re-obstruct acutely. Before the advent of the arterial

switch operation for TGA these defects would remain patent for six months to two

years, until a Mustard or Senning procedure could be performed.

BLADE ATRIAL SEPTOSTOMY

Blade atrial septostomy has been used to create an ASD in neonates and older

children in whom BAS has not been successful. This occurs in infants older than

one month in whom the septum is less pliable or thickened. The blade septostomy

catheter has a specially designed angled tip with a retractable blade. The procedure

is performed by advancing the catheter tip up the inferior vena cava from the

femoral vein and into the left atrium across the atrial septum. Whilst in the left

atrium the blade is extended (Figure 19-3 (A)). The use of biplane angiography is

imperative to prevent a laceration of the left atrium during blade extension.

The catheter is slowly withdrawn on biplane into the right atrium (Figure

19-3 (B)). This is usually sufficient to create an adequate ASD, but this may be

further enlarged by BAS.

A multicenter center study by Park et al. (8) had a 10% incidence of major

complications with blade septostomy, including lacerations to the heart.

Improvements in the design of blade catheters have led to prevention of some of

these inadvertent lacerations. A subsequent study by Atz et al. (9) attempted to use

this technique in the preoperative management of neonates with HLH syndrome

with restrictive atrial septums. The results of this study were disappointing with two

of three neonates suffering cardiac perforation, cardiac tamponade, and death.

This occurred in part because these neonates have small left atria; thus, this tech-

nique is not applicable to this lesion. We believe that blade atrial septostomy carries

a high complication and failure rate in these neonates, regardless of the diagnosis,

and this technique is currently not recommended in this age group.

ATRIAL SEPTOPLASTY

Atrial septoplasty enlarges a small ASD by positioning an angioplasty balloon

catheter across the defect and tearing the septum with one or multiple inflations.

If no ASD is present a trans-septal puncture is first performed, with subsequent

angioplasty. To perform an atrial septoplasty access is achieved via the right femoral
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FIGURE 19–1 (A) Subcostal long-axis view of BAS catheter through the patent foramen ovale and

inflated in the left atrium. (B) The catheter is pulled into the right atrium. Color doppler imaging of the

atrial septum (C) prior to septostomy and (D) following septostomy, arrow pointing to the increased

bidirectional shunting through the defect. LA, left atrium; RA, right atrium, IAS, interatrial septum.
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vein and the neonate is fully anticoagulated. If the atrial septum is intact pulmonary

artery angiography is performed and the position of the atrial septum is

delineated upon levophase. A trans-septal puncture is effected by advancing a

6 French trans-septal sheath and needle to the presumed position of the atrial

septum. The position of the atrial septum may be confirmed by staining the

septum with contrast and or echocardiography. A trans-septal puncture is

performed in the mid-portion of the septum and the sheath advanced into the

left atrium. The needle is withdrawn and an 18-gauge torque wire is advanced into

the left atrium (if an ASD is present the wire is placed across the defect with an

end-hole catheter). The sheath is pulled down to the level of the inferior vena cava

and a balloon catheter is passed over the guide wire and one or several dilations are

performed with appropriately sized balloons. Echocardiography is helpful dur-

ing inflations to define the anatomy (Figure 19-4) and to confirm the result

(Figure 19-5).

Atrial septoplasty has been used to create an ASD in neonates, with signifi-

cantly less morbidity and mortality than blade septostomy. Atz et al. (9) performed

the technique in 16 neonates with HLH syndrome and a restrictive atrial septum.

All 16 infants had successful relief of pulmonary venous obstruction without

procedure-related mortality (one infant required stenting of the atrial septum).

Atrial septoplasty produces a temporary unobstructed ASD in these neonates and

is the procedure of choice in neonates with a restrictive atrial septum which is not

amenable to BAS.

Surgical open septectomy may also provide adequate relief of atrial obstruc-

tion, but is significantly more invasive and carries a higher morbidity and mortality

in these critically ill neonates. We feel atrial septoplasty can safely and adequately

provide relief of interatrial obstruction and should be used in cases where tempo-

rary relief is required before surgical palliation. Implantation of a stent in the

septum may be accomplished if angioplasty is not successful, but is not recom-

mended for long-term creation of an ASD. Surgical septectomy should be

performed expeditiously for creation of a long-term ASD.

Regardless of the technique chosen for creation of an ASD the status of the

septum must be monitored closely for critical re-obstruction.

CRITICAL AORTIC STENOSIS

The management of neonates with critical aortic stenosis is challenging for cardi-

ologists and cardiac surgeons (12,13). The lack of heterogeneity of this population

A B

FIGURE 19–2 (A) Fluoroscopic image of an inflated BAS balloon in the left atrium.

(B) Fluoroscopic image of the BAS catheter after being pulled into the right atrium.
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of neonates has made algorithms of treatment options elusive. Over the years it has

become apparent that, regardless of the initial treatment chosen, it is only palliative,

making repeat catheterizations and operations inevitable. The status of the left

ventricle has proved to be the most critical issue in the long-term management

of these children. Neonates with severely hypoplastic left ventricles or significant

endocardial fibro-elastosis (EFE), or both, must have a single-ventricle palliation or

cardiac transplantation should considered for the initial palliation if real long-term

survival can be expected. A ‘‘bail-out’’ Norwood palliation after unsuccessful

balloon dilation carries an extremely high mortality.

A

B

FIGURE 19–3 (A) Lateral fluoroscopic image of blade-tipped catheter across an atrial septal

defect with the blade extended in the left atrium. (B) The catheter is pulled into the right atrium.
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The initial attempts at transcatheter dilation of critical aortic stenosis was

attempted in the setting of poor surgical outcome (12). Zeevi et al. (14) reported

two matched cohorts of neonates undergoing surgical valvulotomy versus balloon

dilation for critical aortic stenosis. This group included patients with hypoplastic

left ventricles. Both groups had a poor outcome with no significant difference in

mortality (50% surgery and 43% valvuloplasty). Both groups were also left with

significant residual disease (aortic stenosis and insufficiency) which required

multiple re-interventions. Patients with isolated aortic stenosis appear to have

significantly better outcome than neonates with more complex lesions (small left

ventricle, small aortic annulus, small mitral valve, subvalvular stenosis) (12)1.

Over the years improved patient selection as well as improved surgical and catheter

techniques have provided long-term survival results of 90% and 88%, respectively

(15,16). Thus, the initial palliative procedure of choice for critical aortic stenosis is

balloon valvuloplasty. Despite the improved results, nearly all of these neonates

will go on to need multiple re-interventions, with eventual aortic valve replacement

or Ross procedure.

Neonates who present in shock and severe congestive heart failure should be

stabilized by use of ventilation, inotropic support, and PGE1 before undergoing

cardiac catheterization. PGE1 will open the patent ductus arteriosus, ensuring ade-

quate systemic blood flow. Access for percutaneous retrograde dilation of the aortic

valve may be obtained via the umbilical artery, femoral artery, or the right carotid

artery. The most challenging aspect of the procedure is passage of a catheter across

the stenotic valve. Early reports demonstrated a high incidence of vascular compli-

cations when using the femoral artery approach (13,17). Thus, currently, we

recommend trying the umbilical artery (in neonates more than 72 hours of age)

before gaining femoral arterial access. The carotid artery approach has the theoret-

ical risk of causing strokes and long-term circulation problems, and is reserved for

RA

LA

GW

RV LV

Balloon

FIGURE 19–4 Echocardiographic image of an inflated balloon across an restrictive atrial septum in an infant

with hypoplastic left heart. RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; GW, guide-wire.
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special circumstances where passage of a wire across the stenotic aortic valve is

impossible via other routes (18). After complete heparinization of the neonate, a

complete right and left heart catheterization is performed; this includes simultane-

ous measurements of left ventricular (via the foramen ovale) and ascending aortic

pressures to assess the valve gradient before dilation. Biplane angiography of the

left ventricle is performed to allow measurements of the aortic valve annulus, and

assessment of left ventricular size and function. In addition, it allows other cardiac

anomalies to be documented (Figure 19-6 (A)).

Aortic valve dilation is usually performed retrograde. A soft-tipped 0.018 in

guide-wire is passed across the valve and a catheter advanced into the ventricle.

The soft-tipped wire is then exchanged for an 0.021 in to 0.025 in guide-wire with a

preformed tip curled in the left ventricular apex. Next, a low pressure balloon-

tipped catheter is positioned across the stenotic valve. The balloon is filled with

one-third-strength contrast to allow rapid inflation and deflation (which is kept

under five seconds) to minimize the time the left ventricular outflow tract

is obstructed. The inflation is performed by hand with pressures of three to eight

atmospheres, or until the waist disappears, and the balloon is then withdrawn into

the aorta (Figure 19-6 (B)). High-pressure inflations are not needed to relieve the

obstruction and balloon rupture has been associated with transverse aortic valve

tears even when using undersized balloons (19). Dilation is repeated several times

to ensure adequate relief of the obstruction. After dilation is complete left

RA RA

RA

LA
LA

LA

FIGURE 19–5 Echocardiographic image of a infant with hypoplastic left heart (HLH) syndrome

and a restrictive atrial septum before septoplasty (top). Echocardiographic images (below) demon-

strating a larger defect with arrow pointing to the increased color Doppler flow after septoplasty.

RA, right atrium; LA, left atrium.
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ventricular and ascending aortic pressures are measured and an ascending aortic

injection is performed to evaluate the amount of aortic regurgitation.

Aortic valve dilation may also be performed antegrade. To do this, a 5F Cook

biopsy sheath is placed across the patent foramen ovale through the mitral valve

and into the left ventricular apex. If no hemodynamically compromising mitral

regurgitation is present an end-hole catheter is directed out of the sheath to the

ascending aorta with the aid of a tip-deflecting guide-wire. The tip-deflecting guide-

wire is exchanged with a J-wire preformed to curve in the ventricular apex.

A balloon catheter is advanced over the wire across the aortic valve and inflated

as previously described. After the dilation is complete left ventricular and ascending

aortic pressures are measured, and an ascending aortic injection is performed to

evaluate the amount of residual aortic regurgitation.

B

LV

A

FIGURE 19–6 (A) Antegrade left ventriculogram through the patent foramen ovale demonstrat-

ing severe aortic valve stenosis with a discrete jet (arrow) through the narrowed valve orifice. (B)
Balloon inflation across the stenotic aortic valve with no waist seen at the valve. LV, left ventricle.
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Valve morphology has been shown to be an important factor in predicting the

outcome of balloon dilation with respect to residual obstruction and regurgitation

(20). Thick and dysmorphic valves tend to have a higher incidence of residual

obstruction when compared with thinner valves. Uni-commissural valves are

typically left with more regurgitation in comparison with bi-commissural and

tri-commissural valves. The mechanism of relief of valvular obstruction is the cre-

ation of tears along the lines of commissural fusion. The recommended balloon size

is 80% to 90% of the aortic annulus diameter, which provides adequate relief of

obstruction while minimizing residual regurgitation. Regardless of the initial result

nearly all neonates will require further interventions, with a recent study reporting

an 88% survival rate and a 64% freedom from re-intervention rate at 8.3 years

of age (16).

Complications that have been reported following this procedure include loss of

femoral pulse, perforation or avulsion of an aortic valve cusp, transient left bundle

branch block, excessive blood loss, life-threatening arrhythmias, residual aortic

valve disease, and death. These complications are becoming less frequent and

balloon dilation of critical aortic stenosis remains the initial procedure of choice

for neonates with adequate left ventricular size and minimal associated cardiac

anomalies.

PULMONARY VALVULOPLASTY

Critical Pulmonary Stenosis

Most neonates born with critical pulmonary stenosis present in the neonatal period

with cyanosis upon closure of the patent ductus arteriosus. The systolic ejection

murmur of pulmonary stenosis may not be present with severe stenosis and min-

imal antegrade pulmonary blood flow. Initial management consists of administra-

tion of PGE1 to maintain the patency of the ductus arteriosus and augment

pulmonary blood flow. The right ventricle and tricuspid valve may be hypoplastic

with a severely hypertrophied non-compliant myocardium. After successful dilation

most patients have enough antegrade pulmonary blood flow to allow cessation of

PGE1 with arterial saturations of >85%. With time these saturations increase to

normal levels and the hypoplastic ventricles grow to near-normal size (21).

Typically, pulmonary insufficiency develops after dilation but is well tolerated

and may promote ventricular growth (22). In cases with significantly hypertrophied

and non-compliant ventricles cyanosis will persist even after relief of the valvar

obstruction secondary to right-to-left atrial shunting. Thus, these neonates may

require prolonged prostaglandin therapy (up to four weeks) until arterial satura-

tions improve. During this time the hypertrophy regresses, improving compliance

of the right ventricle, decreasing the right-to-left atrial shunt and improving arterial

saturations. In cases where significant cyanosis persists three to four weeks after

valvar relief, a Blalock–Taussig shunt (BTS) is surgically placed to augment

pulmonary blood flow. This shunt may be closed percutaneously when right

ventricular size and compliance becomes sufficient to maintain the full cardiac

output, typically at six months to one year of age.

Pulmonary valve dilation is performed via the femoral venous route with

continuous arterial pressure monitoring. The neonate is given a continuous infu-

sion of prostaglandin prior to and during the procedure, which provides hemody-

namic stability. A right ventriculogram is performed to assess the size of the cavity

and to measure the valve annulus on straight lateral projection (Figure 19-7A).

The pulmonary valve is initially crossed with an end-hole catheter. The catheter is

placed below the pulmonary valve and a 0.018 in floppy wire is used to cross the

valve. The end-hole catheter is then advanced over the wire into the main
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pulmonary artery where the wire can be advanced down the descending aorta or left

pulmonary artery. A balloon-tipped catheter with a diameter of 100% to 130% of

the measured valve annulus is advanced over the wire and positioned across the

pulmonary valve. The balloon is filled with one-third-strength contrast to allow

rapid inflation and deflation of the balloon. The balloon is inflated by hand until

the ‘‘waist’’ disappears (Figure 19-7 (B)).

The inflation–deflation time is kept under 10 sec. The balloon catheter is

removed and the transvalvular gradient measured. With the patent ductus arter-

iosus open this gradient cannot be used to quantify the residual valvar stenosis, but

may indicate the need for repeat valvar dilation if the ventricular pressure is supra-

systemic. Finally, a right ventricular angiogram is performed to assess for residual

obstruction or damage to the pulmonary artery or right ventricular outflow tract,

or all of these.

Percutaneous balloon dilation is the procedure of choice for children with pul-

monary valve stenosis. This procedure has been shown to safely and effectively relieve

valvar stenosis, leaving minimal significant residual disease, obviating the need for

surgical valvulotomy, and rarely necessitating re-intervention (23,24). Results of

pulmonary valvuloplasty in neonates and infants have not been as spectacular as

those seen in older children, partially because this group of patients may have both a

hypoplastic right ventricle and tricuspid valve (25,26). We recently reviewed 45 con-

secutive neonates undergoing pulmonary valvuloplasty in the first month of life at

our institution between July 1989 and April 2000. In six patients, early on in the

series, the pulmonary valve could not be crossed, whilst the last 28 neonates all had

successful dilation. There was one death early on in the series secondary to perfora-

tion of the right ventricular outflow tract (RVOT). Of the remaining 38 patients who

underwent successful dilation five required placement of a BTS (two with associated

surgical valvulotomy) and two required valvulotomy alone in the neonatal period.

At follow-up five patients required repeat balloon valvuloplasty (two of whom had

had a previous valvulotomy). Thus, 74% of infants who underwent successful val-

vuloplasty required no further intervention. Infants requiring surgical intervention

had a small tricuspid valve and significantly smaller right ventricle than those under-

going successful dilation. The mean saturation at discharge for neonates who had not

received a BTS was 89%. Multiple follow-up studies in these children demonstrate

excellent right ventricle growth with time and only occasional cases may need a one-

and-a-half-ventricle repair. Radtke and colleagues (27) recently reviewed a similar

RV

A B

FIGURE 19–7 (A) Straight lateral projection of a right ventricular angiogram demonstrating a

normal-sized right ventricle and a jet of dye (arrow) through the stenotic pulmonary valve. (B) A

balloon inflated across the stenotic vale with a discrete ‘‘waist’’ (arrow) at the level of the valve. RV,

right atrium.
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group of neonates and reported similar results. These workers also used transcatheter

techniques to close BTS and residual ASDs, which may be left when right-to-left atrial

shunts are performed (27).

Complications associated with pulmonary valve dilation include perforation of

the right ventricular outflow tract, transient arrhythmias, right bundle branch

block, infection, and femoral arterial and venous occlusion.

PULMONARY ATRESIA WITH INTACT SEPTUM

Management of neonates with pulmonary atresia with intact septum in the absence of

coronary artery sinusoids has classically entailed placement of a RVOT patch and

placement of a BTS. This procedure allows growth of the hypoplastic ventricle to allow

for eventual biventricular repair. Recently, transcatheter perforation of the pulmonary

valve has been performed in neonates with clear membranous pulmonary atresia and

hypoplastic right ventricles and tricuspid valves. After perforation and valvuloplasty

these ventricles increase in size and are able to support a two-ventricle circulation

(28). In cases where the pulmonary annulus is severely hypoplastic a surgical outflow

patch is preferred and felt to carry less morbidity and mortality.

The technique of pulmonary valvulotomy is nearly identical to that for critical

pulmonary stenosis with the addition of transcatheter perforation of the pulmonary

valve. The perforation is carried out either by puncture with the stiff end of a wire

carefully directed toward the pulmonary valve via an end-hole catheter.

Alternatively, perforation of the valve may be accomplished using a radio-frequency

or laser-tipped wire (29,30,31). Following this procedure a standard valvuloplasty

is performed. Complications of this procedure may include perforation of the

pulmonary artery and RVOT.

OTHER LESIONS WITH DECREASED PULMONARY BLOOD
FLOW

Lesions with significant cyanosis secondary to valvar pulmonary stenosis which

require eventual surgical repair may be temporally improved by use of percutaneous

balloon dilation. Lesions which have successful palliation with balloon dilation

include tetralogy of Fallot, TGA with a ventricular septal defect and pulmonary

stenosis, and complex single ventricles and PS. For these lesions to be palliated the

pulmonary valve must be the limiting factor to pulmonary blood flow with no

significant distal obstruction. The balloon chosen is usually smaller than the annu-

lus to limit excessive pulmonary blood flow after the procedure. In neonates with

tetralogy of Fallot this may delay the need for surgical intervention for up to one

year. In neonates with single ventricle or complex transposition physiology, valvar

dilation may obviate the need for a shunt.

COARCTATION OF THE AORTA

Coarctation of the aorta in neonates is associated with cardiac anomalies such as

ventricular septal defects, diffuse arch hypoplasia, hypoplastic left ventricles, aortic

stenosis, and bicuspid aortic valves. Initial short-term results of balloon angioplasty

for native coarctation in neonates with simple coarctation yielded a significant

reduction in the arch gradients (32). Longer-term follow-up studies have demon-

strated an unacceptably high incidence of recoarctation (31% to 80%), aneurysm

formation, and pulse loss (33,34). Thus, this procedure is only recommended

in neonates under special circumstances where surgical repair of the coarctation

cannot be accomplished.
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Balloon dilation for recoarctation after neonatal arch repair is safe and effective,

with less morbidity and mortality than surgical repair (35). This has been particularly

true in infants who develop obstruction following Norwood I palliation and other

complex arch reconstructions (Figure 19-8). Maheshwari et al. (36) recently reviewed

22 infants who underwent balloon dilation for recoarctation with an overall initial

success rate of 95%. Seventy-six percent of the infants required no further interven-

tion, with a median follow-up time of 56 months (0.6 to 12 years).

Inn LCA

LSC

A

Inn

LCA

LSC

B

FIGURE 19–8 (A) An angiogram of a recurrent coarctation between the left subclavian and left

carotid arteries of a surgically repaired critical coarctation in the neonatal period prior to angioplas-

ty. (B) An angiogram following angioplasty at eight weeks of age demonstrated an increased

diameter of the coarctation site. Inn, innominate artery; LCA, left common carotid artery; LSC,

left subclavian artery.
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COIL EMBOLIZATION OF VESSELS

Aberrant vessels off the aorta may be multiple and diffuse. These vessels are difficult

to surgically ligate because they are typically not within the surgical field. Vessels

arising from the aorta which are not critical to pulmonary blood flow or are part of

a hemodynamically significant arteriovenous fistula may be embolized in the cath-

eterization laboratory (37,38,39). Neonates with Scimitar syndrome provide an

excellent example of a vascular structure needing coil embolization. These neonates

have a pulmonary sequestration supplied by arteries from the descending aorta.

The sequestration has little to no functioning lung tissue, acts only as arterial–

venous fistula, and may be associated with pulmonary hypertension. Elimination

of a sequestration may improve the pulmonary hypertension is these neonates

(Figure 19-9). This sequestration is difficult to address during surgical repair for

the associated cardiac lesions and embolization in the catheterization laboratory

is preferred.

PV

Coll

A

Coils

B

FIGURE 19–9 (A) Injection in a subdiaphragmatic collateral filling a sequestration and draining to

the left atrium. (B) Following coil occlusion no flow to the sequestration can be seen. PV, pulmonary

vein; Coll, collateral.
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Stainless steel helical coils covered with Dacron strands are used to thrombose

the vessels. The abnormal vessel is entered with an end-hole catheter. Floppy guide-

wires may be needed to enter the vessel distally and advance the catheter. Once an

embolization position is achieved the coil is pushed out the end of the catheter

using a soft-tipped wire. Multiple coils may be needed to cause complete

thrombosis of the vessel.

NEONATAL ENDOVASCULAR STENTS

Endovascular stents have very limited use in neonates. Stents currently available for

placement in neonatal situations have maximal diameters considerably smaller than

the eventual diameter of the vessels needing stenting. Thus, stents are not routinely

used in neonates except in novel and special circumstances. Several authors have

reported stenting of the patent ductus arteriosus in experimental models and neo-

nates (40,41). Neonates who may benefit from this procedure include those with

HLH syndrome who are awaiting heart transplant and neonates with small pulmo-

nary arteries who need significant pulmonary artery growth before surgical repair.

This can prevent the long-term complications of prostaglandin therapy and may

even permit these neonates to be discharged from the hospital while awaiting

transplant or definitive surgical repair.
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INTRODUCTION

In 1952, scarcely more than 50 years ago, the first operation on the open human

heart under direct vision – repair of an atrial septal defect (ASD) in a five-year old

girl – was performed at the University of Minnesota (1). This operation was accom-

plished using in-flow occlusion and moderate total body hypothermia. With the

development of cardiopulmonary bypass over the course of the next decade this

success could be extended to a wider variety of more complex lesions. Refinements

in surgical technique, medical technology, and perioperative care have since

resulted in excellent survival after the repair of even the most complex types of

congenital heart disease (CHD) in increasingly smaller children. Further, with the

growing availability and accuracy of prenatal diagnosis by fetal echocardiography,

the postnatal management of these complicated newborns can often be anticipated

and planned. Future work will continue to analyze and improve the short- and

long-term morbidity associated with repair of CHD, in particular with regard to

long-term functional status, neurodevelopmental outcomes, and need for ongoing

follow-up and re-intervention, with the attendant psychologic and financial burden

this imposes on both the patient and their family.

Initially, most operations for CHD performed in the neonatal period were

extracardiac palliative procedures. Despite initial success with repair of intracardiac

lesions by use of cross-circulation, most early attempts to use mechanical cardio-

pulmonary bypass (CPB) could not duplicate these results: surgical equipment

and technology were unrefined (2,3). Thus, palliative procedures not requiring

CPB were used either permanently, or to defer repair until children were older.

These procedures are still employed, but since the 1980s there has been a growing

trend toward primary repair of CHD early in life. This trend has been spurred on by

the recognition of the potentially deleterious effects of palliation upon cardiac and

pulmonary physiology, neurological development, and pulmonary artery anatomy,

as well as by advancements in the technology and perioperative management of

CPB. In this brief overview we will discuss those common congenital heart
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conditions for which surgical intervention in the neonatal period is most common.

Emerging techniques, both catheter-based and surgical (or a hybrid thereof), con-

tinue to modify this list and improve the outcomes of these newborns.

PALLIATIVE OPERATIONS

Pulmonary Artery Banding

Historically, pulmonary artery banding was widely used in patients with large

left-to-right shunts or single ventricle physiology, to limit pulmonary blood flow

and pressure, and permit somatic growth and potential clinical improvement before

subsequent staged repair. More recently, primary repair in the neonatal period

has replaced staged surgery as the treatment of choice for many of these diagnoses.

As a result, pulmonary artery banding is now performed infrequently.

Isolated pulmonary artery banding is best performed through a median ster-

notomy. In the procedure, a non-absorbable material is used to surround the main

pulmonary artery (Figure 20-1). This ‘‘band’’ is secured gradually, thereby limiting

pulmonary blood flow so that the pulmonary artery pressures distal to the band

range are between one-third and one-half of the systemic blood pressure; care is

taken to avoid substantial arterial desaturation or impairment of cardiac output.

The Trusler formula provides a guideline for the proper band circumference

depending upon the patient’s weight and physiology (4). Contraindications to

pulmonary artery banding include significant atrioventricular valve regurgitation

and a potential for significant sub-aortic obstruction with single-ventricle defects.

Ao

Ao

PA

PA

Pressure
monitor

A

B C
FIGURE 20–1 Placement of a pulmonary artery band. (A) The pulmonary artery is encircled using the subtraction

technique. (B) Sutures are placed to tighten the band. (C) Pressure measurement in the pulmonary artery distal to the site

of band placement to assess band tightness. Ao, aorta; PA, pulmonary artery. From Backer and Mavroudis (5).
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Once optimal band tightness is achieved, the band is secured to the adventitia of the

pulmonary artery to prevent movement, taking care so as not to impinge upon

either branch of the pulmonary artery or the pulmonary valve (if pulmonary valve

function is to be preserved).

Complications with pulmonary artery banding mostly relate to technical pro-

blems, including bands that are either too tight or too loose, or band migration.

Permanent damage to the pulmonary valve may result from too proximal a band,

leading to impingement upon pulmonary valve leaflet motion. Conversely, a band

placed too far distally may produce branch pulmonary artery stenosis. At the sub-

sequent staged procedure, band removal can be performed with facility for either

reconstruction of the stenotic banding site or oversewing of the pulmonary outflow

tract as indicated.

Aortopulmonary Shunts (Blalock–Taussig Shunt)

As with pulmonary artery banding, the increasing preference for primary repair of

congenital cardiac defects in the neonatal period has led to a decrease in the use of

isolated aortopulmonary shunts. First used in 1945 to augment pulmonary

blood flow (6), the classic Blalock–Taussig (BT) shunt (creation of a subclavian

artery-to-pulmonary artery anastomosis) was used as a palliative procedure for

staged repair of several defects, including tetralogy of Fallot.

Later modifications to the original technique of aortopulmonary shunting

include the descending aorta-to-left pulmonary artery (Potts) shunt, the ascending

aorta-to-right pulmonary anastomosis (Waterston shunt), the ascending aorta-to-

main pulmonary artery (‘‘central’’) shunt, and the use of prosthetic graft material

such as Gore-tex� (modified BT shunt). All these techniques aim to produce a

controlled increase in pulmonary blood flow, which enables appropriate oxygena-

tion in patients with cyanotic defects. Division of the main pulmonary artery in

combination with a BT shunt may be utilized as an alternative to pulmonary

artery banding in single-ventricle lesions to both maintain oxygenation and limit

pulmonary artery pressure.

The modified Blalock–Taussig shunt (Figure 20-2) may be performed via

thoracotomy or sternotomy. The benefits of thoracotomy include preservation of

the median sternotomy approach for future repair and avoidance of cardiopulmo-

nary bypass in the neonatal period, with its attendant risks, whereas the benefits of

the sternotomy include access to the great vessels should emergent cardiopulmo-

nary bypass prove necessary, the ability to ligate the ductus arteriosus at the time of

shunt creation, and more proximal access to the branch pulmonary artery.

In general, the shunt is performed on the side opposite to the insertion of the

ductus arteriosus into the pulmonary artery. In doing so, the surgeon may clamp

the branch pulmonary artery for the anastomosis, without affecting ‘‘antegrade’’

pulmonary blood flow via the ductus arteriosus. In the case of a right aortic arch,

the shunt may still be performed from a right thoracotomy; however, if the origin is

from the ascending aorta it may function more similarly to a central shunt than a

modified Blalock–Taussig shunt taken off the subclavian artery (i.e. this location

may mandate the use of a smaller shunt).

Complications of shunt insertion relate to: (1) the shunt material and operative

technique (kinking, thrombosis); (2) anatomy (chylothorax, injury to the vagus or

phrenic nerves); and (3) sequelae from the operation itself (e.g. branch pulmonary

stenosis at the shunt insertion site). When shunts are ‘‘taken down’’ during the later

staged procedure they are rarely completely removed, but, rather, are ligated and

sometimes divided. Shunts may also be closed percutaneously in the catheterization

laboratory with coils. Many surgeons prefer aspirin for anticoagulation in an effort

to reduce platelet activation and shunt thrombosis.
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SPECIFIC LESIONS

Left-to-Right Shunt Lesions

Ventricular Septal Defect

Infants with a large ventricular septal defect (VSD) and severe, intractable conges-

tive heart failure may require surgical closure of the VSD during infancy; however,

it is rare to require attention in the neonatal period. Occasionally, neonates born

with so-called ‘‘Swiss-cheese’’-like defects (multiple muscular VSDs that are poorly

amenable to surgical repair but whose cumulative shunt fraction may be large)

require pulmonary artery banding (see above) to limit pulmonary blood flow

if they do not respond to aggressive medical management.

Vagus nerve
Right

subclavian
artery Innominate

artery

PTFE graft

Hemoclips

RPA

Ao

Ao

RPA

PTFE
graft

RA

Right recurrent
laryngeal nerve

A B

DC
FIGURE 20–2 (A) Modified Blalock–Taussig shunt (BTS) using a PTFE graft. Details of (B) proximal and (C) distal

anastomosis for modified BTS. (D) Take-down of modified BTS with hemoclips and shunt division. Ao, aorta; PTFE,

polytetraflouroethylene; RA, right atrium; RPA, right pulmonary artery. From Backer and Mavroudis (5).
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Patent Ductus Arteriosus of Botalli

The presence of a large patent ductus arteriosus (PDA) in an infant may be

suspected whenever the clinical symptoms of a large left-to-right shunt are identi-

fied, including the presence of a heart murmur, bounding pulses, tachycardia,

hyperdynamic precordial impulse, widened pulse pressure, and worsening respira-

tory status (7). More common in premature infants, PDAs are unlikely to close

spontaneously after the first few weeks of life. Where symptoms are present closure

should be performed immediately, but, in infants without symptoms, elective

closure should be planned within three months.

In preterm infants, persistence of the PDA has been associated with increased

mortality (8). In general, initial medical therapy with a course (three doses) of

indomethacin (ibuprofen) for PDA closure is preferred if the child exhibits no

signs of renal insufficiency, necrotizing enterocolitis (NEC), or a bleeding diathesis.

Contraindications to indocin use or failure of this therapy is an indication for sur-

gical ligation. Left-to-right shunting of a magnitude to cause abdominal end-organ

hypoperfusion (renal failure, NEC) and insufficiency is not infrequent.

Ligation of the patent ductus is performed through a thoracotomy, most often

left-sided (Figure 20-3). In most neonates this may be achieved with the application

of a permanent stainless steel hemoclip, which permits a minimially invasive inci-

sion and reduces both the need for manipulation of the fragile ductal tissue and the

extent of surgical dissection required. In larger infants and children, a large PDA

Vagus
nerve

PDA

PA Ao

FIGURE 20–3 Operative exposure of a PDA through a left thoracotomy. The mediastinal pleura is

opened and reflected anteriorly and posteriorly. The vagus and recurrent laryngeal nerves are

identified and preserved by retracting them medially. Ao, aorta; PA, pulmonary artery; PDA,

patent ductus arteriosus. From Hillman et al. (9).
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may require a double ligature, division, and oversewing. An echocardiogram

performed as part of the preoperative analysis must demonstrate arch sidedness

(which may dictate the side of the surgical incision), absence of other intracardiac

lesions requiring surgical attention, and the directionality (left to right) of shunting

across the ductus arteriosus. If the PDA is shunting from right to left this

suggests either significant pulmonary hypertension or ductal dependency of the

systemic circulation, each of which is a contraindication to closure. After the

PDA is ligated the systemic diastolic pressure will often rise substantially.

Complications of the procedure include damage to the recurrent laryngeal nerve,

damage to the thoracic duct, ductal recannalization, and the possibility of signif-

icant hemorrhage.

Truncus Arteriosus

The primary abnormality of truncus arteriosus is the presence of a single arterial

outflow from both ventricles (supplying the systemic, coronary, and pulmonary

circulations) in association with a VSD. Physiologically, this results in a large

left-to-right shunt that progressively worsens as pulmonary vascular resistance

falls in the neonatal period. In addition, truncal valve insufficiency may exacerbate

this volume load on the ventricles.

Although the occasional child may develop mild increases in pulmonary

vascular resistance, which balance the pulmonary and systemic circulation enabling

medium-term survival, most infants have a poor prognosis if left unrepaired.

Untreated patients have 65% one-month and 75% one-year mortality, with early

onset of severe congestive heart failure (10). Consequently, repair is advocated in

the neonatal period to prevent heart failure and myocardial ischemia, and to protect

the lungs from accelerated pulmonary vascular obstructive disease. Repair at

approximately five to seven days of age as the pulmonary vascular resistance falls

(heralded by tachypnea) is optimal.

Repair consists of separating (‘‘septating’’) the great vessels, closing the VSD,

and establishing right ventricle (RV) to pulmonary artery (PA) continuity with

either a valved homograft or non-valved conduit, or direct anastomosis of the

RV to the PA confluence by use of a variety of materials (so-called ‘‘direct connec-

tion’’) (11).

Several authors have reported excellent long-term survival in neonates, with

survival frequently exceeding 90% (11,12). Assiduous follow-up to assess for trun-

cal valve insufficiency, ventricular failure, or the effects of somatic growth on con-

duit function and branch pulmonary growth is required, with early intervention

(either operative or catheter-based), as indicated, to maintain function or to replace

the conduit.

Aortopulmonary Window

A rare congenital defect, aortopulmonary window results from failure of complete

septation of the truncus arteriosus into pulmonary artery and aorta. Repair is

advocated upon diagnosis, except in very rare cases with a small, physiologically

well-tolerated defect in which elective repair may be completed during infancy. In

general, patch closure of the defect is performed, as the use of simple ligation was

associated both with an increased risk of fatal postoperative bleeding and eventual

recanalization of the defect.

Obstructive Lesions

Pulmonary Stenosis and Pulmonary Atresia

A variety of congenital defects may coexist with some degree of right ventricular

outflow tract obstruction. Patients with pulmonary atresia with intact ventricular
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septum have little or no connection between the right ventricle and the pulmonary

artery, and are largely dependent on the left ventricle for both systemic and pulmo-

nary blood flow (via the ductus or other aorto–pulmonary collateral vessels).

Consequently, closure of the ductus arteriosus in these patients may result

in rapid hemodynamic collapse. Without medical therapy and surgical interven-

tion, mortality is high: 50% within two weeks of life and up to 85% at six

months (13).

Initial medical therapy should be directed at maintaining ductal patency during

the diagnostic work-up. Appropriate surgical treatment may include decompression

of the right ventricle via valvotomy or transannular patch, use of an aortopulmo-

nary shunt to achieve pulmonary blood flow, or a combination of these two tech-

niques. Strategies range from univentricular staged repair, or a hybrid (‘‘one and a

half ventricular’’) repair, to a biventricular repair depending on the right ventricular

size and function (often best estimated by the relative size of the tricuspid valve

annulus) and the presence of right ventricle dependent coronary vessels, depending

on the morphology of the lesion.

Isolated pulmonary stenosis may present at any age depending on the severity

of the stenotic lesion. When it is manifest as cyanosis in the neonatal period, it is

commonly referred to as ‘‘critical pulmonary stenosis’’ (13). Cardiac output is

generally maintained through an atrial right-to-left shunt. If ductal closure

occurs, progressive cyanosis and hemodynamic failure ensue. As with patients

with pulmonary atresia, initial medical management should be directed at main-

taining ductal patency. After the diagnosis of pulmonary stenosis, neonates may

often be managed initially with transcatheter balloon valvuloplasty for right

ventricular decompression. Four-year survival in the largest series is approximately

80% (14). Often, if the obstruction represents a composite of valvar and subvalvar

(i.e. muscular or infundibular) obstruction, a further surgical procedure is

warranted. Surgery for this condition consists of placement of a patch across the

annulus of the pulmonary valve and onto the right ventricular outflow tract

(so-called ‘‘transannular patch’’). Although this procedure creates obligate

pulmonary insufficiency, it produces an unobstructed right ventricular out-

flow tract and represents the best chance for growth in right ventricular size

(Figure 20-4).

Aortic Stenosis

Valvar aortic stenosis is a common congenital cardiac defect with a wide range of

morphologic and clinical variants, from bicuspid aortic valves which may be

asymptomatic through adulthood to neonates with critical aortic stenosis requiring

early operative intervention. When critical aortic stenosis presents in the neonate it

may be associated with severely dysmorphic aortic valve leaflets. As with right

ventricular outflow tract obstruction, neonates with severe aortic stenosis may

have ductal dependent cardiac output (PDA flow right-to-left to provide lower

body perfusion).

In neonates, the onset of hemodynamic collapse with the advent of ductal

closure signals the need for urgent intervention. During evaluation and planning,

ductal patency should be maintained with prostaglandin E1 (PGE1) infusion.

Additional preoperative interventions to optimize oxygenation and systemic

perfusion include endotracheal intubation and mechanical ventilation, inotropic

support, and management of fluid and electrolyte imbalances.

Appropriate intervention depends largely on the morphology of the left

ventricle and aortic valve: patients with a hypoplastic left heart may require a

Norwood-type single ventricle repair or cardiac transplantation, whereas those

with a ventricle likely to be able to support the systemic circulation may be treated

with surgical or interventional aortic valvotomy (16,17).
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A variety of techniques is available for both surgical and balloon valvotomy

(including recent attempts to mitigate the left ventricular changes associated with

aortic stenosis through in utero interventional aortic valvotomy (18). Recent series

have reported operative survival of 90% or higher following valvotomy in patients

with critical aortic stenosis in the absence of hypoplastic left heart (HLH) syndrome

(17). However, valvotomy should be considered a palliative procedure, as most

patients will need reoperation for aortic valve insufficiency, stenosis, or both

(19,20). At present, for neonates in whom the aortic valve is irreparably

dysmorphic, the Ross procedure is most commonly performed, in which the patient’s

pulmonary valve is used as an ‘‘autograft’’ to replace the aortic valve, and a cadaveric

homograft is placed into the right ventricular outflow tract to establish right ventricle

to pulmonary artery continuity. Naturally, because the pulmonary homograft is of a

limited size, with no growth potential, it may necessitate several reoperations for

homograft exchange throughout the lifetime of the patient.

Coarctation of the Aorta

‘‘Coarctation’’ refers to a narrowing of the descending aorta adjacent to the

insertion of the ductus arteriosus (so-called ‘‘juxtaductal’’) and may represent

the effect of fetal development and abnormal flow dynamics, or the presence of

‘‘extra-anatomic’’ ductal tissue which narrows abnormally with ductal closure

(Figure 20-5). Coarctation often coexists with generalized hypoplasia of the

entire transverse aortic arch, the presence of which mandates a more complicated

arch reconstruction at the time of repair.

As with other obstructive lesions, the natural history of aortic coarctation

depends upon the degree to which systemic perfusion is dependent on a patent

PDA
ligated

RVOT patch
(pericardium)

Modified
Blalock-Taussig

shunt

FIGURE 20–4 Placement of a transannular patch to enlarge the right ventricular outflow tract. The modified Blalock–

Taussig shunt is also shown. RVOT, right ventricular outflow tract; PDA, patent ductus arteriosus. From Casteneda

et al. (15).
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ductus arteriosus. In patients who tolerate closure of the ductus, symptoms

generally develop later as a consequence of the proximal systemic hypertension.

These patients are at risk for a significant number of complications, but unoperated

survival can extend into adulthood.

In contrast, patients with severe aortic coarctation may present in the first week

of life with the onset of cardiovascular collapse at the time of ductal closure. In this

population, collateral blood flow is insufficient to provide adequate perfusion to the

abdominal organs and lower extremities, resulting in progressive organ ischemia

and acidosis. Intravenous infusion of PGE1 in these patients often maintains ductal

patency, restoring perfusion of the lower body. In some cases, additional inotropic

agents may be required to optimize perfusion and provide adequate resuscitation

prior to operative repair.

TILIsolated coarctation of the descending aorta may be repaired through a left

posterior-lateral thoracotomy, and involves mobilization of the descending aorta,

resection of the coarctation segment, and end-to-end anastomosis. Because of

problems with recurrence noted early in the history of this repair, currently a

so-called ‘‘extended end-to-end anastomosis’’ (Figure 20-6) is more commonly

performed. Here, the proximal descending aortic segment is spatulated and anasto-

mosed proximally to the underside of the mid-transverse aortic arch in an effort

to remove all the abnormal ductal tissue thought to be a major contributor to

recurrence.

FIGURE 20–5 Autopsy specimen from a six-week-old girl, showing juxtaductal coarctation by

localized shelf with typical external deformity of the aorta at the site of narrowing. Asc Ao, as-

cending aorta; Desc Ao, descending aorta; LSCA, left subclavian artery; PDA, patent ductus arter-

iosus; PT, pulmonary trunk. From Kouchoukos et al. (21).
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For those neonates in whom the transverse aortic arch is also severely

hypoplastic, the repair must be performed via median sternotomy using cardiopul-

monary bypass. In particular, this aortic arch reconstruction and coarctation

repair requires deep hypothermic circulatory arrest (DHCA), in which the infants

are cooled to 188C and the circulation is discontinued for the duration of repair, or,

alternatively, low-flow bypass with regional perfusion. Depending upon the degree

and location of the hypoplastic transverse aortic arch, this reconstruction may or

may not require exogenous tissue (generally autologous pericardium or homograft

tissue) for arch augmentation.

Risks of the coarctation repair either via thoracotomy or median sternotomy

include infection, bleeding, death (one to three percent nationally), damage to the

recurrent laryngeal nerve (which surrounds the ductus arteriosus and aorta) or the

thoracic duct (less commonly), and paralysis (from spinal ischemia) during the

FIGURE 20–6 Extended resection and end-to-end anastomosis. Key technical points: (1) beveled

anastomosis, brought up under the transverse arch; (2) extended as far proximally as deemed

necessary to achieve relief of stenosis; (3) no prosthetic material used; (4) if the arch hypoplasia

extends proximal to the left cartoid artery and would require clamping of the innominate artery

then the repair is approached through a mediansternotomy and deep hypothermic circulatory arrest

is used; otherwise, the repair is performed through a lateral thoracotomy. From Wright et al. (49).

Rights were not granted to include this

figure in electronic media. Please refer to

the printed book.
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time of aortic occlusion for the anastomosis. Repair with DHCA additionally

includes those risks of cardiopulmonary bypass and DHCA, such as neurologic

damage and stroke. In all neonates undergoing coarctation repair there is a five

to 10 percent likelihood of late recurrence requiring balloon dilatation.

Interrupted Aortic Arch

A condition similar to severe aortic coarctation is interrupted aortic arch, in which

there is no continuity between the transverse and descending aorta; this may occur at

different locations along the transverse aortic arch. The preferred surgical procedure

is direct arch reconstruction and anastomosis, involving ligation and resection of the

ductus arteriosus. Operative mortality from this procedure is low, and long-term

mortality appears to be similarly low (22,23,24). Because of the important associa-

tion with DiGeorge syndrome, vigilance in the perioperative period and beyond

for hypocalcemia or susceptibility to infection, or both, is important. Over the

long term, approximately 20 to 30% of patients will require re-intervention for left

heart obstructive lesions, which may range from subaortic resection to more

extensive procedures designed to expand the left ventricular outflow tract (22,25).

Hypoplastic Left Heart (HLH) Syndrome

HLH syndrome consists of a range of congenital defects of the left ventricle, aorta,

and associated valves, all resulting in a right ventricular-dependent systemic circu-

lation (Figure 20-7). In its most severe forms HLH syndrome exists in the context of

critical aortic stenosis: left ventricular cardiac output is minimal or absent, and the

entire arch and coronary vessels are perfused retrograde via the ductus arteriosus.

HLH syndrome is invariably fatal without surgical repair, and before the 1980s,

most infants would expire within the first month. In the modern era, after diagnosis

of HLH syndrome two primary options are available: the staged Norwood

reconstruction and cardiac transplantation. Transplantation has the advantage of

restoring normal circulatory physiology, but the limited number of donor organs

available precludes its use in all patients and represents a therapeutic strategy that is

epidemiologically non-viable. In contrast, staged reconstruction requires multiple

operations (usually three) and results in Fontan circulation, with the pulmonary

and systemic circulations in series. Although perioperative survival following the

Norwood procedure has improved, one-year survival after stage I repair remains

only 85 to 90% in the best series (26,27). Early postoperative survival after cardiac

transplantation often approaches 90%; however, the complexities and outcomes of

transplantation in the neonatal period are variable (and are discussed in a

subsequent chapter) (28,29).

The Norwood reconstruction involves: (1) augmentation of the hypoplastic

aortic arch; (2) the creation of a common arterial outflow from the heart; (3) an

atrial septectomy; and (4) the establishment of controlled pulmonary blood flow

with either a modified BT shunt, or a so-called ‘‘Sano’’ right ventricle–pulmonary

artery connection with a Gore-tex� tube (Figure 20-8). Specific technical difficulties

of the procedure involve accurate arch reconstruction without twisting or kinking

(with a native aorta that can be as small as 1–2 mm), residual distal arch obstruc-

tion, shunt-related problems, and, in the case of Sano patients, progressive stenosis

at the distal pulmonary artery anastomosis requiring early advancement to the

cavopulmonary shunt procedure.

Because HLH syndrome includes a range of anatomic defects, attempts at

improving outcomes with staged reconstruction have focused on improved patient

selection and perioperative management based on preoperative anatomic and

physiologic factors predictive of poor outcomes after repair. Such research has

identified several factors which increase the risk to children undergoing the

Norwood procedure. Patients aged more than one month have poor outcomes
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compared with those undergoing operation in the neonatal period (27,31) and

patients with increased pulmonary venous return (PVR) are prone to lethal pul-

monary vascular crises (32). A variety of other risk factors have been identified for

poor outcomes after Stage I reconstruction (16,27,28,31,33,34,35,36,37,38).

However, potentially correctable surgical technical problems resulted in a signifi-

cant proportion of Stage I mortality in early studies (34), thus explaining

the improved survival in the most recent series. This improved survival in

contemporary Stage I repair should be translated into dramatically better long-term

survival as these patients go on to subsequent stages (27,39).

IPV

IPV

SPV

SPV

SVC

SVC

RA

RA

RV

PA

PA

PDA

PFO

IVC RV

LV

LV

LA

LA

IA

IA

LCA

LCA

LSCA

LSCA

SPV

SPV

IPV

IPV

IVC

Ao

Ao

A

B
FIGURE 20–7 Schematic diagram of (A) normal cardiac anatomy and (B) hypoplastic left heart

(HLH) syndrome. Note the atretic aortic and hypoplastic left ventricle. Systemic blood flow is from

the right ventricle through the patent ductus arteriosus into the aortic arch. Pulmonary venous

return crosses from the left atrium to the right atrium through a patent foramen ovale. SPV,

superior pulmonary vein; IPV, inferior pulmonary vein; LA, left atrium; LV, left ventricle; Ao,

aorta; IA, innominate artery; LCA, left carotid artery; LSCA, left subclavian artery; SVC, superior

vena cava; IVC, inferior vena cava; RA, right atrium; RV, right ventricle; PA, pulmonary artery; PDA,

patent ductus arteriosus; PFO, patent foramen ovale.
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Cyanotic Heart Lesions

Transposition of the Great Arteries

Transposition of the great arteries (TGA) consists of a reversal of the normal

anatomic position of the great vessels so that the aorta represents the outflow of

the right ventricle and the pulmonary artery serves as the left ventricular outflow.

This results in distinct and parallel systemic and pulmonary circulations connected

through some form of obligate mixing between the circulations either via a VSD,

aortopulmonary flow through a PDA, or, most often (and most effective), shunting

through a patent foramen ovale (PFO). Patients with marginal systemic oxygena-

tion and restrictive atrial communication may benefit from a bedside balloon atrial

septostomy.

FIGURE 20–8 The Norwood reconstruction is shown using (A) a modified Blalock–Taussig (BT)

shunt and (B) the so-called ‘‘Sano’’ right ventricule-to-pulmonary artery connection. Reprinted from

Griselli et al. (30).

Rights were not granted to include this figure in

electronic media. Please refer to the printed book.
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Depending on the degree of mixing and the associated cardiac anomalies, the

degree of cyanosis in the neonate with TGA may vary widely. As with other con-

genital heart defects, initial medical management should be directed at optimizing

acid-base, electrolyte, and oxygenation status. Early repair is advocated to enable

development and growth of the cardiac chambers under the appropriate pressure

loads: systemic pressure load on the left ventricle; pulmonary pressure load on the

right ventricle. Prolonged ‘‘deconditioning’’ of the left ventricle may lead to mus-

cular regression so that the left ventricle cannot support the systemic circulation

and requires ‘‘training’’ before repair.

The procedure of choice in the current era is an arterial switch operation with

concurrent coronary transfer (Figure 20-9). In this operation, the great vessels are

‘‘switched’’ after the coronary arteries are implanted on the neo-aorta, thus

providing both an anatomic and physiologic solution to the condition.

Pulmonary trunk

Left coronary artery

Superior vena cava

Inferior vena cava

Coronary
buttons

Right coronary
artery

A B

FIGURE 20–9 Arterial switch operation for transposition of the great arteries with the aorta anterior and rightward

and usual coronary anatomy. From Kouchoukos et al. (21).
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Improvements in both operative technique and perioperative management have

resulted in excellent short- and long-term outcomes with the arterial switch

procedure (40,41). Overall, one-month, one-year, and five-year survival in

patients undergoing arterial switch for TGA have been excellent, approaching

95% in most recent series (42). Specific challenges to repair are generally

related to anatomic variations of the coronary arteries, the geometric relation-

ship of the great vessels and ventricles, and the integrity of the pulmonic (neo-

aortic) valve.

Total Anomalous Pulmonary Venous Connection

Disruption of any of the complex sequence of events in the development of the

pulmonary venous system may result in significant abnormalities of pulmonary

venous anatomy. Total anomalous pulmonary venous connection (TAPVC),

also known as anomalous venous drainage or return, occurs when these abnorm-

alities result in return of oxygenated blood from the pulmonary circulation to the

right side of the heart rather than the left atrium. An ASD or PFO is required

in order for these infants to survive. The most common types of TAPVC include

supracardiac connection with drainage into the left innominate vein, cardiac

level connection to the coronary sinus, or infracardiac connection through the

portal vein.

The clinical presentation of these patients is variable; many present with

cyanosis, but the severity of the hemodynamic compromise depends not on the

route of blood flow, but on the presence of other anomalies, the presence and

severity of obstruction to pulmonary venous drainage, and the degree of obstruc-

tion across the atrial septum (43). Patients without obstruction to pulmonary

venous return and unrestricted atrial septal communication may develop symptoms

during or after the neonatal period with progressive tachypnea, cyanosis, and

right-sided heart failure caused by increased pulmonary blood flow and volume

load on the right ventricle.

At the opposite end of the clinical spectrum are those patients with severe

obstruction of PVR. These patients develop high pulmonary pressures early in

the neonatal period in combination with elevated and labile pulmonary vascular

resistance. Pulmonary edema combined with progressive decrease in pulmonary

blood flow leads to severe hypoxemia and hemodynamic collapse. In these

instances, extracorporeal membrane oxygenation (ECMO) or emergent interven-

tion with surgery is often required.

Preoperative preparation of the neonate with TAPVC and pulmonary venous

obstruction should be directed at resuscitation and expedited operative repair,

and includes intubation with 100% fraction of inspired oxygen, and inotropic

support to assist the failing right ventricle. Inhaled nitric oxide should not

be used in an attempt to augment systemic oxygen saturation, as this only

provides for more pulmonary blood flow, thereby exacerbating pulmonary

edema owing to the restriction to pulmonary venous drainage. Where

these therapies are not successful, ECMO may be required in order to correct

severe metabolic derangement prior to operative repair, often for as long as 48

to 72 hours.

Mortality without operative repair in TAPVC exceeds 80% at one year (44),

therefore repair should be performed soon after diagnosis. Patients without

obstruction to PVR may be managed with urgent rather than emergency surgery,

but those with obstruction require either emergency surgery or rapid initiation

of ECMO to support oxygenation and correct end-organ dysfunction prior to

definitive repair.

Operative repair techniques vary depending on the anatomy of the venous

connections, but all involve some connection of the pulmonary venous drainage
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into the left atrium and ligation of the anomalous connection (‘‘vertical vein’’)

to the systemic venous circulation. Usually, a single confluent vein drains all

four anomalous pulmonary veins and this may be connected through as large

an anastomosis as possible to the left atrium. More complex repairs may be

required where anomalous pulmonary veins drain in pairs (‘‘mixed’’). Those

infants with diffuse pulmonary venous atresia are generally considered

inoperable.

Outcomes after repair are excellent, with operative mortality in the most recent

series ranging from five to nine percent (45). Pulmonary hypertension in the imme-

diate postoperative phase may require inhaled nitric oxide, and ECMO may be

continued following surgical repair to maintain systemic oxygenation and allow

for cardiac recovery. A subset of patients will require reoperation, often for pul-

monary venous stenosis, which may occur in six to 11% of patients, most com-

monly those with infracardiac or mixed-type TAPVC. Long term, patients may be

expected to grow normally with return of normal right ventricular function,

resolution of right ventricular dilatation, and reversal of pulmonary vascular

abnormalities (45).

MECHANICAL CIRCULATORY SUPPORT IN THE NEONATE

Although mechanical circulatory support has been used with success in adults with

cardiopulmonary heart failure, the extension of these successes to the neonatal

population has been limited. Two factors in particular make mechanical support

challenging in this population: small patient size requires devices designed

specifically for a pediatric population, and congenital cardiac disease with abnor-

mal anatomy (e.g. concurrent biventricular failure with or without pulmonary

valvular issues) complicates the application of mechanical support. However,

in patients with cardiac or pulmonary dysfunction refractory to maximal

medical therapy, mechanical circulatory support may be beneficial in certain

circumstances (46):

� preoperative stabilization before operative repair

� postoperative support to allow for recovery of cardiac or pulmonary

function, or both

� temporary support in patients not in need of cardiac repair whose cardiac

or pulmonary function is expected to improve with time

� as a bridge to transplantation.

Two forms of mechanical circulatory support are currently available to

neonates: ECMO and ventricular assist device (VAD). Similar to cardiopulmo-

nary bypass in the operating room, essentially, ECMO consists of veno-arterial

bypass with a membrane oxygenator (Figure 20-10). In neonatal patients with

respiratory failure, many subgroups have survival with ECMO which

exceeds 80% (47). Increasingly, ECMO has been used for postcardiotomy car-

diopulmonary support in the pediatric cardiac surgical patient. However, in this

application, survival in multicenter studies (of heterogenous patient populations

and indications) is only 32 to 44%, although some institutions have reported

survival exceeding 50% (46,48). Outcomes naturally vary depending upon the

cardiac anatomy and the status of repair. Patients with biventricular

physiology appear to have improved outcomes with ECMO when compared

with those with single-ventricle physiology, and the management of

aortopulmonary shunts (or patent ductus arterioses) during ECMO remains

controversial (46).
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Currently, few VAD options are available for neonates owing to their

size constraints. Two devices have been used extensively in Europe for this indication,

the MEDOS and Berlin Heart ventricular assist devices. The Berlin Heart (Berlin

Heart AG) is a paracorporeal pulsatile, uni- or biventricular assist device that is

available across several different sizes of pumps (Figure 20-11); for neonates, the

10 cc pumps are most often used. The pumps require inflow from the atrium (for

right-sided assistance) or the ventricular apex (for left-sided support), as well as

outflow (to either pulmonary artery, aorta, or both). Implantation requires cardio-

pulmonary bypass and often cardiac arrest. The cannulae for inflow and outflow exit

the skin at the upper abdomen and are attached to two extracorporeal devices whose

pumping mechanism is activated via pneumatic actuation from a separate console.

The device requires systemic anticoagulation.

Until 2003, the Berlin Heart was largely unavailable in the USA, but more

recently it has been allowed application under a compassionate use protocol with

the Food and Drug Administration (FDA). Already, in 2005, nearly 28 devices have

been implanted in the USA (personal communication). The time of device support

is theoretically limitless; however, the ongoing risk of stroke or hemorrhage

encourages weaning from device support (for reversible myocardial failure) or

bridging to transplantation as soon as is physiologically possible. Several new

devices are currently under development and investigation as part of an initiative

by the National Heart, Lung and Blood Institute, with, it is hoped, clinical appli-

cation by 2010.

H2O Heater

Heat
exchanger

Bridge

Fluids

Heparin

Oxygen
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oxygenator

Saturation
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Arterial cannula

Radiopaque dot
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FIGURE 20–10 Extracorporeal membrane oxygenation (ECMO) uses veno-arterial bypass with a membrane oxygen-

ator. This technique allows both hemodynamic and pulmonary support. ECMO systems generally consist of a silicone

membrane oxygenator, a heat exchanger, a bladder, and a roller pump. Ao, aorta; PA, pulmonary artery; RA, right

atrium; RV, right ventricle. From Jacobs (46).
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SUMMARY

The 50 years since the inception of intracardiac repair of congenital heart dis-

ease have resulted in remarkable changes in operative techniques and the

perioperative management of these patients. Consequently, the preferred age at

definitive repair has steadily decreased, resulting in a parallel decrease in

the need for palliative procedures in the neonatal period. The coming

years should yield further advances, particularly with regard to the use of mechan-

ical circulatory support in neonates, refinements in surgical repair techniques

for both short-term outcomes and long-term durability, as well as the development

A

FIGURE 20–11 (A) The various pump sizes of the Berlin Heart EXCOR ventricular assist device.

Courtesy of the Berlin Heart AG.
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of catheter-based solutions (isolated or in combination with open surgery) for

early repair.
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INTRODUCTION

Although transthoracic echocardiography is currently the standard first-line tech-

nique used for the diagnosis and evaluation of neonates with congenital heart

disease, there are times when echocardiography cannot adequately delineate par-

ticular aspects of cardiac or vascular anatomy. Often this may be due to suboptimal

acoustic windows or interference from adjacent air-filled structures. Diagnostic

cardiac catheterization has traditionally been considered the second-line procedure

of choice when echocardiography is insufficient in neonatal cardiac or vascular

assessment. However, cardiac magnetic resonance imaging (MRI) has recently

emerged as an important imaging modality with which to assess neonates and

older children with congenital heart disease (1–6). MRI has three major advantages

over catheterization: it is a non-invasive technique; there is no ionizing radiation

exposure to which neonates are particularly susceptible; and there is no need for

iodinated contrast agents (2). In particular, magnetic resonance angiography

(MRA) using injection of gadolinium, a paramagnetic contrast medium that,

in the short term, is safe to use in infants less than six months of age (7),
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can produce high-resolution angiographic imaging of systemic and pulmonary

vasculature within a few minutes. Cardiac MRI with MRA has the additional

advantage of producing three-dimensional (3-D) tomographic images of the

heart, vascular structures, lungs, and bronchi.

Performance of cardiac MRI with MRA in neonates presents a series of tech-

nical and practical challenges to neonatologists and imaging physicians (pediatric

cardiologists, radiologists, or both). Technically, cardiac MRI methods have been

developed and optimized for patients who are relatively large, have good-sized

vascular and cardiac structures, slow heart rates, and are able to hold their

breath in order to decrease motion artifacts. A number of different MRI techniques

are now standard for MRI assessment of older children and adults with congenital

heart disease, such as the techniques used to quantify cardiac function and flow

(3,6,8), but are currently not optimized for newborns owing to limitations in both

spatial and temporal resolution. Fortunately, transthoracic echocardiography is

usually sufficient to address these issues in neonates.

Imaging obtained by use of MRA with gadolinium injection is independent of

heart rate and, with adequate motion suppression, can produce three-dimensional

images of neonatal thoracic vasculature with millimeter resolution. Following

injection into any peripheral vein, gadolinium rapidly circulates in the vascular

structures and greatly enhances the image resolution of these structures. In less

than one minute the entire 3-D thoracic vasculature may be assessed by MRA.

The 3-D nature of the acquired data allows postprocessing to recreate images in

any desired plane as well as the creation of 3-D surface-rendered models, which may

be useful in the assessment of spatial relationships (9,10).

There are a number of practical issues that must be overcome when performing

cardiac MRI or MRA in neonates. In order to optimize imaging of the neonate’s

very small thoracic vascular structures, motion artifact, including respiratory

motion, must be kept to an absolute minimum. This is in contrast to MRI of

the neonatal brain, where respiratory motion artifact does not typically impair

image resolution. Some centers have found it adequate to perform cardiac MRI

examinations in newborns and young children who are calm and free breathing

(either merely sleeping after a feed or by use of moderate sedation) (11). However,

most centers where neonatal cardiac MRI or MRA is routinely performed have

found that a suspended-respiration technique produces the highest-quality

images of their small vascular structures. Suspended respiration requires intubation

for the cardiac MRI procedure, with the use of sedation and neuromuscular block-

ade. Periods of suspended respiration, from 10 sec to 60 sec, are used during scan

acquisition, and have been shown to be well-tolerated, even in potentially unstable

infants with complex heart disease (12). These neonates must therefore be venti-

lated and closely monitored using magnetic resonance-compatible cardiorespira-

tory devices whilst inside the bore of the magnet. All medication pumps, lines, and

monitoring devices must be magnetic resonance-compatible, or connected via long

extension tubing to pumps outside the MRI room itself. An appropriately sized

MRI receiver coil is placed around the neonate, as well as blankets for thermoreg-

ulation and earplugs for sound suppression. For these reasons, patient preparation

time often exceeds the time of the cardiac MRI or MRA scan itself. Recently,

magnetic resonance-compatible incubators with integrated MRI receiver coils

have been introduced in order to ameliorate some of the problems inherent in

neonatal MRI, but these are not in widespread use (13).

Clinical indications for neonatal cardiac MRI and MRA are rapidly expanding,

and may include delineation of pulmonary vascular anatomy, aortic arch and

collateral vessel anatomy, assessment of abnormalities of systemic and pulmonary

venous return, assessment of airway compression due to abnormal vascular

structures, tumor classification, and assessment of cardiac fibrosis.
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ASSESSMENT OF PULMONARY VASCULAR ANATOMY

Neonates with congenital heart disease commonly have abnormalities of the

pulmonary arteries which may be difficult to evaluate adequately by transthoracic

echocardiography. Cardiac MRI or MRA has been shown to identify accurately

abnormalities of pulmonary vasculature when compared with invasive cardiac cath-

eterization (14). For example, patients with tetralogy of Fallot may have isolated

narrowing of a pulmonary artery or anomalous origin of the pulmonary artery

from alternative structures (such as from the aorta or from collateral vessels which,

in turn, originate from the aorta). Figure 21-1 illustrates an example of pulmonary

artery visualization by use of MRA performed on a newborn with tetralogy of

Fallot, pulmonary atresia, and multiple aorta to pulmonary artery collateral vessels.

Tetralogy of Fallot with absent pulmonary valve syndrome is a relatively rare

condition in which the pulmonary arteries are often aneurysmally dilated and

associated with neonatal bronchial compression; such infants are particularly

well-suited for evaluation of both the airways and pulmonary vasculature by

MRI (15,16). Cardiac MRI can also be useful in the postoperative assessment

of neonates after palliative or definitive surgical repairs, such as after aorta-to-

pulmonary artery shunt procedures.

ABNORMALITIES OF THE AORTIC ARCH

Many abnormalities of the aortic arch, such as critical coarctation of the aorta or

aortic arch interruption, are diagnosed in the perinatal or neonatal period and may

need intervention in the first few days of life. Transthoracic echocardiography may be

adequate for diagnosis, but not uncommonly either the aortic arch itself, the branch-

ing pattern of the head vessels, or the anatomy of the ductus arteriosus may not be

sufficiently well-visualized to enable surgical planning. MRI with MRA has been

shown to be an excellent adjunct to echocardiography in assessment of aortic coarc-

tation (17) and aortic arch interruption (18). Figure 21-2 demonstrates an example

of reformatted MRA imaging in a newborn with long-segment hypoplasia of a

left-sided aortic arch into which inserts a right-sided patent ductus arteriosus.

FIGURE 21–1 Newborn with tetralogy of Fallot and pulmonary atresia. Axial oblique submaximal

intensity projection of three-dimensional (3-D) magnetic resonance angiography (MRA). Note the

branch pulmonary arteries and visualization of aorta to pulmonary artery collateral vessels.
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SYSTEMIC VENOUS ANOMALIES

Anomalies of the systemic veins may be associated with congenital heart disease,

especially in association with heterotaxy syndrome. Abnormalities in systemic

venous return may include interruption of the intrahepatic portion of the inferior

vena cava, presence of bilateral superior vena cavae with or without the presence

of a bridging vein and with normal drainage into the right atrium, bilateral superior

vena cave with an unroofed coronary sinus and drainage of the left superior vena

cava to the left atrium, right superior vena cava draining to the left atrium, and

retro-aortic course of the innominate vein. Although many of these anomalies have

no hemodynamic consequence, knowledge of systemic venous anatomy is essential

to preoperative planning and during cannulation for cardiopulmonary bypass.

Most of these anomalies can be detected accurately using echocardiography in

the newborn period. However, in a small subset of patients, echocardiography

may be inconclusive. Three-dimensional MRA provides excellent visualization

of the entire systemic venous system with a single intravenous injection of

gadolium (Figure 21-3) and is a useful noninvasive alternative to diagnostic cardiac

catheterization (9).

PULMONARY VENOUS ANOMALIES

Anomalies of pulmonary veins may occur either in isolation or in association with

other congenital heart defects. Partial (PAPVC) or total anomalous connection of

the pulmonary veins (TAPVC) into a systemic vein is the most common pulmonary

venous anomaly. Surgical treatment may be required in the newborn period for

FIGURE 21–2 Reformatted image from three-dimensional (3-D) magnetic resonance angiography

(MRA) of a newborn with a hypoplastic left-sided aortic arch and right-sided patent ductus

arterious. This abnormality has produced a vascular ring (not shown in this image).
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TAPVC with obstruction or for milder forms with associated heart defects.

The goals of preoperative evaluation are the accurate anatomic delineation of the

anomalous pulmonary venous channel, along with its connections with the indi-

vidual pulmonary veins and the presence of obstruction, if any. In most infants, this

is accomplished by use of echocardiography. However, in infants with poor echo-

cardiographic windows or with mixed type of anomalous pulmonary venous con-

nection, echocardiographic evaluation may be insufficient for operative planning.

Three-dimensional MRA is ideally suited for the evaluation of these anomalies since

the entire systemic and pulmonary venous system is visualized with a single

intravenous injection of contrast medium (Figure 21-4).

MRA is also useful in the evaluation of pulmonary venous stenosis or obstruc-

tion at the anastomotic site following surgical repair of TAPVC. In this setting, the

location, severity, and length of the anatomic narrowing may be accurately defined.

In addition, the identification of either dilatation or diffuse narrowing of the

intrapulmonary pulmonary veins is useful in considering suitability for re-operation.

In infants with Scimitar syndrome, which is characterized by partial anomalous

pulmonary venous return to the inferior vena cava with unilateral lung hypoplasia

and systemic arterial supply to the hypoplastic lung (most commonly right-sided),

3-D MRA provides excellent visualization of the pulmonary venous anomaly

(Figure 21-5) and the abnormal systemic arterial supply to the lung, in addition

to providing an estimates of the degree of pulmonary hypoplasia (19).

HETEROTAXY SYNDROME

Many infants with complex congenital heart disease have abnormalities of visceral

sidedness and arrangement that are grouped under the heterotaxy syndrome.

FIGURE 21–3 View from a surface-rendered three-dimensional (3-D) model of a 3-D magnetic

resonance angiogram showing bilateral superior vena cavae with a small bridging vein.
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FIGURE 21–4 Coronal maximum

intensity projection of a three-

dimensional (3-D) magnetic

resonance angiogram, demonstrat-

ing total anomalous pulmonary

venous connection. All pulmonary

veins join a confluence (arrow),

which drains superiorly via a verti-

cal channel into the left superior

vena cave (not shown in image).

FIGURE 21–5 Coronal maximum intensity pro-

jection of a three-dimensional (3-D) magnetic

resonance angiogram from an infant with scim-

itar syndrome showing anomalous connection of

the right-sided pulmonary veins into the inferior

vena cava.
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In addition to assessment of abnormalities of the extracardiac thoracic vasculature,

MRI can be useful in the assessment of abnormalities of the position and sidedness

of the stomach, liver, spleen, intestines, and the mainstem bronchi (20).

ABNORMALITIES OF THE AIRWAY

Airway compression may be caused by abnormalities of the vasculature, such as

vascular rings, left pulmonary artery sling, or compression by massively dilated

pulmonary artery branches as in tetralogy of Fallot with absent pulmonary

valve. MRI is especially well-suited to the evaluation of these abnormalities since

it allows for evaluation of both the vascular abnormality and its effect on the

airway (Figure 21-6 and Figure 21-7).

CARDIAC TUMORS

Tumors of the heart, although rare, may present in the newborn period. Although

echocardiography may accurately identify the intracardiac extent of the tumor, the

assessment of its extension into the mediastinum and relationship to other thoracic

structures is often limited. MRI can be useful in evaluating the extent and spatial

relationship of the tumor to surrounding structures. In addition, particular MRI

imaging characteristics using T1- and T2-weighted sequences, first-pass perfusion,

and delayed imaging following contrast injection can be used to predict the type

of tumor (21) (Figure 21-8).

ASSESSMENT OF MYOCARDIAL VIABILITY AND PERFUSION

Imaging performed during first-pass of an intravenous contrast agent may be used

to assess myocardial perfusion, while delayed imaging is useful in identifying

myocardial fibrosis (22). Although there is limited application for these techniques

FIGURE 21–6 Axial maximum intensity projection of a

three-dimensional (3-D) magnetic resonance angiogram

from an infant with stridor, showing a double aortic arch

with the two aortic arches encircling the trachea forming

a vascular ring.
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in newborn infants, they can be useful in the assessment of tumors and in

identifying endomyocardial fibrosis (Figure 21-9).

ASSESSMENT OF CARDIAC FUNCTION

MRI is the reference standard for the assessment of ventricular volume and

systolic function in older children and adults. However, limited spatial and

temporal resolution has precluded widespread use of this technique in newborn

infants.

MEASUREMENT OF BLOOD FLOW

MRI phase velocity imaging can accurately measure blood flow in the cardiovas-

cular system and may be used to measure accurately intracardiac shunt ratios (23),

blood flow to each lung, and valve regurgitation. However, the small size of blood

vessels limits the spatial resolution of this technique in newborn infants.

ACCURACY OF MRI EVALUATION OF CONGENITAL HEART
DISEASE

The accuracy and utility of MRI evaluation of a wide spectrum of congenital heart

disease in older children and adults has been demonstrated in several studies. Greil

et al. (9) showed that gadolinum-enhanced 3-D MRA is capable of rapidly and

accurately diagnosing a wide spectrum of pulmonary and systemic venous abnorm-

alities. Compared with cardiac catheterization, 3-D MRA has also been shown to be

FIGURE 21–7 Axial black-blood image showing a left pulmonary artery sling. The left pulmonary

artery arises from the right pulmonary artery and passes leftward posterior to the narrowed trachea.

Also note dextrocardia due to associated scimitar syndrome.
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an accurate technique for delineation of all sources of pulmonary blood supply in

patients with complex pulmonary stenosis and atresia (14).

In infants, MRI has been shown to be an accurate and safe method to delineate

the thoracic vasculature, evaluate possible airway compression, and characterize

cardiac tumors (2). In young infants with Scimitar syndrome, we found that

findings on MRA agreed with X-ray angiography, and that MRA image quality

was excellent for the evaluation of the main and lobar pulmonary artery branches,

lobar pulmonary veins, scimitar vein, and systemic–pulmonary collateral arteries

(19). In another ongoing study at our institution, MRA performed on 28 consec-

utive young infants (median age six days) with complex congenital heart disease

produced excellent-quality images in all infants when evaluated for visualization

of the main and lobar pulmonary arteries, thoracic aorta, aorto–pulmonary

collaterals, vena cavae, and visceral sidedness.

LIMITATIONS OF MRI IMAGING IN NEWBORNS

MRI imaging of small infants is inherently difficult related to limitations imposed

by a low signal:noise ratio owing to small body size, rapid heart rate, and respira-

tory or motion artifacts. Most of these limitations can be overcome successfully

with optimization of the acquisition parameters and with suspension of respira-

tions during imaging (2). Whilst the visualization of extracardiac thoracic vessels

is excellent, cine imaging of intracardiac structures is somewhat limited and may be

better accomplished with echocardiography.

FIGURE 21–8 Oblique coronal maximum intensity projection of a three-dimensional (3-D)

magnetic resonance angiogram from a newborn infant with a right atrial tumor. Avid contrast

enhancement of the tumor wall is noted suggesting a vascular tumor with an avascular core.

Histology showed a hemangioma.
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FUTURE DEVELOPMENTS

Several technical advances are likely in the near future. Improvements in pulse

sequence and coil design with larger number of receiver channels are likely to

allow faster imaging with improved signal:noise ratio, spatial, and temporal reso-

lution. Improvements in MRI technology may allow scanning to be performed with

free breathing and with minimal sedation (5). It may also be possible to perform

interventional procedures under MRI guidance, thereby minimizing or even avoid-

ing exposure to ionizing radiation (24).
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INTRODUCTION

Twin–twin transfusion syndrome (TTTS) is a disorder seen in 15% to 20% of

monochorionic twin gestations (1,2). This disease process is increasingly recognized

as the most important contributing factor to morbidity and mortality in twin

gestations. If left untreated, its natural history results in death in at least one of

the twins in 90% to100% of cases. To date, our understanding of the pathophys-

iology of the disease is incomplete and the development of effective treatment

strategies is still evolving. Recent data suggest that TTTS is primarily a circulatory

derangement – a failure of partnership between the vascular systems of fetuses

sharing the placenta. This failed circulatory arrangement results in consequences

which set a course for cardiovascular decompensation that can be lethal if left

unchecked and can have a significant long-term impact on cardiovascular health

in survivors.

In this chapter, we will review our current understanding of TTTS, propose a

score for characterizing the magnitude of cardiovascular perturbation seen in

this disease, and discuss some of the questions that continue to challenge the

investigators and clinical practitioners who deal with this intriguing condition.

CHARACTERISTIC FINDINGS AND MAKING THE DIAGNOSIS
OF TWIN–TWIN TRANSFUSION SYNDROME

TTTS is suspected during pregnancy in the presence of monochorionic, diamniotic

gestation in which there is a discrepant size between the fetuses of at least 10%, and

in which there is oligohydramnios in the smaller and polyhydramnios in the larger

fetus. Often the degree of oligohydramnios is so severe that the smaller twin appears

to be ‘‘shrink-wrapped’’ in its own amniotic sac, with the amniotic membrane
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adhering tightly to it. With the larger twin exhibiting polyhydramnios, the smaller

twin is pushed to a corner of the uterus, limiting its mobility – hence it is com-

monly referred to as a ‘‘stuck twin.’’ Premature labor as a consequence of the

polyhydramnios and maternal abdominal size is common. TTTS is to be distin-

guished from other causes of interfetal size discrepancy, such as intrauterine growth

restriction, or the presence of congenital, genetic or chromosomal anomalies, or

infection in the smaller twin.

The impact of TTTS on the outcome of affected twins can be quite consider-

able. The first historical report of TTTS dates from the seventeenth century, in

which the twin sons of the mayor of Amsterdam, Jacob Dierkszon De Graeff were

stillborn, one ruddy-colored and one very pale (3). The syndrome may result in the

demise of the larger or smaller twin (4), serious neurological insult (5), and car-

diovascular abnormalities (6–9). Death of one twin in a monochorionic system can

subsequently lead to the rapid death of the partner twin. A mortal twin can act as a

vascular low-resistance sink, which, through anastomotic intraplacental connec-

tions, leads to hypotension in the survivor. This ‘‘bleed’’ into the vascular system

of the demised fetus can cause either death or neurological damage in the partner

twin. In TTTS, the fetal neurological system can be seriously affected in a variety of

ways, including the inherent primary disease process itself, the death of a co-twin

resulting in hypotensive injury, or as a consequence of premature birth. Studies

have demonstrated a high prevalence of morphological abnormalities when

the brain is imaged, and an increased prevalence of neurocognitive impairment

in survivors. Cardiovascular manifestations with the potential for long-term

consequences are common in TTTS and will be discussed below.

In order to grade the severity of disease and to allow for rational analysis of

treatment strategies and prognosis, Quintero and colleagues (10) developed a staging

system for TTTS. The system is based upon a number of disease variables: presence of

polyhydramnios (maximum vertical pocket >8 cm) in the larger twin and oligohy-

dramnios (maximum vertical pocket of <2 cm) in the smaller twin; presence or

absence of visualization of a bladder in the smaller twin; presence or absence of

critically abnormal Doppler studies (defined as absent or reversed diastolic umbilical

arterial flow, reverse flow in the ductus venosus, or umbilical venous pulsation); and

presence or absence of hydrops. The staging system is listed in Table 22-1.

Although a number of criticisms of the system have been put forth, the

Quintero score (10) has endured as a standard tool used in gauging the magnitude

of disease present, and has been extensively applied in clinical trials of various

treatment modalities. One limitation of the Quintero staging classification lies in

its inability to discriminate between various degrees of cardiovascular derangement,

with no consideration given to the absence, presence, or degree of recipient twin

cardiomyopathy. This limitation led us to consider the development of a

cardiovascular-based scoring system, which is discussed below.

Table 22–1 Quintero (10) Staging for Twin–Twin Transfusion
Syndrome

Stage Findings

I Polyhydramnios or oligohydramnios sequence, but with visible bladder
in smaller twin

II Absent bladder in smaller twin
III Abnormal Doppler studies
IV Hydrops fetalis
V Demise of one or both twins
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MECHANISM AND PATHOPHYSIOLOGY OF TWIN–TWIN
TRANSFUSION SYNDROME

The name ‘‘twin–twin transfusion syndrome’’ (TTTS) originates from the neonatal

experience with this disease. Twins born with marked size discrepancy are often

identified as presenting significant differences in hemoglobin, with the larger twin

commonly manifesting polycythemia and the smaller twin anemia. This led to the

belief that a simple in utero exchange of blood between the twins was the cause of

this disorder. Current findings suggest that the pathophysiology is much more

complex. Fetal blood sampling commonly demonstrates no significant difference

in hemoglobin concentrations between twins with clinical manifestations of TTTS,

hence a simple inter-twin blood ‘‘transfusion’’ is unlikely to be the sole cause.

The primary mechanism of TTTS is initiated by the presence of a placental

vasculopathy. In monochorionic twins, placental vascular connections exist

between the circulatory systems of each of the twins (Figure 22-1).

These connections consist of arterial-to-arterial (A–A) anastomoses, veno-

venous (V–V) anastomoses, or arterial-to-venous (A–V) anastomoses (11).

At both A–A and V–V anastomoses an even, bidirectional exchange of blood

volume occurs between the circulations; however, the exchange at the A–V anasto-

moses are unidirectional, based on the pressure gradient. In the balanced state, the

uneven exchange that occurs between A–V anastomoses is counterbalanced by

equilibration at the A–A, and less often, V–V anastomoses. The foundations for

TTTS are set when there is a paucity of adequate A–A connections to allow for

intertwin equilibration, hence A–V connections predominate resulting in a disequi-

librium of placental flow from one fetus to the other (12). Hence, one twin becomes

a ‘‘donor’’ while the other a ‘‘recipient’’ of transplacental blood flow. Consequently,

the donor manifests hypovolemia and oliguria, resulting in oligohydramnios, while

the recipient manifests hypervolemia and polyhydramnios. This is the triggering

event for a complex cascade of physiological sequelae which follows.

Recent data looking at the renovascular systems of twin in TTTS has shed

important light on this complex process (13). Immunohistochemistry studies

have demonstrated the renin-angiotensin system to be upregulated in the donor

twin; as the expected natural response to hypovolemia, this is not surprising.

Angiotensin II released by the renin-angiotensin system in the donor increases

vasoconstriction and water retention and thereby promotes maintenance of perfu-

sion pressure. Partner recipient twins in the TTTS exhibit down-regulation of the

Twin A

Placenta

Twin B

VA

AV

VV

AA

FIGURE 22–1 Possible vascular connections between twins in a monochorionic system.

Unidirectional flow occurs between A–V connections, with equilibration of flow occurring at V–V

and A–A connections. The hatched line represents the vascular equator between the two fetal

circulations. A, arterial; V, venous.
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renin-angiotensin system, most likely as a consequence of the hypervolemia.

However, serum levels of renin-angiotensin systems hormones, such as renin, are

similar to that found in the donor. This suggests that the renin-angiotensin system

hormones found in the recipient are not intrinsically produced, but, rather, are

produced by the donor and delivered to the recipient through vascular connections.

Hence, not only does the recipient receive an increase in volume, but also an

increase in hormonal modulators that are typically released in response to low

volume. These agents act as vasoconstrictors within the recipient, resulting in an

increase in vascular resistance. In addition, other agents such as brain natriuretic

peptide (14) and endothelin (15), hormonal modulators released in the presence of

heart failure, are elevated in the amniotic fluid of recipient twins with hydrops. For

the recipient twin partner a double insult takes place – an increase in preload and a

paradoxical increase in afterload. This combination deleteriously affects the recip-

ient cardiovascular system and is the cause of the cardiomyopathic changes seen in

the recipient in TTTS.

SPECTRUM OF CARDIOVASCULAR FINDINGS IN TWIN–TWIN
TRANSFUSION SYNDROME

Important changes take place in the cardiovascular system of fetuses in TTTS, with

the potential for a wide spectrum of findings (6–9). The donor heart rarely man-

ifests ostensible cardiac abnormalities on echocardiography, as the myocardium

deals with a decrease in preload and an increase in afterload quite well. Systolic

performance of the donor heart is preserved with no effect on valvular function.

Ventricular cavity size and overall heart size is usually smaller than normal. Since

the donor experiences an overall increase in systemic vascular resistance, analysis of

placental vascular resistance by Doppler interrogation of the umbilical artery reveals

an increase in the pulsatility index (a Doppler-derived measure of vascular resis-

tance). This can be noted qualitatively by observing a low diastolic flow velocity or

even absent or reversed flow at end-diastole in the spectral tracing of the umbilical

artery (Figure 22-2). These findings suggest very high placental vascular resistance.

The recipient heart bears the brunt of the disease in TTTS. At first, and at an early

stage, we may identify ventricular cavity dilation and mild ventricular hypertrophy.

Mild atrioventricular valve regurgitation, probably as a consequence of cavity

dilation, may be seen. Doppler flow patterns in the umbilical artery and vein are

normal, and both systolic and diastolic ventricular performance is preserved. As the

disease progresses ventricular wall thickening takes place, with a consequential neg-

ative effect on ventricular compliance and diastolic function. Of note, it has been

observed that it is the right ventricle more than the left which typically manifests

the majority of change in TTTS. As the ventricle hypertrophies, it becomes less

compliant and Doppler parameters of ventricular filling begin to change. The

normal twin peaks of inflow into the ventricle relating to passive filling (E wave)

and active atrial filling (A wave) fuse into a single peak (Figure 22-3).

Ductus venosus flow during atrial contraction diminishes, often becoming

absent or reversed in conditions of a very stiff, noncompliant right ventricle

(Figure 22-4). Finally, further upstream the findings of pulsations in the umbilical

vein may be seen, reflecting a severe degree of impediment to ventricular filling.

As diastolic dysfunction progresses, ventricular systolic function is affected as well.

Systolic ventricular dysfunction can be observed as a decrease in ventricular short-

ening fraction and a worsening of atrioventricular valve regurgitation, initially on

the right and then progressing to the left side of the heart (Figure 22-5).

Ultimately, severe ventricular dysfunction and atrioventricular insufficiency lead

to low cardiac output, development of hydrops, and fetal death. Barrea et al. (9)

reviewed 28 twin pairs affected by TTTS and found cardiomegaly caused by right or
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FIGURE 22–2 Doppler sampling in the umbili-

cal cords of a donor twin (top panel) and a

recipient twin (bottom panel). Umbilical arterial

flow (pulsatile) is above the baseline, while

umbilical venous flow is depicted below the

baseline. Note the diminution in diastolic velocity

in the donor umbilical artery flow as compared

with the recipient. The arrows point out reversal

of umbilical arterial flow in the donor twin

(below the baseline) indicating that with systolic

contraction and intended propulsion of blood

forward into the placental circulation, there is a

rebound wave of blood flow reversal during

diastole. This strongly suggests a markedly

elevated placental vascular resistance.

.40
PW:3.5MHz

SMALLER Sweep=100mm/s

Sweep=100mm/sLARGER
PW:3.5MHz

.10

m/s

.60

m/s

FIGURE 22–3 Doppler interrogation of flow across the tricuspid valve in a donor twin (top panel) and a recipient twin

(bottom panel). The donor twin has a normal ‘‘double-peak’’ inflow pattern (solid arrows) representing flow during

passive diastolic filling (first peak) and during atrial contraction (second peak). The recipient twin has a ‘‘single-peak’’

inflow pattern (open arrow) suggesting fusion of the diastolic phases into a single phase. This represents a poorly

compliant and stiff ventricle. Note that often tachycardia may cause fusion of the double inflow peaks into a single

peak; however, as may be seen in this case, the heart rate for the recipient is nearly identical to that of the donor twin,

hence the appearance of a fusion wave suggests ventricular diastolic dysfunction and poor relaxation.
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.60

PW:3.5MHz

PW:3.5MHz

B DON DV

A REC DV

Sweep=100mm/s

Sweep=100mm/s

.20

.10

.51

m/s

.60

.20

m/s

FIGURE 22–4 Doppler sampling in the ductus venosus of a donor twin (top panel) and recipient twin (bottom panel).

The donor has a normal ductus venosus Doppler signal with continuous but phasic forward flow in the ductus venosus.

The recipient ductus venosus Doppler signal displays reversal of flow with atrial contraction, suggesting a poorly com-

pliant and stiff right ventricle (arrows in the bottom panel point to the reversal of flow with atrial contraction).

.64

.64
V V

FIGURE 22–5 Apex up four-chamber view of the heart of a recipient twin demonstrates severe tricuspid and mitral

regurgitation. V, ventricle.
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left ventricular hypertrophy in 58% of recipient twins. Diastolic dysfunction of both

right and left ventricles was present in two-thirds, and right ventricular systolic

dysfunction with significant tricuspid regurgitation was seen in one-third, of the

pairs. Progression of findings was associated with a higher perinatal mortality.

Right ventricular pressure estimates from the peak velocity of the tricuspid

regurgitant jet in the recipient with TTTS will typically demonstrate very high

intracavity pressures (Figure 22-6).

This finding further supports the notion that the recipient twin heart is stressed

by the presence of increased vascular resistance and increased afterload as well as

increased volume preload. The true blood pressure and ventricular cavity pressure in

the human fetus is unknown. However, the typical peak systolic pressure for a new-

born premature infant born at 24 weeks’ gestation is known to be approximately

30–40 mmHg. The normal fetal heart in series with the low vascular resistance

placenta should perhaps be less, but certainly no higher, than this blood pres-

sure value noted in the premature infant. We have observed right ventricular

pressures as high as 80–90 mmHg in the absence of any outflow tract obstruction,

supporting the notion that an increase in vascular resistance is part of the

pathophysiologic process resulting in the cardiomyopathy of TTTS seen in the

recipient twin.

One intriguing phenomenon seen in TTTS is that of progressive development

of right ventricular outflow tract obstruction in some recipient fetuses (8). This

‘‘acquired’’ right ventricular outflow tract obstruction is phenotypically identical to

the congenital heart defect of pulmonary atresia or pulmonary stenosis with a

hypoplastic, hypertrophied right ventricle. This phenomenon of development of

selective right ventricle outflow tract obstruction in otherwise structurally normal

hearts raises the question of whether a similar process leads to the development of

some forms of congenital heart disease. It is enticing to speculate that perhaps a

.55

m/s

4.0

CW:2.5MHz

V = –3.42m/s
PG = 46.8mmHg

TR

FIGURE 22–6 Spectral Doppler display of the tricuspid valve jet velocity of a fetus with recipient cardiomyopathy. The

right ventricular pressure estimate from the peak velocity of the spectral Doppler display of tricuspid regurgitation is

elevated at approximately 50 mmHg. PG, peak gradient; V, peak velocity.
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similar mechanism of hormonal conditions and altered load very early in gestation

may be the cause of right-sided obstructive anomalies in the singleton fetus born

with these forms of congenital heart disease (16). This speaks to the fundamental

aspects of the mechanisms of formation of congenital heart disease. Alterations in

blood flow and other extrinsic variables may potentially lead to the development of

‘‘acquired–congenital’’ heart disease at a period of time following completion of

embryological formation of the human heart.

QUANTIFYING THE BURDEN OF CARDIOVASCULAR
IMPAIRMENT IN TTTS

Gauging the magnitude of cardiovascular derangement in TTTS can be an important

part of understanding the state of the disease that is present. A variety of

noninvasive tools may be employed in evaluating the fetal cardiovascular system.

One measure of the magnitude of ventricular dysfunction used in a variety of forms

of congenital and acquired heart disease is the myocardial performance index

(MPI) (17). The MPI is a ventricular geometry-independent measure of combined

systolic and diastolic ventricular performance. By performing Doppler sampling of

inflow and outflow across the ventricle, we can measure the time intervals

relating to isovolumic contraction, isovolumic relaxation, and ventricular ejection

(Figure 22-7).

The MPI is a measure of the ratio of combined isovolumic times to the ejection

time. As global systolic and diastolic dysfunction worsens, MPI values increase

progressively above normal. Raboisson and colleagues (18) used the MPI to

assess ventricular performance status of recipient and donor twins with TTTS.

Recipient twins exhibited higher MPI values relative to their donor partners.

These authors also found that ventricular dysfunction in the recipient was so

strongly characteristic of the TTTS that the MPI could reliably be used to distin-

guish between TTTS and other causes of twin size discrepancy, such as intrauterine

growth restriction.

Our group has investigated the utility of various Doppler-derived measures of

ventricular performance in order to help improve our understanding of the

A

B
AV inflow

A

B

Ejection

AV inflow

MPI = A – B
B

FIGURE 22–7 Pictorial display of calculation of the myocardial performance index. Time intervals are measured from

cessation of atrioventricular valve flow to onset of atrioventricular valve flow (time A) and from onset of systolic semilunar

valve flow to cessation of flow (ejection time, time B). Subtracting the time interval B from time interval A and indexing to

time interval B provides for a measure of the ratio of combined isovolumic contraction and relaxation times to the

ejection time. This ratio of isovolumic times to ejection reflects ventricular efficiency and performance. The lower the

value the lower the isovolumic times needed for the ventricle to eject, which reflects an efficient and well-performing

myocardium.
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pathophysiology of TTTS as well as help stratify patients by severity of disease.

Szwast et al. (19) applied the MPI and calculated ventricular ejection force and

cardiac output in 22 twin pairs with TTTS. The ventricular ejection force describes

the acceleration of blood across the pulmonic or aortic valve over a specific time

interval, and is a reflection of systolic ventricular performance derived from

Newton’s laws (Figure 22-8). A higher value corresponds to a greater force exerted

in ejecting the ventricular volume of blood during systole. The combined right and

left ventricle cardiac output (CCO) is a measure of total blood flow through the

fetal heart and is indexed to the estimated fetal weight in kilograms. The twin pairs

were then compared to 36 age-matched singleton fetuses as normal control subjects.

The findings are listed in Table 22-2.

m/s

.60

TTP (time to peak velocity)

Peak systolic velocity (PSV)

Velocity time
integral of

acceleration
(VTI ac)

EF = (1.055 x CSA x VTIac) x PSV/TTP

FIGURE 22–8 Pictorial display of calculation of the ejection force index. The ejection force reflects systolic ventricular

performance and is derived from a formula which describes the mass of blood propelled forward during acceleration and

is very preload-sensitive. A higher value corresponds to greater force exerted in ejecting the ventricular volume of blood

during systole.

Table 22–2 Summary of Results for the Twin-Donor versus Twin-Recipient versus
Normal Control*

*The subgroup of the normal control population with a similar gestational age is used for statistical analysis.
P values are sequentially recorded as: P1, Twin-donor versus Twin-recipient; P2, Twin-donor versus Normal Control;
and P3, Twin-recipient versus Normal Control.
From Szwast A, Tian Z, McCann M, et al. Impact of altered loading conditions on verticular performance in fetuses
with congenital cystic adenomatoid malfunction and twin–twin transfusion syndrome. Ultrasound Obstet Gynecol
2007;30:40–46

Rights were not granted to include this table in electronic media. Please refer to the printed book.
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In the donor twins, right ventricular and left ventricular MPI values were lower

than the recipient twins, and lower still than normal control fetuses. Donor twins

also had diminished right ventricular and left ventricular ejection forces compared

with recipient twins, and diminished right ventricular and left ventricular ejection

forces compared with normal control fetuses. Donor twins have lower CCO when

compared with recipient twins and with normal control fetuses. These findings are

consistent with the belief that donor twins are volume-depleted, but have preserved

myocardial function. In contrast, the recipient twins had an abnormally elevated

right ventricular and left ventricular MPI compared with normal fetuses, although

there was no significant difference between left ventricular and right ventricular

ejection forces in recipient twins compared with normal fetuses. Finally, recipient

twins had elevated CCO compared with their donor counterparts and compared

with normal controls. This suggests that in our group of recipient twins systolic

function was still preserved as ejection forces were increased while diastolic

dysfunction was present. Application of these Doppler-derived parameters will

help to identify fetuses with diastolic dysfunction, before the onset of low cardiac

output and hydrops, and may, therefore, be helpful in grading the magnitude of

disease as the twin–twin transfusion process progresses.

An important goal is to provide a means for quantifying the cardiovascular

burden present in TTTS. To that end we have identified and classified cardiovas-

cular features to be considered (20). Table 22-3 lists these features and the values

given to the various findings of the CHOP Cardiovascular Score for TTTS.

The CHOP Cardiovascular Score is derived from echocardiographic data of a

series of 150 twin pairs referred for TTTS and incorporates features describing

ventricular dilation and hypertrophy, systolic function, valve regurgitation, and

diastolic properties as described by Doppler indicators of ventricular compliance

in the recipient twin, and umbilical arterial diastolic flow in the donor twin.

Comparison of the CHOP Cardiovascular Score with the Quintero staging

system demonstrates a significant degree of discrepancy between grades, which

reflects the poor construction of the Quintero system to grade adequately subtle

cardiovascular perturbations, which may be present in a progressive manner from

the very outset of the disease (Figure 22-9).

Although right ventricular outflow tract obstruction is an end result in some

cases of recipient cardiomyopathy in TTTS, we have observed situations in which

there is reversed-size discrepancy between the pulmonary artery and the aorta.

Whereas the pulmonary artery diameter is normally larger than the aorta by

approximately 25%, some recipient fetuses exhibit an equal diameter between the

pulmonary artery and aorta, or a pulmonary artery that is smaller than the aorta.

We believe that this may reflect the spectrum of the disease, prior to the more severe

finding of right ventricle outflow tract obstruction and pulmonary atresia. Altered

compliance of the right ventricle can result in increased shunting from the right side

across the foramen ovale to the left ventricle. In such a circumstance: with dimin-

ished flow on the right – but increased flow on the left – pulmonary artery growth is

inhibited while aortic growth is enhanced. We have, therefore, included abnormal

size discrepancy between the pulmonary artery and aorta in the CHOP

Cardiovascular TTTS score.

The maximum score suggesting the most severe degree of cardiovascular

impairment is 20/20. Currently, we apply this score in prospectively monitoring

all fetuses with TTTS. In our original series, a wide spectrum of findings was

present with ventricular dilation, dysfunction, hypertrophy, and abnormalities of

diastolic filling properties seen most commonly (Figure 22-10).

In addition to the score, which is derived from qualitative parameters, we have

been routinely measuring MPI values in the recipient and donor twins as a

supplemental means of assessing myocardial function. Table 22-4 describes the
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findings of 150 twin pairs with TTTS with respect to the Doppler-derived measures

of umbilical artery pulsatility index, middle cerebral artery index, ductus venosus

flow, MPI for right and left ventricles as well as the parameters used to calculate the

myocardial performance values. It is only through such a detailed and comprehen-

sive characterization of the recipient and donor twins that we can appropriately

gauge the effect of this disease, and the response of the cardiovascular system to

various treatment strategies. Quantifying the degree of cardiovascular abnormality

in the fetus with TTTS may also potentially be useful as a prognosticator of residual

cardiovascular abnormalities after birth. These techniques will require further val-

idation and analysis in a wide variety of cases. Early data suggests the score to be a

valid method for assessing response to treatment, as score values decline after suc-

cessful therapeutic intervention through laser photocoagulation (21).

STRATEGIES FOR THE TREATMENT OF TWIN–TWIN
TRANSFUSION SYNDROME

A variety of treatment strategies have been proposed for TTTS. The serial removal

of large volumes of amniotic fluid from the recipient (amnioreduction) has been

Table 22–3 CHOP Cardiovascular Score for Characterizing the Severity of
Cardiovascular Perturbation in Twin–Twin Transfusion Syndrome

Parameter Finding Numerical score

Donor Umbilical artery Normal 0
Decreased diastolic flow 1
Absent/reversed diastolic 2

Recipient Ventricular hypertrophy None 0
Present 1

Cardiac dilation None 0
Mild 1
More than mild 2

Ventricular dysfunction None 0
Mild 1
More than mild 2

Tricuspid valve regurgitation None 0
Mild 1
More than mild 2

Mitral valve regurgitation None 0
Mild 1
More than mild 2

Tricuspid valve inflow Double-peak 0
Single-peak 1

Mitral valve inflow Double-peak 0
Single-peak 1

Ductus venosus All antegrade 0
Absent diastolic flow 1
Reverse diastolic flow 2

Umbilical vein No pulsations 0
Pulsations 1

Right-sided outflow tract Pulmonary artery to aorta 0
Pulmonary artery equals aorta 1
Pulmonary artery more than aorta 2
Right ventricular outflow obstruction 3

Pulmonary regurgitation None 0
Present 1

Maximum total cardiovascular score 20 points

From Rychik J, Tian Z, Bebbington M, et al. The twin–twin transfusion syndrome: spectrum of cardiovascular
abnormality and development of a cardiovascular score to assess severity of disease. Am J Obstet Gynecol
2007;197:392,e1–8.

2
2

T
H

E
T
W

IN
–
T
W

IN
T
R
A

N
S
FU

S
IO

N
S
Y

N
D

R
O

M
E
:

E
V

O
LV

IN
G

C
O

N
C

E
P
T
S

397



demonstrated to reduce morbidity and mortality (22). Initially employed as a

means of creating comfort for the mother, it soon became apparent that serial

amnioreduction exerts a positive effect on fetal outcome as well. This may be

related to improved placental circulation after relief of placental vascular compres-

sion as well as prevention of preterm labor with the reduction in abdominal or

uterine size. Creation of communication between the donor and recipient amniotic

sacs has also been demonstrated to result in improved outcomes. Equilibration

of amniotic volumes and pressure between the twins by creating a ‘‘micro-septost-

omy’’ may help; however, these communications commonly seal off, rendering this

only a temporary intervention.

Ville and other workers (22–26) pioneered the concept of direct interruption of

the initiating vascular anastomoses within the placental plate by percutaneous

Quintero 1 Quintero 2 Quintero 3 Quintero 4
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FIGURE 22–9 Bar graph demonstrating the relationship between the CHOP cardiovascular score and the Quintero

staging system. Fetal twin pairs were graded for cardiovascular findings blinded to the Quintero designation, with score

values broken down into quartiles (CV grade I, score 0–5; CV grade II, score 6–10; CV grade III, 11–15; CV grade IV,

16–20). Note the presence of severity discrepancy between the grading systems, as CV grades II or III are seen in at least

10% of Quintero Stage 1 patients, while a wide spectrum of CV grades is seen in the subsequent Quintero stages.
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laparoscopic laser techniques. Currently, this appears to be the most effective

strategy for treating TTTS. In a large randomized trial of endoscopic laser photo-

coagulation therapy versus serial amnioreduction (The Euro Foetus Consortium

Trial (26)) laser therapy was identified as being superior as a first-line treatment at

all stages of severity of the disease. As compared with the amnioreduction group,

the laser group had a higher likelihood of survival of at least one twin (76% versus

56%) and a lower incidence of periventricular leukomalacia (6% versus 14%).

Furthermore, surviving infants were more likely to be free of neurological compli-

cations at six months of age (52% versus 31%). Although laser therapy currently

appears to be the more effective strategy, it is not a cure for the disease in all cases as

significant morbidity and mortality affects large numbers of infants despite treat-

ment. Further work is necessary to determine the appropriate candidates and the

optimal timing for laser therapy.

LONG-TERM ISSUES AND THE FUTURE

There are a number of unanswered questions concerning TTTS and the associated

cardiovascular changes which take place. Outcome studies looking at therapeutic

effectiveness have focused on perinatal survival and neurologic outcome, with little

focus on cardiovascular outcome. Which therapeutic interventions are most likely

to result in cardiovascular improvement? Barrea and colleagues (9) demonstrated

that, despite amnioreduction, cardiovascular changes may persist or even progress.

The impact of laser therapy on cardiovascular changes and the ability to prevent

progression of right ventricular outflow tract obstruction, cardiac failure, or

hydrops has not yet been investigated. It is through the application of descriptive

cardiovascular tools such as the CHOP Cardiovascular Score and other quantitative

indices of function that we believe such questions may be addressed.

Many questions remain concerning the pathophysiology of TTTS. Why do

some recipient twins severely affected manifest ventricular dysfunction and heart

failure while others develop ventricular hypertrophy and right ventricular outflow

tract obstruction? We speculate that it is not the severity of the disease alone

Table 22–4 Quantitative Parameters of Cardiovascular Function Evaluated in
Both the Donor and Recipient Fetuses in 150 Twin Pairs with
Twin–Twin Transfusion Syndrome

Donor Recipient P value

Weight (gm) 399 (235) 527 (285) <0.0001
Umbilical artery S wave peak velocity (cm/s) 29.2 (8.7) 41.7 (12.9) <0.0001
Umbilical artery D wave peak velocity (cm/s) 4.7 (4.3) 9.78 (4.5) <0.0001
Umbilical artery performance index 1.81 (0.8) 1.46 (0.4) <0.0001
Middle cerebral artery S wave peak velocity (cm/s) 27.3 (8.1) 26.2 (8) NS
Middle cerebral artery D wave peak velocity (cm/s) 5.1 (2.6) 5.1 (2.1) NS
Middle cerebral artery performance index 1.79 (0.4) 1.70 (0.4) NS
Ductus venosus A wave peak velocity (cm/s) 18.5 (6.8) 13.3 (16.7) <0.01
Ductus venosus S wave peak velocity (cm/s) 51.1 (13) 53.3 (13.6) NS
Ductus venosus A:S ratio 0.38 (0.12) 0.24 (0.31) <0.001
Tricuspid valve closure-to-opening time (ms) 232 (18) 275 (32) <0.0001
Pulmonary artery ejection time (ms) 169 (13) 169 (21) NS
Right ventricle myocardial performance index 0.38 (0.11) 0.69 (0.47) <0.0001
Mitral valve closure-to-opening time (ms) 222 (19) 263 (29) <0.0001
Aorta ejection time (ms) 166 (15) 170 (17) 0.07
Left ventricle myocardial performance index 0.34 (0.12) 0.59 (0.28) <0.0001

From Rychik J, Tian Z, Bebbington M, et al. The twin–twin transfusion syndrome: spectrum of cardiovascular
abnormality and development of a cardiovascular score to assess severity of disease. Am J Obstet Gynecol
2007;197:392,e1–8.
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that dictates this phenotype, but that inherent genetic factors play a role. It is well-

recognized in the mature postnatal heart that the myocardial response to stressors

is, to a degree, under genetic control (27). It is therefore reasonable to think that the

fetal myocardial (host) response to a severe increase in preload (volume exchange)

and afterload (hormonal modulators) may similarly be under genetic control.

For some twin recipients the response to these stressors is cardiac hypertrophy,

decompensation, and failure, while for others it is hypertrophy and development of

right ventricular outflow tract obstruction. In fact, the latter may be a positive

adaptive response, since few fetuses with right ventricle outflow tract obstruction

experience fetal demise, unlike those who develop cardiac decompensation and

hydrops. Variables such as the angiotensin converting enzyme (ACE) genotype or

other myocardial genotypes may influence the phenotypic direction the recipient

fetus will take. Angiotensin II can be a potent stimulant of myocardial hypertrophy

in the mature heart; however, its direct myocardial affects are under complex

genetic control (i.e. receptor type, density, and so on) (27–30). Might the pheno-

typic variability seen in the recipient twin in TTTS be a result of a genetically

controlled inherent response to elevated levels of angiotensin II? The genetic

determinants of myocardial hypertrophy in the fetus are currently unknown, but

will likely explain this phenomenon.

The long term implications of cardiovascular disease in the fetus with TTTS are

potentially significant. The ‘‘Barker hypothesis’’ proposes the concept of fetal origins

of adult cardiovascular disease – ‘‘programming’’ of the heart and vascular system

takes place during fetal life, setting the risk for the development of late diseases such

as hypertension and atherosclerosis (31). Cheung and colleagues (32) demonstrated

the impact of fetal TTTS on vascular dysfunction in infancy. TTTS donor twins at a

mean of nine months of age exhibited diminished arterial distensibility as measured

by abnormal pulse-wave velocity examination. Gardiner and colleagues (33) stud-

ied 27 twin pairs with TTTS after birth at a mean of 11 months of age and found

that laser therapy altered, but did not abolish, these vascular abnormalities of

arterial distensibility. Are the survivors of fetal TTTS at risk for significant cardio-

vascular difficulties as they grow into later childhood and into adults? What is the

long-term cardiovascular burden of TTTS and to what degree do these patients

carry added risk for cardiovascular disease as adults? These are intriguing questions,

yet to be answered, and will undergo intense exploration in the coming years as

more survivors of this disease grow into adulthood.

In summary, TTTS is a unique and complex disease process affecting

monochorionic or diamniotic twins. The disease is primarily caused by a placental

vasculopathy with resultant transfer of both volume as well as hormonal

modulators through intraplacental vascular connections from donor to recipient

twin. Morbidity and mortality remains high, but is improving substantially

through the development of treatment strategies such as endoscopic laser photo-

coagulation. Complex changes take place within the cardiovascular system

which contribute substantially to the outcome of this disease. Application of

tools to better grade the degree of cardiovascular derangement will help in

determining the efficacy of current treatment strategies. The long-term impact of

TTTS on the postnatal and mature adult cardiovascular system is yet to be fully

understood.
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Index

(Figure references in bold; table reference in italics)

A

absolute adrenal insufficiency, 12, 167. See also relative
adrenal insufficiency

acid–base imbalance, 202
acidosis. See lactic acidosis; metabolic acidosis; non-anion-

gap (bicarbonate wasting) acidosis
ACTH, 12, 56, 197–98, 200–203
Addison’s disease, 195
adenosine, 10, 19, 23–24, 29, 210
adrenal glands, 12, 24, 165, 197, 197, 200
adrenal insufficiency. See absolute adrenal insufficiency;

relative adrenal insufficiency
adrenergic receptors

corticosteroids and, 25
dobutamine and, 247 (see also dobutamine)
downregulation, 14–16, 199
up-regulation of, 203

afterload
as cardiac output determinant, 147, 180–81
cardiopulmonary bypass and, 315
definition, 150
myocardial contractility and, 102
in premature infant, 151
in sacrococcygeal teratoma, 315
systemic vascular resistance and, 8, 190
in twin-twin transfusion syndrome, 313, 390. See also

preload
albumin infusions, 243
alphastat acid-base buffering, 288
aminophylline, 29
anaerobic metabolism, 21, 155
anemia, 124, 201, 221–22, 242, 257, 310, 389
angiotensin II, 7, 10, 12, 14, 25, 30–31, 203, 389, 400.

See also renin-angiotensin system
aorta

coarctation of (see coarctation of the aorta)
diameter measurement of, 97

aortopulmonary window, 360
arginin vasopressin (AVP), 25, 56
arrhythmia, 9, 300, 330–32, 348, 350
arterial spin labeling, 136, 138, 140
arteriole, 21
arteriovenous malformations (AVMs), 221
artery

autoregulation (see autoregulation)
conduit, 21-22, 24, 28
tone (see vascular tone) See also specific artery

atelectasis, 153
ATP-sensitive potassium (KATP) channels, 9, 22, 24, 210
atrial natriuretic peptide (ANP), 10
atrial septal defect (ASD)

cardiovascular effects of, 180, 302
neurological abnormalities in, 284
prevalence, 271, 272
surgical creation of, 340, 344. See also congenital cardiac

malformations; congenital heart disease
atrial septum, 91, 93, 276, 298, 327, 335, 340–43, 342, 345,

346, 369. See also atrial septal defect
atrial shunting, 91, 93, 150, 341, 348

autoregulation
of cerebral blood flow, 26–27, 278, 282–83, 286, 288
hypoxic vasodilation and, 22–24
mechanism for, 22, 22
metabolic requirements and, 24
and PCO2, 23–24

autoregulatory plateau (threshold), 26, 157

B

balloon atrial septostomy (BAS), 340–41, 367
Beer-Lambert law, 112–13
Bernoulli equation, 84, 93, 95
betamethasone, 54, 59, 231
bidirectional shunting, 92–94, 150, 154, 180. See also shunt
blade atrial septostomy, 341–42, 367
Blalock-Taussig shunt, 269, 348, 357, 358, 362, 367. See also

shunt
blood–brain barrier, 27
blood flow

cerebral (see cerebral blood flow)
fetal, 276–78, 277 (see also congenital cardiac

malformations; congenital heart disease)
lower body, 31
measurement (see Doppler ultrasound; magnetic

resonance imaging; 133Xe clearance blood flow
measurement

organ, 19, 33, 183–89, 234 (see also specific organ or
tissue)

peripheral, 56, 116, 119–21, 123
retrograde diastolic, 89, 91, 184, 187
systemic (see systemic blood flow)
upper body, 31, 32. See also blood pressure; cardiac

output; shunt
blood oxygenation level dependent (BOLD) effect, 136,

140–41
blood oxygen extraction, 19
blood pressure

and apnea, 57
birth and, 56
blood volume and, 7, 8
cardiovascular compromise and, 156
as cardiovascular indicator, 3
cocaine and, 59
congenital cardiovascular malformations and,

314, 356
critical mean, 233–34
determinants, 151–52
fetal–neonatal transition and, 52, 393
functional threshold, 148
ischemic threshold, 148
maternal age and, 55–56
measurement in neonates, 40–46, 43–44, 46, 156
neonatal outcomes and, 233–34
normative data for neonates, 46–52, 48, 48, 50, 58, 152
patent ductus arteriosus and, 56, 182–83
peripheral hemoglobin flow and, 123
postnatal changes in, 51
pulse, 41–42, 57, 180, 182, 182–83
pulsatility indices, 71–72 (see also blood pressure: pulse)
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blood pressure (Continued)
regulation in adults, 3
respiratory distress syndrome and, 57 See also

hyptertension; hypotension
blood shunt. See shunt
blood transfusion, 122, 125, 154, 160, 245, 257
bradycardia, 33, 57
brain

blood flow (see cerebral blood flow)
congenital structural brain abnormalities in, 284
development, 50, 229, 279, 282–83
injury in newborns, 26, 134, 136, 285–86
perivascular space, 27
sparing, 277, 283, 326
weight, 31

bronchopulmonary dysplasia (BPD), 13, 153, 179, 201,
243, 254

C

calcium-activated channels, 22–24
calcium-dependent K+ channels, 22
calmodulin, 9, 25
capillary

network, 20
permeability, 212
PO2 gradients in, 20
refill time, 3, 40, 54, 55, 59, 70, 83, 154–55, 170, 218, 242
in shock, 4

cardiac catheterization
arterial septal defect and, 340, 344
atrial septoplasty, 341, 342, 343
balloon atrial septostomy, 340–41
blade atrial septostomy, 341–42, 343
coil embolization of vessels by, 352–53, 352
endovascular stents and, 353
history, 339

cardiac contractility, 150–51, 159
cardiac enzymes, 9
cardiac malposition, 3, 219. See also congenital cardiac

malformations
cardiac output

in congenital cardiac malformation, 255, 313, 315–17,
348, 356, 361, 365, 373, 373, 390, 395–96, 395

cardiovascular compromise and, 156
determinants, 147, 180
distribution in the fetal ‘‘dive” reflex, 32–33
in healthy neonate, 31–32,
of left ventricle, 97–98, 98, 152, 181, 202
main influences on, 151
measurement, 154, 314
patent ductus arteriosus ligation and, 189–90
of right ventricle, 72, 89, 98, 98, 178, 181, 231, 243
in shocked newborn, 33–34. See also low cardiac output

syndrome
cardiac troponins, 9
cardiomyopathy, 9, 252
cardiovascular compromise in very low birth weight infant,

148, 154–58, 160–61, 168–71
cardiovascular intracellular signaling systems, 167
carotid artery, 21, 71, 72, 345
catecholamine

metabolism, 167, 203
production, 25

celiac artery, 185–89
cerebral artery, 21–22, 34, 78, 184, 278–79, 280, 282,

287, 399
cerebral blood flow (CBF)

autoregulation, 4, 5, 26–30, 34, 149, 157, 209, 278,
282–83, 286, 288

carbon dioxide and, 27–28, 27
in congenital heart disease, 279–83, 279, 280, 281, 288

cerebral blood flow (CBF) (Continued)
in early PIVH, 231
Kety-Schmidt method for, 78–79
-MAP autoregulation curve, 5
NIRS measurement of, 119–24
patent ductus arteriosus and, 184–85 (see also patent

ductus arteriosus)
periventricular hemorrhage and, 240
133Xe clearance assessment of, 124

cerebral fractional oxygen extraction (FOE)
abnormal, 6
anemia and, 122
arterial carbon dioxide and, 126
definition and calculation, 125–26
hemoglobin concentration and, 121
hypotension and, 127
left ventricular output and, 127, 233
oxygen delivery and, 128
PCO2 and, 126
in preterm infants, 126, 127

cerebral injury in preterm infants, 230, 285–86
cerebral necrosis, 285
cerebral oxygen delivery, 122, 123. See also cerebral

fractional oxygen extraction
cerebral venous oxygen saturation measurement, 116–18
chorioamnionitis, 160, 168, 170, 209, 231–32, 237
coarctation of the aorta, 271, 272, 284, 302, 304, 329,

350–51, 351, 363, 362–65, 364, 378
color Doppler. See Doppler ultrasound: color
compensated shock. See shock: compensated
conduit arteries, 21–22, 24, 28
congenital adrenal hyperplasia, 12
congenital cardiac malformations (CCVM)

CHARGE anomalies and, 326
genetics, 273
karyotype abnormalities and, 326
prenatal diagnosis of, 272
prevalence, 269–71, 271
surgery for (see heart surgery)
VACTERL anomalies and, 326 See also congenital heart

disease; heart surgeryspecific lesions and syndromes
congenital diaphragmatic hernia (CDH), 13, 218–20
congenital heart disease

antepartum care and, 304–5
blood flow in, 33–34, 78, 92, 138–39
catheterization and (see cardiac catheterization)
chromosomal abnormalities in, 303
classification, 302
congenital structural brain abnormalities in, 284
diagnosis, 328–32, 104
fetal intervention for, 332–33 (see also heart surgery:

fetal)
functional neurological abnormalities in, 284–5
genetic syndromes in, 284
imaging, 333–37
intrapartum management and, 305
intrauterine growth in, 276
IQ scores and, 284, 290–91, 292
magnetic resonance imaging for (see magnetic resonance

imaging)
neurological disorders in, 284–85, 325
non-cardiac structural anomalies and, 302–3
obstertric management in, 297
prenatal screening for, 298, 298–99
prevelance, 275, 297, 299, 324, 327
pulmonary abnormalities and, 327
surgery for (see heart surgery) See also specific lesions and

syndromes
congenital neurological disorders, 284–85, 325
congestive heart failure, 191, 221–22, 345, 360
continuous positive airway pressure (CPAP), 57, 153
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continuous wave Doppler. See Doppler ultrasound:
continuous wave

core-peripheral temperature difference, 3, 55, 70, 218
coronary artery, 247, 285, 370
cortical electrical activity, 4
corticosteroids

cardiovascular effects, 202–4, 316
and hypotensive preterm infants, 251–52, 253
modulation of immune response by, 203
non-genomic effects, 203
prostacyclin inhibition, 167
regulation of adrenergic receptors by, 25
stress effects, 202
therapy, 202

corticotrophin releasing hormone (CRH), 12, 198, 200, 203
cortisol

adrenal insufficiency and, 13
hemodynamic effects of, 58
production, 197–98, 200, 202

critical aortic stenosis, 302, 343–48, 344, 345, 347, 361–62,
365

critical pulmonary stenosis, 348–50, 349
cyclic AMP, 25, 166
cyclic guanosine monophosphate, 10
cyclooxygenase inhibitors, 242–43
cystic congenital adenomatoid malformation (CCAM),

220–21
cystic PVL, 230, 232, 236–39
cytokines, 11, 28, 197, 199, 203, 208–9, 211–12

D

descending aorta, 21, 32, 88–90, 107, 349, 352, 357,
362, 365

dexamethasone, 59, 161, 196, 200, 231
diffusion tensor imaging, 133–34, 136
diving

aerobic, 32
reflex, 20, 25

dobutamine
cardiovascular effects, 164–65, 246–47
for hypotention in very low birth weight infant, 161, 164
maturation-dependent cardiovascular actions, 164
mechanism of action, 247
for myocardial dysfunction in very low birth weight

infants, 170
for preterm infants, 250

dopamine, 5
for cardiac compromised infants, 160
cardiovascular effects, 164, 246
for hypotention treatment in very low birth weight

infant, 161, 162–65
mechanism, 163, 246
and preterm infants, 154, 163, 244, 248, 250, 251
side effects, 163
tachyphylaxis, 164

Doppler echocardiography. See Doppler ultrasound
Doppler ultrasound

blood flow measurement, 70–72, 87, 94, 98–96, 102–3,
103, 105

color, 32, 85–86, 88–92, 90, 106, 221
continuous wave, 71, 85–86, 110, 117, 119
heart structure and, 85
history of, 71
instrument prototype, 71
M-mode, 86
myocardial function measurement and, 101–2
in neonatal intensive care units, 83, 86–87
principle, 70–71, 84
pulsed wave, 85–86
range gate, 90, 95, 97, 104
tissue, 102, 104, 105, 190

Doppler ultrasound (Continued)
volumetric measurements, 71, 72

ductal shunting
determinants, 93, 180, 255
in first postnatal hours, 150
myocardial contraction and, 102
ultrasound measurement of, 88–91. See also shunt

ductus arteriosus (DA) See patent ductus arteriosus
dynamic contrast susceptibility perfusion MR imaging,

136, 139

E

echocardiography, 16, 70, 83–86, 101, 104–5, 107–8, 156,
169–70, 213, 222, 229, 299–301, 300, 300, 317–18,
323–24, 339–40, 343, 376–78. See also Doppler
ultrasound

edema, 150, 159, 179–80, 212, 223
eicosanoids, 10–11, 209
ejection fraction, 101
endothelial cells, 11, 24
endothelial nitric oxide synthesis, 11, 212
endothelial NO synthase (eNOS), 11
endothelin-1, 25, 211–12
endotoxin, 11, 211
epinephrine

cardiovascular effects, 160, 165, 245
for hypotention, 165
in preterm infants, 161, 166
side effects, 165

extremely low birth weight (ELBW) infants, 5, 6, 12, 47, 50,
149, 160, 167, 169

fat weight, 31
fetal distress, 33
fetal heart

defects (see congenital cardiac malformations; congenital
heart disease;)

echocardiography, 299–301 (see also echocardiography)
karyotyping, 303
surgery (see heart surgery)

fetal hypoxemia, 8, 305
fetal surgery, 309–10

cardiopulmonary bypass in, 315–17
for congenital cystic adenomatoid malformation

(CCAM), 315
for congenital diaphragmatic hernia (CDH), 312–13
intra-amniotic ultrasound for, 317–18
for sacroccygeal teratoma (SCT), 314–15
for twin-twin tranfusion syndrome (TTTS), 313–14.

See also heart surgery
feto-maternal transfusion, 6
foramen ovale

cardiac cathaterization and, 340, 342, 346, 347
closure, 150, 327, 332
connections with ductus arteriosus, 150, 156
developmental changes of, 92
hydrops fetalis and, 332
imaging, 93
patent, 156, 180,
right-to-left shunting, 33, 91–92, 157, 202, 219, 276, 278,

298, 366, 367, 396
fractional oxygen extraction. See cerebral fractional oxygen

extraction
fractional shortening, 101, 107, 151, 170
functional echocardiography. See Doppler ultrasound
functional magnetic resonance imaging (fMRI),

140–42

G

gastro-intestinal disorders, 223
gastroschisis, 223
gene mutations, 273, 303
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glucocorticoid
adrenergic receptor expression and, 167
genonomic effects, 203
mechanism, 12
receptors, 203
therapy, 153, 203

H

heart
atrial septum (see atrial sepal defect; atrial septum)
congenital diaphragmatic hernia and, 219
disease (see congenital heart disease)
left ventricular outflow tract (LVOT) of, 280, 299
model, 85
rate, 54 (see also tachycardia)
single ventricle (see ventricle, single)
structure assessment, 84–85, 85, 220
surgery (see heart surgery)
tumors, 382, 384
valves, 361–62, 397
weight, 31. See also cardiac output; congential cardiac

malformations; congential heart disease; congestive
heart failure

heart surgery
acid-base strategies in, 288–89
for aortopulmonary shunt, 357, 358
for aortopulmonary window, 360
circulatory arrest during, 289–91
for coarctation of the aorta, 362–65, 364
fetal, 309–11
hemodilutin during bypass, 289
history, 355–56
for hypoplastic left heart (HLH), 365–66,

367, 368
informed consent, 333
for interrupted aortic arch, 365
mechanical circulatory support during, 369–73, 370, 371,

372, 373
neurological disorders following, 291–92, 292
neurological monitoring following, 286–288, 287
for patent ductus arteriosus of Botalli, 359, 359–60
pulmonary artery banding, 356–57, 356
for pulmonary stenosis, 360–62, 362
for total anomalous pulmonary venous connection

(TAPVC), 368–369
for transposition of the great arteries, 367–68, 368
for truncus ateriorosus, 360
for ventricular septal defect, 358

hematoma, 6, 77, 153, 159
hemodynamically significant PDA (hsPDA), 180–87, 183,

187, 191. See also patent ductus arteriosus
hemoglobin

absorption properties, 111
extinction coefficients, 112
inverse matrix coefficients, 114
peripheral fractional oxygen extraction and, 122. See also

oxygen: delivery
hemorrhage

antepartum, 153
fetomaternal, 153
intraventricular, 57, 185, 234
patent ductus arteriosus and, 179
pulmonary, 250, 252
subgleal, 153
in very low birth weight infant, 153

hepatic hemangioma, 221–22
hepatomegaly, 221–22
heterotaxy syndrome, 329, 379–80, 380, 381, 382
hexamethylpropylene amine oxime (HMPAO), 77, 79
high-frequency ventilation, 36, 57, 259

hormone replacement therapy, 13, 167
hydrocortisone

blood pressure effects, 167
capillary permeability and, 212
in preterm infants, 161
for septic shock, 212
side effects, 168
therapy, 200, 202–3
for vasopressor dependence, 167

hydrops fetalis, 221–22, 279, 301–2, 304, 330–32, 337
hyperbilirubinaemia, 231
hypercapnic vasomotion, 23–24
hyperechoic parenchymal lesions, 234
hyperkalemia, 53–54, 196, 201
hypertension

as dopamine side effect, 163
maternal, 59
pulmonary, 92, 94, 105, 159, 161, 178, 201, 211–12, 219,

247, 255, 327, 332, 352, 360, 369
systemic inflammatory response syndrome and, 211–12

(see also systemic inflammatory response syndrome);
blood pressure; hypotension; persistent pulmonary
hypertension of the neonate

hypocarbia, 57, 127–28, 231, 233
hypoglycemia, 28, 196
hyponatremia, 196, 200
hypoplastic left heart syndrome, 271–73, 277, 279, 308,

365–66, 367, 368
hypotension

acute hypocarbia and, 57
definition, 148
hypovolemia and, 6
levels of, 148
and mortality, 234–39, 235
neurodevelopmental outcome, 158
neurological morbidity, 234–39, 235–39
in patent ductus arteriosus, 182
pathogenesis, 7
in periventricular leukomalacia, 231
systemic blood flow and, 148
in systemic inflammaory response syndrome, 212–13
treatment, 162, 249–52, 253
twin-twin transfusion syndrome and, 388
in very low birth weight infant, 148. See also blood

pressure; hypertension
hypothalamic–pituitary-adrenal (HPA) axis, 12–13, 197
hypovolemia, 4, 6–7, 25, 102, 127, 155, 159, 160–61, 162,

171, 172, 212, 243, 255–56, 312, 389
hypoxia and smooth-muscle membrane potential, 23, 23
hypoxic ischemic insult, 139, 171, 201

I

ibuprofen, 24, 29–30, 159, 242–43
immune response, 203
indocyanine green, 74–75
indomethacin

celiac artery blood flow and, 185–89
cerebral blood flow and, 24, 29, 184
for ductus arteriosus closure, 159–60, 242, 359
intestinal blood flow, 187
and oxygen consumption inducible nitric oxide synthase

(iNOS), 211
inducible nitric oxide synthase (iNOS), 11, 14, 211
inflammation

ATP-sensitive potassium (KATP) channels in, 210
hemodynamic response to, 33, 209
perinatal, 209
placental, 209
systemic (see systemic inflammatory response syndrome)

inflammatory cytokines, 203
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inflammatory mediators, 199, 204
inotropes, 162
interleukin, 170, 199

-1, 199–200, 203, 208
-1b, 199, 209, 211–12
-6, 199, 170, 212

interrupted aortic arch, 271, 272, 273, 284–85, 303, 326, 365
intestinal perforation, 161, 188, 252
intracellular calcium, 9, 22, 203, 210
intraventricular hemorrhage, 57, 179, 234
IQ scores, 284, 290–91, 292
ischemia

brain, 29–30, 76, 122, 286
hypocapnia-induced, 28
myocardial, 181, 360
threshold, 20, 148, 157

isoprenaline (isoproterenol), 245, 247

J

jugular venous bulb oximetry, 115
jugular venous occlusion, partial, 116, 117, 118, 125–26

K

kidney
blood flow, 30
ectopic, 334
weight, 31. See also adrenal insufficiency

L

lactate, serum (blood), 34, 53, 154–55, 170
lactic acidosis

differential diagnosis, 53
epinephrine and, 165
hypotentions and, 191
hypoxia and, 23
as a measure of blood flow, 70
organ perfusion and, 3
in shock, 4, 218
in very low birth weigh infant, 155. See also metabolic

acidosis; non-anion-gap (bicarbonate wasting) acidosis
left atrial to aortic root diameter ratio (LA:AO), 180
left-to-right shunting. See shunt: left-to-right
left ventricle

end diastolic diameter (LVEDD), 86, 101
end systolic diameter (LVESD), 86, 101
outflow tract (LVOT) of, 280, 299
output (LVO), 97–98, 98, 152, 181, 202, 280, 299

(see also right ventricular output)
wall stress, 102, 103, 151, 250

liver
blood flow, 30
weight, 31

low cardiac output syndrome (LCOS), 166. See also cardiac
output

L-type calcium channels, 7
lung

hypoplasia, 219–20
inflation and preload, 151. See also pulmonary artery

lusitropes, 162

M

magnetic resonance angiography (MRA), 339, 376–78, 378,
380–83

magnetic resonance imaging
accuracy of, 383–84
aortic arch, 378, 379
of blood flow, 383
-compatible incubator, 135
difficulties with, 133–34, 377
functional (fMRI), 140–42

magnetic resonance imaging (Continued)
of heterotaxy, 380, 380, 381, 382
intravascular contrast agents in, 136
mechanism for, 76–77
myocardium, 382–83, 382, 383
neonatall, 133–34, 384, 385
pulmonary vascular, 378, 378
qualitative flow imaging, 77
quantitative flow imaging, 78, 136
short-echo, 138
single-voxel proton, 137
venous anomolies and, 379–80, 380

mean velocity of circumferential fiber shortening (mVCFs),
103, 151

mefenamic acid, 187
metabolic acidosis

cardiovascular compromise and, 155
circulatory inadequacy and, 53
hypoxemia and, 8
low cardiac output as cause of, 9
oxygen saturation threshold for, 9. See also lactic

acidosis; non-anion-gap (bicarbonate wasting)
acidosis

milrinone, 161, 162, 166, 170, 251, 256
mineralocorticoid deficiency, 12
multiple organ dysfunction (MODS), 209
myocardium

contractility, 102
developmental changes in, 181
dysfunction, 3–4, 7–9, 164, 168–72, 190, 218,
functional characteristics of, 7
immature, 7–8, 52, 149
MRI assessment, 382–83, 382, 383
performance index, 394–96, 394. See also heart

myosin kinase, 9, 10

N

near-infrared spectroscopy (NIRS)
anemia and, 121
assumptions, 73
cerebral blood flow, 74
cerebral blood volume, 116–18, 169
chromophores and, 111, 113, 116
continuous wave, 112, 114, 116, 119
frequency domain, 83, 112, 115–16
and head geometry, 73
of hemoglobin/oxygen levels, 75, 118, 121–22
mechanism, 73, 110–11
oxygen consumption (VO2) measurement, 75, 124
pathlength, 73, 113
physiological variable measurements with, 116
reproducibility and validation, 74
tissue oxygenation index (TOI), 76
tracers, 74, 120

necrotizing enterocolitis (NEC), 179, 188–89, 224, 240–41,
250, 251, 253–54

incidence, 188, 188
intestinal hypoperfusion in, 185
patent ductus arteriosus and, 179
pathogenesis, 224
volume expansion and, 244

neuropeptide gamma, 25
nitric oxide (NO)

inflammation and, 210
inhaled (iNO), 212, 220, 254–56, 274
mechanism of action, 24
in preterm infants, 254, 254
production, 11, 24
septic shock and, 10, 210
sepsis and, 210
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nitric oxide (NO) (Continued)
synthesis, 210
toxicity, 210

non-anion-gap (bicarbonate wasting) acidosis, 53
norepinephrine

cardiovascular effects, 247
release from sympathetic nerves, 24

O

obstetric management
abnormal fetal heart and, 301–2
pregnancy options in, 303–4

oliguria, 4, 48, 52–53, 154, 200, 202, 243, 246, 389
omphalocele, 223
optodes, 116, 118
organ weights, 31
oxygen

consumption, 128, 124–25
delivery (DO2), 121, 124, 124, 128
delivery–consumption coupling, 128–29
extraction, 19, 21
insufficiency, 21
saturation monitoring, 125, 156. See also hemoglobin

oxygenation index, 73, 75

P

patent ductus arteriosus (PDA)
biderectional shunting through, 93 (see also bidirectional

shunting)
blood flow, 91–92, 157, 178, 183, 187
blood pressure and, 56, 154, 182, 182
bronchopulmonary dysplasia in, 179
cardiac function following ligation of, 189–90
cardiogenic shock and, 9
cardiovascular adaptation to, 180–82
closure, 150, 159, 178
connections with foramen ovale, 150
and delayed cord clamping, 245
diagnosis, 88, 106, 154
functional echocardiography of, 106
hemodynamically signfiicant (hsPDA), 180–87, 183,

187, 191
hypothalamus-pituitary-adrenal axis and, 13
imaging, 88, 89, 90, 379
left-to-right shunting in (see shunt: left-to-right)
mortality and morbidity, 179
organ perfusion and, 183–89
periventricular leucomalacia and, 179
prevalence, 271
steal phenomenon and, 31–32, 57, 179, 180–84, 189,

192, 224
and stroke volume, 181
surgery for, 359, 359–60
symptoms, 179–80
in very low birth weight neonates, 56, 160

peri/intraventricular hemorrhage (P/IVH), 158, 169, 229,
230–31, 240, 240, 244. See also hemorrhage

perinatal asphyxia, 9, 115, 147, 171, 246–47, 255, 258
peripheral blood flow, 56, 116, 119–21, 123
peripheral-to-core temperature difference, 3, 55, 70, 218
peripheral vasoconstriction, 33, 163–65, 246–47
periventricular echodensities, 230, 239
periventricular leucomalacia (PVL), 30, 138–40, 158, 165,

179, 184, 230–33, 235-38, 239–40, 244, 246, 248, 248,
250, 252, 255

periventricular white matter, 27, 30, 134, 158, 230
peroxynitrite, 210
persistent pulmonary hypertension of the neonate (PPHN),

91, 102, 105, 107–8, 255–56. See also pulmonary
hypertension

phosphocreatine, 19

placenta previa, 39
placental abruption, 6
platelet activating factor (PAF), 209
plethysmography, 27–28, 80, 123
pneumothorax, 59, 159, 233, 239
positive end-expiratory pressure (PEEP), 57, 147, 153, 162
positron emission tomography, 69, 80, 122
pregnancy termination

cardiac malformations and, 324, 328
gestational age and, 325

preload
cardiac output and, 4, 102, 147, 150, 179, 190,
in congenital cystic adenomatoid malformation, 315
definition, 150
lung inflation and, 151, 153
myocardial contractility and, 102
patent ductus arteriosus and, 180–81, 189
shunt and, 87
in twin-twin transfusion syndrome, 313, 390. See also

afterload
premature infants

cerebral injury in, 230 (see also brain: injury in
newborns)

delayed cord clamping in, 242
hypoxic-ischemic injury in, 201
relative adrenal insufficiency (see relative adrenal

insufficiency)
respiratory management of, 57. See also very low birth

weight (VLBW) infant
pro-inflammatory cytokines, 203, 208–9, 211
prostacyclin, 10, 15, 52, 154, 167, 203, 212
prostanoids, 11, 24
pulmonary artery

blood velocity, 106
diameter, 99
doppler time to peak velocity, 95
magnetic resonance imaging, 378, 378
pressure, 93–96, 178
resistance (see vascular resistance: pulmonary)
stenosis, 360–62, 362
thermodilution, 156. See also pulmonary hypertension

pulmonary artery banding, 356–58, 356
pulmonary atresia, 271, 285, 289, 302, 311, 313, 332, 350,

360–61, 393–96
pulmonary hemorrhage, 252
pulmonary hypertension, 92, 94, 105, 159, 161, 178, 201,

211–12, 219, 247, 255, 327
pulmonary hypoplasia, 219–20, 327
pulmonary valvuloplasty, 311, 334, 348–50
pulsatility index, 71–72, 184, 277–78, 282, 283
pulse oximetry, 9, 110, 119–20, 125–26, 256
pulse pressure (see blood pressure: pulse)

Q

quantitative proton magnetic resonance, 136, 138

R

relative adrenal insufficiency (RAI), 167
characteristics, 12, 196
diagnostic criteria for, 198
duration, 196
history, 195
mechanisms, 197, 197
in premature infants, 199–201
symptoms, 196
treatment, 204
vasopressor-resistant hypotension and, 201–2. See also

absolute adrenal insufficiency
renin-angiotensin system, 18, 33, 163, 313, 389–90. See also

angiotensin II
resistance index, 71–72, 277, 279
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respiratory distress syndrome (RDS), 39, 57, 153, 155, 179,
234, 237, 246, 251, 254–55

right ventricular output, 72, 89, 98, 98, 178, 181, 231, 243,
276, 278. See also left ventricle: output

right-to-left shunting. See shunt: right-to-left

S

sacrococcygeal teratoma, 222–23
sarcoplasmic reticulum, 7–9, 12, 166
sepsis

cardiovascular effects, 256
incidence, 208
mortality rate, 208
peripheral vascular resistance in, 34

serum (blood) lactate, 34, 53, 154–55, 170
shock

arrhythmia and, 9
cardiogeneic, 9
compensated, 3–4, 52–53, 149, 156, 217–18, 241, 257
definition, 4, 217–19
diagnosis, 218
gastro-intestinal disorders and, 223
hyperdynamic, 201
inflammation and, 210–11
with low systemic perfusion, 201
pathogenesis of, 4, 10, 218
phases, 4, 52, 217–18
primary etiological factors, 4
reversal by hydrocortisone, 203
surgical neonates and, 218
in very low birthweight infant, 154–56

short-echo proton magnetic resonance spectroscopy, 138
shunt

assessment, 89, 91, 106–7. See also Doppler ultrasound:
blood flow measurement

atrial, 91, 93, 150
bidirectional, 92–94, 150, 154, 180
Blalock-Taussig, 269, 348, 357, 358, 362, 367
left-to-right, 88–93, 93–94, 95, 98, 99, 102, 107, 150, 154,

157, 172, 179–81, 184, 186, 189, 202, 335, 356, 358–60
right-to-left, 94–95, 150, 157, 179, 192, 212, 219–20, 255,

361. See also specific lesions and syndromes
sildenafil, 220, 255–256
single photon emission computed tomography, 27, 69,

79–80 (SPECT)
single-voxel proton magnetic resonance spectroscopy, 137
stable xenon-enhanced computed tomography, 69, 79–80
Starling curve, 102, 181
Starling’s law, 57, 189
steal phenomenon, 31–32, 57, 179, 180–84, 189, 192, 224
steroids,

antenatal, 51, 58–59
postnatal, 240, 241

stomach and intestine blood flow, 31
superior mesenteric blood flow, 185–89
superior vena cava (SVC) flow, 8, 72, 99–101, 100, 149,

155, 180
surfactant

deficiency, 153
replacement therapy, 57–58, 201–2

surgery
fetal (see fetal surgery)
heart (see heart surgery)

systemic blood flow
assessment, 8
capillary refill time and, 155
cardiac output and, 3, 40, 98
congential heart disease and, 33
hyperkalemia and, 53
measurement, 106 (see also Doppler ultrasound)
metabolic acidosis and, 155

systemic blood flow (Continued)
patent ductus arteriosus and, 183
postnatal changes in, 156
in premature infants, 101, 105, 148, 148, 156–58, 160–61,

168–70, 244, 249, 251, 254
shunting and, 91, 98, 98, 150, 366 (see also shunt)
See also superior vena cava flow

systemic inflammatory response syndrome (SIRS)
causes, 209
cellular mechanisms, 210–11
characteristics, 208
neonatal shock and, 210–11
pulmonary hypertension and, 211
treatment, 212
See also inflammation

systemic vascular resistance
and cardiac output, 154
chorioamnionitis and, 209
dopamine and, 246, 249
hyperdynamic shock and, 201
manipulation, 165
perinatal, 34, 147, 160–61, 168, 190, 257
in sepsis, 256
in shock, 217, 241
in twin-twin transfusion syndrome, 390
in very low weight birth weight infant, 154, 170

systemic vascular tone. See vascular tone

T

tachycardia, 52, 54, 159, 162-63, 165, 208, 248, 300, 330–32,
337, 359, 391

tachypnea, 52, 208, 360, 369
tetralogy of Fallot, 271, 271–72, 272, 273, 276,

277, 279, 279, 280, 282, 285, 292, 302, 303, 327,
350, 378, 382

tight nuchal cord, 6, 153, 159, 171
time-of-flight imaging, 115
tissue

Doppler analysis of, 102, 104, 105, 190
hypoxia, 10, 23, 53, 129, 155, 179, 210

tissue oxygenation index (TOI), 75–76, 114–15, 129
cerebral, 114

total anomalous pulmonary venous connection (TAPVC),
368–69, 379–80

transepidermal water loss, 6, 162
transposition of the great arteries (TGA), 271, 272, 276,

277, 279, 291, 292, 303, 325, 329, 333, 340, 350,
367, 380

neurodevelopment and, 291
surgery for, 367–68, 368

tricuspid incompetence jet, 93, 95, 96, 108
trisomy 21, 284, 303, 326
troponin T, 9, 181
truncus ateriosus, 271, 272–73, 284–85, 289, 302, 303,

325–26, 360
tumor necrosis factor a (TNFa), 11, 199, 208, 211–12
tumors

cardiac, 382, 384
sacrococcygeal teratoma (SCT), 314–15
vascular, 221–23

Turner syndrome, 273, 284
twin-twin transfusion syndrome

blood loss in, 153
cardiovascular effects of, 390, 391, 392, 393,

393–94, 395
characteristics, 387–88, 388, 395, 398
diagnosing, 387–88
pathophysiology, 231, 389, 389–90
prevalence, 387
quantifying, 394–96, 394, 395, 395, 397, 398, 399
treatment, 397–99

409

IN
D

E
X



U

umbilical artery, 71, 279, 280, 282, 313, 316, 318, 337, 345,
388, 390, 391, 397, 399

umbilical artery catheter, 7, 41, 44, 47, 156, 237, 278
umbilical cord

avulsion, 6
clamping, 242, 242, 245, 257
fetal surgery and, 309–10
occlusion, 9, 313–14
prolapse, 6

urine output
cardiovascular compromise and, 155
circulatory function and, 52–53, 218
as measure of blood flow, 3, 70

uterine blood flow, 9, 33

V

valvotomy, 361–62
vascular resistance

abnormal, 9–12, 313, 316, 360, 390, 391, 393
cerebral, 277, 282
conduit arteries and, 21
pulmonary, 87, 102, 150–51, 161, 172, 178–79, 217, 251,

254–56, 360, 369
systemic (see systemic vascular resistance)

vascular tone
eicosanoids and, 10
eNOS and, 11
regulation, 9, 10, 21–25
smooth muscle cell membrane potential and, 23
systemic, 4 (see also systemic vascular resistance)

vasodilation
cerebral, 278, 282–83, 288
endotoxin-induced, 211
flow-mediated, 21, 24
hypoxic, 22–24,
hypercapnic, 24
mechanism, 7, 9–10, 10, 25
peripheral, 157, 163–64, 165, 166, 168
in very low birth weight infants, 170

vasointestinal peptide, 25
vasopresin, 211–12
vasopressor-inotropes, 154, 162, 166, 245
vasopressor resistant hypotension (VRH), 14, 195–96, 196,

199, 203–4

velocity of circumferential fiber shortening (VCF), 101–2,
103, 151

venous occlusion, 27–28, 80, 118
venous oxygen saturation, 110, 116. See also blood oxygen

extraction
ventral-septal defect (VSD), 271–72, 272, 358
ventricle, single, 272, 282, 291–92, 292, 302, 309, 329–30,

344, 350, 356–57, 371
ventricular wall motion, 104
ventriculomegaly, 234, 254
very low birth weight (VLBW) infant

blood pressure, 6, 56, 151–52
cardiovascular compromise in, 147, 167, 171
chorioamnionitis, 154–56
foramen ovale closure, 150
hemorrhage, 160
hypotension, 13, 148
intensive care management, 157
myocardial dysfunction and, 151, 168–70, 168
patent ductus arteriosus and, 56, 150, 160 (see also patent

ductus arteriosus)
pituitary-adrenal responses in, 12
positive pressure ventilation in, 153
postnatal adaptation in, 34
relative renal insufficiency and, 153, 167
sepsis in, 154–56
shock in, 158–60, 160, 161, 162–68, 163
shunting in, 40 (see also shunt)
transitional circulation in, 105, 150
vasodilation in, 170
volume expansion in, 159 (see also volume expansion)

volume expansion, 159, 243, 244

W

white matter
injury (WMI), 139, 149, 230–33, 235–39
necrosis, 139, 237
periventricular, 27, 30, 134, 158, 230

William’s syndrome, 284

X
133Xe clearance blood flow measurement, 28–29, 31, 72, 74,

79, 127, 138, 149
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