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INTRODUCTION

Congenital heart disease (CHD) encompasses a wide variety of cardiac and vascular lesions, each
requiring different treatment according to their pathophysiological characteristics. This spectrum of
malformations can be divided into a limited number of basic pathophysiological categories
according to the existence of abnorma shunt pathways and obstructions to blood flow (Young
1980). Many congenital heart defects can be evaluated with echocardiography, and management
decisions can be based on noninvasive measurements of blood flow patterns and cardiac function
(Sanders et a 1983). However, in some patients, proper management still requires morphologic and

hemodynamic evaluation with cardiac catheterization and angiography (Cournand et al 1953).

Patients with increased pulmonary blood flow (('Qp) often need surgery a an early age, before
obstructive pulmonary vascular disease develops (Newfeld et al 1977). Elevated pulmonary
vascular resistance (PVR) may increase the risk of surgery in patients with CHD (Bando et a
1996). Therefore, precise information of the patient’s hemodynamic status is essential for optimal

peri- and postoperative cardiovascular care.

The determination of systemic blood flow (Qs) and Qp using the Fick principle depends on

quantitation of the arteriovenous oxygen content difference (CavOo) across the vascular bed, and
oxygen consumption (\702) values. Using indirect calorimetry, \702 and carbon dioxide
production (\7002 ) values can be determined, when the inspired and expired oxygen (O2) and
carbon dioxide (CO») concentrations and the volume of expired gas are known. The \702
measurement may be difficult especialy in young children with CHD, so the \702 values are often

estimated from nomograms constructed according to the patient’ s characteristics (Wessdl et a 1969,

LaFarge et al 1970, Lindahl 1989). However, the use of linear methods in estimation of the \702
has been shown to result in wide confidence intervals (Cl) of the calculated values (Lundell et a
1996, Sherman et al 1997). Furthermore, thelinear regression equations predicting \702 are usualy

based on data obtained from stable subjects undergoing cardiac catheterization, and may not apply

to a different patient population in other circumstances, e.g. postoperatively in children recovering

from open-heart surgery. There are no studies of nonlinear modellingin \702 prediction.
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Acute ventricular failure and pulmonary hypertensive episodes are significant risk factors for
morbidity and mortality after reconstructive surgery for CHD (Wernovsky et a 19953, Bando et al
1995). During open-heart surgery, the pulmonary and coronary circulations are bypassed with
extracorporeal circulation, exposing the patient to deleterious inflammatory response and
reperfusion injury (Boyle et a 1997). Despite early surgery, PVR may be elevated after
cardiopulmonary bypass (CPB), with consequent increase in right ventricular afterload and
impairment in the performance of both ventricles (Wessel et a 1993, Celermajer et a 1993).
Furthermore, in many patients, ventriculotomy or coronary artery reimplantation further increase
therisk of myocardia injury (Castaneda et al 1989).

Several vasoactive regimens have been suggested for postoperative cardiovascular support in
patients with CHD, but little data exist to support a choice between any specific agents in children
of different ages and cardiac pathophysiologies. Catecholamines have been widely used to support
cardiac output after surgery for CHD. They increase cyclic adenosine monophosphate (CAMP)
resulting in improved myocardial contraction. However, patients with CHD have reduced
myocardial (-adrenoceptor density, which may affect the efficacy of catecholamines (Kozlik-
Feldmann et al 1993). Furthermore, increased peripheral vascular resistance to blood flow and
excessive chronotropy associated with catecholamine administration may limit their usefulness in
some postoperative patients with CHD (Notterman 1991). Systemic vasodilators are also frequently
used to reduce ventricular pre-and afterload in these patients (Burrows et al 1986, Hopkins et al
1991). However, hypotension, and increased intrapulmonary shunting are often associated with
vasodilator administration (Mookherjee et a 1978). The lack of selectivity on pulmonary
vasculature may aso limit their efficacy in patients prone to pulmonary hypertension.
Phosphodiesterase (PDE) inhibitors improve myocardial performance by increasing cAMP
independently of [-adrenergic receptors; hence their efficacy should not be compromised by
adrenergic receptor down-regulation (Skoyles et a 1992). The decrease in systemic vascular
resistance (SVR) and PVR produced by PDE inhibitors often necessitates preload augmentation to
avoid systemic hypotension, especially as these agents are relatively long acting. Furthermore,
studies of neonatal piglet myocardium in fact suggest a negative inotropic effect (Ross-Ascuitto et
al 1987). Development of thrombocytopenia has also been associated with PDE inhibitor
administration (Ross et a 1993). Therefore, controlled clinical comparisons of different vasoactive
regimen are required to choose the most efficient and safe postoperative cardiovascular support in
neonates and infants with CHD, even though the relative potency of different agentsis difficult to
establish in these patients.
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Developmental changes in children of different ages affect their response to cardiovascular drugs.
Maturation of the enzymatic processes of the liver and functions of the kidneys alter metabolism
and elimination of these agents. Changes in body composition and protein binding affect the
volume of distribution (Vd) and clearance (CL) of the drugs (Kearns et a 1989). While
pharmacokinetics of catecholamines in pediatric patients are widely investigated, studies of PDE
inhibitor pharmacokinetics in children are more limited (Steinberg et a 1994).

In this study the cardiovascular management in children undergoing reconstructive surgery for CHD
was evaluated to develop better means of providing hemodynamic support in the immediate

postoperative period in these patients. The utility of linear regression equations and an artificia

intelligence neural network (NN) in \702 prediction was elucidated by comparing measured and

predicted \702 in a group of children with CHD undergoing preoperative cardiac catheterization.

The pharmacokinetics of amrinone were examined to ensure adequate amrinone dosing, and to
clarify the distribution and elimination of amrinone and its metabolites in neonates and infants.
Finally, the efficacy of amrinone and a combination of dopamine and nitroglycerine for
cardiovascular support was assessed in neonates and infants after reconstructive surgery for CHD,

and the safety of these vasoactive regimens was evaluated in these patients.
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REVIEW OF THE LITERATURE

1. Aspects of postoperative carein children with congenital heart disease

1.1. Pathophysiology of congenital heart disease

The function of the immature cardiopulmonary system is limited during the transformation from
fetal circulation into the adult type of circulation even in the absence of CHD. The hemodynamic
changes during the first days of life are characterized by functional closure the shunt pathways of
ductus arteriosus and foramen ovae, and decrease in the elevated PVR secondary to increased

arterial blood O tension (PaOy), decrease of circulating prostaglandins, expansion of the lungs,

and increased pressure in the left side of the heart (Moss et a 1964, Emmanouilides et a 1964,
Arcilla et al 1966, Clyman et a 1977). However, the instability of the newborn circulatory system
associated with high PVR and right-to-left shunting may continue several days or longer due to
abnormal stresses as prematurity, hypoxia, CHD and infections (Hickey, Wessel & Reich 1993).

During early infancy, the myocardium is less compliant than in older children secondary to low
elagticity of the immature contractile myofiber mass (Friedman 1972). Volume overload and
increased ventricular outflow resistance may lead to ventricular failure, as the noncompliant
ventricles are restricted in their ability to alter stroke volume (Thornburg et al 1983). The failure of
either ventricle results in increased filling pressure, septal shift and decrease in the stroke volume of
the opposite ventricle due to intimate ventricular interaction during the first months of life (Romero
et a 1972). The myocardium of ayoung infant is also more dependent of extracellular calcium than
that of older children because the sarcoplasmic reticulum stores and releases calcium inefficiently
(Boucek et al 1984). The incomplete sympathetic innervation of the newborn heart is associated
with inability to maintain cardiac responses after repeated sympathetic stimulation (Friedman 1972,
Erath et a 1982). Parasympathetic innervation of the heart is probably complete at birth (Sinha et a
1973).

The presence of CHD further compromises the performance of the developing cardiovascular
system. Even though there are many different kinds of congenital malformations, they can be
divided into only a few basic pathophysiological categories depending on the existence of abnormal
shunt pathways or obstruction to blood flow. Pulmonary blood flow may be increased secondary to
abnormal circulatory pathways between left and right sides of the heart, asin atrial and ventricular
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septal defect, atrioventricular septal defect (AV SD), and patent ductus arteriosus. These defects are
associated with volume overload of the heart, and volume or pressure overload of the pulmonary
circulation (Young 1980). In these patients, an extension in distal muscularization of pulmonary
arteries predisposes the patients to increased PVR as response to stress (Hoffman et a 1981). In the
obstructive lesions, e.g. coarctation of the aorta, and aortic and pulmonary stenosis, the ventricular
workload is increased to overcome the reduced circulation distal to the obstruction. The complex

defects may involve both partial or total outflow obstruction as well as shunting. In the complex

lesions, like tetralogy of Fallot, pulmonary atresia, and tricuspid atresia, ('Qp may be decreased,

resulting in hypoxia. Furthermore, in lesions with common ventricle, transposition of great arteries

(TGA), and truncus arteriosus, the shunt may be functional, either increasing or decreasing the ('Qp
depending upon the PVR (Young 1980). Understanding the pathophysiological effects of the
patient’s cardiac malformation is the key to developing a successful management plan to correct the

lesion or dleviate its effects on the patient’ s health.
1.2. Effectsof pre-repair hemodynamics on postoper ative circulatory function

Cardiac failure secondary to excessive volume or pressure, or intrinsic alterations in myocardial
performance, and cyanosis are the major consequences of CHD (Young 1980). In children with
complete AVSD, congestive heart failure develops early in infancy with increasing left-to-right

shunting as PVR falls. Atrioventricular valve regurgitation may further increase the ventricular

volume overload (Bando et a 1995). Increased ('Qp may also decrease lung compliance, increase
airway resistance, and obstruct small airways (Stanger et a 1969, Schindler et al 1995, Lanteri et al
1995). In these patients PVR rises rapidly, and is usually significantly elevated by the age of one
year (Newfeld et d 1977). Thislesion is often associated with Down’s syndrome. These patients are
prone to upper airway obstruction, sleep apnea, hypoventilation, and pulmonary infections, which
also predispose them to pulmonary vascular disease (Spicer 1984, Nespoli et a 1993). Even when
reconstructive surgery is performed in early infancy, pulmonary hypertensive events may
complicate the recovery of these patients (Hopkins et al 1991, Bando et al 1995).

Transposition of the great arteries in a neonate is compatible with life only if the parallel systemic
and pulmonary circulations are connected with a shunt pathway. In patients with TGA and intact
ventricular septum, the left ventricle loses its capacity to grow and overcome high afterload as the

PVR decreases within the first weeks of life. The left ventricular pressure is better maintained when
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TGA is associated with ventricular septal defect. In these patients, however, the PVR may gradually
increase, predisposing the child to pulmonary vascular obstructive disease and failure to thrive.
Therefore, the arterial switch operation is preferable early in the neonatal period to avoid
postoperative left ventricular failure from increased workload, and chronic pulmonary hypertension
from excessive blood flow and pressure (Bano-Rodrigo et al 1980, Lecompte et al 1981, Di Donato
et a 1989). However, these patients are prone to low cardiac output and increased vascular

resistances during the early postoperative period (Wernovsky et al 1995a, Bryant et al 1998).

Patients with univentricular heart often have hypoxia dependent on the magnitude of ('Qp. In these
patients, the relief of volume overload on the single ventricle after the first-stage palliative
procedure is accomplished with creation of a direct connection between the systemic venous

circulation and the pulmonary arteries. As the pulmonary and systemic circulations are in series

postoperatively, the resistance to ('Qp must be low for efficient systemic ventricular function (Mayer
et a 1992, Kaulitz et a 1996). Coagulopathies due to polycytemia and increased blood viscosity,
increased blood volume and systemic to pulmonary collateral vessels may also compromise the
postoperative course (Henriksson et a 1979, Hetzer et a 1980).

Children with left-to-right shunting and cyanotic heart defects have increased sympathetic activity.
Secondary to this elevated tone, these patients present down-regulation and uncoupling of the
myocardial and lymphocyte 3-adrenoceptors (Ross et a 1987, Kozlik-Friedman et a 1993, Dzimiri
et a 1995, Wu et a 1996). In the failing heart, the 1-adrenoceptors are mainly affected, while the

stimulation of mildly uncoupled B2-adrenoceptors may improve the cardiac function (Bristow et al

1990). The right atrial 3-adrenoceptor density has been shown to be lower in patients with severe
acyanotic and cyanotic CHD when compared to mild acyanotic CHD. Especialy low [3-
adrenoceptor densities have been found in neonates with aortic stenosis and TGA. In these patients,

additional significant Pp-adrenoceptor down-regulation may be present. Even though partial
decoupling of the PBo-signal transduction in infants and children with severe CHD has been

suggested, in patients with aortic stenosis and TGA the adenylate cyclase activity beyond the [3-
adrenoceptor level has also been shown to be affected, probably due to an increase in the inhibitory
G-protein levels (Kozlik-Friedman et al 1993). Therefore, the efficacy of [31- as well as [3o-

adrenoceptor agonists may be limited in these patients, and drugs augmenting B-adrenergic stimuli
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beyond the receptor level, as PDE inhibitors, could be of further advantage in postoperative
cardiovascular support (Feldman et al 1990, Brodde 1991).

1.2.1. Hemodynamic evaluation

The correct timing of reconstructive surgery is essential in patients with increased ('Qp or obstruction
to pulmonary venous flow. Pulmonary vasoconstriction and fixed pulmonary vascular disease may
develop unless the surgical correction is performed early enough (Bush et a 1988). Management
decisions in CHD can often be based on noninvasive measurements of blood flow and cardiac
function (Sanders et a 1983). However, it is often necessary to perform cardiac catheterization to

eval uate the morphol ogic and hemodynamic status of the patient.

The determination of és and (')p using the Fick principle depends on quantitation of CavO2 across

the vascular bed, and \702 values. The SVR and PVR are calculated using pressure differences
across the systemic and pulmonary beds and corresponding blood flow values, even though the
recruitability of the pulmonary vasculature complicates the use of traditional PVR determinations
(Fagard et a 1990, Gorback 1990). Using indirect calorimetry, \702 and \7C02 values can be
determined, when the inspired and expired O and CO2 concentrations and the volume of expired

gas are known. However, anaerobic metabolism, as well as differences in the produced and exhaled

CO2 may affect the indirect calorimetry measurements (Ferrannini 1988). Methods using a

pneumotachograph, or a Douglas bag for gas volume determination, an infrared CO» analyzer, a

mass spectrometer, as well as a paramagnetic O analyzer have been used in \702 determination

(Wessel et a 1969, Lindahl 1989, Lundell et al 1996). These methods have been demonstrated to
have small interobservational variation (Lindahl 1989, Lundell et a 1996). However, these
equipment require frequent calibration to give reliable results. In addition, the measurements may
be sometimes cumbersome if mechanical ventilation and high a fraction of O in inspired gas
(FIO2) are needed (Nunn et al 1989). Commercial metabolic monitors with direct measurement of
the difference between inspired and expired O2 concentrations, gas dilution principle for flow
measurements, and possibility to study both mechanically ventilated and spontaneously breathing
patients are available (Merildinen 1987, Takala et a 1989, Weyland et a 1993). Cuffed tracheal

tubes to prevent gas loss from the breathing circuit are often necessary for reliable results in
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mechanically ventilated patients (Chwals et a 1992). The \702 measurement may be difficult

especially in young children, so the \702 values are often estimated from nomograms constructed

according to the patient’s characteristics (Wessel et al 1969, LaFarge et al 1970, Lindahl 1989).

However, the use of linear methods in estimation of the \702 has been shown to result in wide CI of

the calculated values (Lundell et al 1996, Sherman et al 1997). Furthermore, the linear regression

equations predicting \702 are usually based on data obtained from stable subjects, and are not easily
applied to different patient populations in other clinical situations, e.g. after open-heart surgery to

assess changes in relationship of \702 and Oy delivery in response to vasoactive medications.

There are no studies in which artificial intelligence NN has been used to improve the predictive
accuracy of the regression equations. It is a pattern recognition technique that does not assume or
require a mathematical relationship between the independent and dependent variables. It consists of
a set of processing units, which simulate neurons and are interconnected to alow signals to travel
through the network. The computational power of NN derives from the density and complexity of
the interconnections, and its ability to learn from experience during the devel opment process (Cross
et a 1995).

Because the increased resistance to ('Qp in patients with CHD has been found to increase the risks of
reconstructive surgery (Bush et al 1988, Bando et al 1996), the preoperative evaluation of the
patient should be based on precise information of pulmonary vascular tone and its reversibility.
Several vasodilating agents, such as 100 % Oy, tolazoline, prostacyclin (PGlp) and inhaled nitric
oxide (NO), have been used to test the reactivity of pulmonary vascular bed preoperatively to
determine the stage beyond which reconstructive surgery is no longer indicated (Bush et a 1988,
Roberts et a 1993, Winberg et al 1994, Berner et al 1996, Turanlahti et al 1998). The assessment of
the actual vasodilator capacity is important because the increased muscularity of the pulmonary
vasculature may be a reversible lesion (Hoffman et a 1981). In this setting, the accurate

determination of patient’s hemodynamic status is necessary.
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1.3.Reconstructive cardiac surgery and ear ly postoper ative circulatory function

The primary determinants of the results of successful constructive cardiac surgery are the adequacy
of surgical repair and myocardia protection (Najafi et al 1969, Kirklin et a 1981). Even though the
cardiac surgical procedure itself often improves cardiac output, the intraoperative myocardia
damage may decrease it during the early postoperative period. Cardiac failure due to procedura
reasons can occur after any cardiac repair, but it is more common after intracardiac operations
requiring ventriculotomy. It may be the result of incomplete or inadegquate operation, mechanical
problems, such as undrained pericardial bleeding and pleura effusions causing cardiac tamponade,
myocardial edema and chamber dilatation in a closed chest, and tension pneumothorax (Kirklin &
Barrat-Boyes 1993). The complexity of surgery predisposes the patients also to postoperative
bleeding, which may compromise the postoperative cardiovascular stability (Williams et a 1999a).
It is often difficult to distinguish between changes in pulmonary performance produced by
sternotomy, external cooling of the heart, general anesthesia, mechanical ventilation, and CPB, as
they are all associated with pulmonary atelectasis (Wilcox et a 1988, Jain et a 1991, Weissman
1999, Cox et a 2000). However, the deterioration of functional residual capacity, lung compliance,
venoarterial admixture, and the elevated alveolar-arterial Oo gradient secondary to these changes

may further impair the postoperative cardiac performance (Weissman 1999).

In patients with AV SD, restoration of a competent left-sided atrioventricular valve, and elimination
of residua intracardiac communications are critical to the outcome (Bando et a 1995). These
patients are also prone to transient postoperative nodal rhythms secondary to damage to the
conductive tissue (Chen et a 1968). In patients with TGA, the origins and distribution of the
coronary arteries are variable. Adequate coronary blood flow after transfer of the coronary arteries
to the neoaorta without narrowing or distortion is required for a successful arterial switch operation.
Unusua coronary anatomy predisposes these patients for complicated postoperative course
(Wernovsky et al 1995b). Supraventricular and ventricular tachycardias, as well as complete heart
block may also exist postoperatively and worsen the cardiac performance (Di Donato et a 1989).
Patients with Fontan operations for single ventricle have high venous pressure in the right atrium, as
well as in the hepatic and mesenteric vascular beds. This predisposes the patients to pleural
effusions and high intra-abdominal venous pressure, which may complicate early postoperative
recovery (Fontan et a 1990, Kaulitz et al 1996). Supraventricular tachycardia, and strokes also have
been reported after a Fontan procedure (Driscoll et al 1992). In genera, early closure of left-to-
right shunts resultsin normal ventricular function (Cordell et a 1976, Baylen et a 1977). In patients
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with preoperatively increased ép the surgical correction of abnormal pulmonary hemodynamics
favorably affects immediate postoperative respiratory mechanics (Lanteri et al 1995). However, a
long-standing left-to-right shunt with volume overload and preoperatively increased PVR may
result in persisting cardiac failure requiring vasoactive medications long after reconstructive surgery
(Jamarkani et a 1972, Burrows et al 1988).

1.4. Effects of cardiopulmonary bypass on postoper ative circulatory function

The inflammatory response associated with major surgery is particularly pronounced after cardiac
surgery and CPB. The myocardium, pulmonary system, splanchnic bed and kidneys are the most
important targets that contribute to the postoperative course after cardiac surgery. The blood-
surface-interaction during the CPB has been suggested to be the main trigger for cell injury. The
activation of coagulation, the kallikrein system, fibrinolysis, and the complement system, as well as
the cytokines activate the expression of leukocyte adhesion molecules on the surface of endothelial
cells. Once adherent to the endothelium, neutrophils release oxygen-derived free radicals and
cytotoxic proteases, which contribute to the capillary leak resulting in the postoperative
extracellular volume overload and electrolyte imbalance (Royston 1997, Hill et al 1997a).
Endotoxemia is also a potent stimulant to further complement activation, and endothelial cell
activation resulting in the up-regulation of leukocyte adhesion molecules. This may derive from a
translocation of bacteria from the gut during splanchnic ischemia (Boyle et a 1997). However,
tissue ischemia, hypothermia, relative hypotension during nonpulsative flow, hemodilution, and
administration of blood products and pharmacological agents, such as heparin and protamine, may
affect the inflammatory response (Royston 1997). Despite interindividual variation in the response
to the inflammation during CPB, neonates and infants, and patients who require long CPB times,
are especially at risk to systemic effects of endothelial injury (Kirklin et al 1983).

Myocardial injury associated with cardiac surgery is effected by both ischemia and reperfusion

injury. During ischemia, there is a downregulation in cellular ATP secondary to lack of O, and

hydrogen ion and lactate accumulation (McCord 1985). Microemboli, ventricular fibrillation and
increased histamine production by basophiles may lead to ischemia during the bypass and
predispose the patient to postoperative arrhythmias and low cardiac output (Buckberg et a 1975,
Seghaye et a 1996). Reperfusion injury is characterized by intracellular calcium accumulation, and

subsequent formation of oxygen-derived free radicals after a period of temporary ischemia (McCord
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1985). The myocardium is affected by the reperfusion injury during the induction phase of
cardioplegia, intermittent infusions of cardioplegic solution during the CPB, and after the removal
of the aortic cross-clamp (Vinten-Johansen & Hammond 1993). The free radicals ater the
sarcolemmal sodium homeostasis resulting in swelling of the myocytes with reduced postischemic
blood flow and ventricular compliance (Kloner et a 1983). Low postbypass cardiac indexes,
decreased perfusion necessitating inotropic support after CPB, and inhibition of the myocardial
contractile response to B-adrenergic stimulation have been shown to correlate with increased levels
of cytokines and activated complement components (Kirklin et al 1983, Gulick et al 1989, Seghaye
et a 1993, Hennein et a 1994). The neutrophil adhesion to myocytes by adhesion molecules is
associated with myocardia reperfusion injury after CPB as well (Byrne et a 1992, Wilson et a
1993). However, the immature complement receptors and neutrophil migration have been suggested
to protect neonates with CHD undergoing cardiac operations from postoperative complications,
even though complement activation is comparable to that in older children (Seghaye et a 1994).
Large amounts of endogenous NO, possibly secondary to increased levels of inducible NO due to
exposure to cytokines and endotoxins, have also been implicated in myocardial reperfusion injury
(Hill et a 1997h).

Ischemic injury to the pulmonary endothelial cells while they are excluded from the circulation
during CPB, or the exposure of the lungs to the entire cardiac output, as well as the activated
inflammatory process and decreased white cell deformability may lead to postperfusion syndrome
in the lung (Wilson et al 1971, Miller et a 1997, Gilliland et a 1999). Moreover, surfactant
inhibition, that predisposes the lungs to alveolar and small airway collapse, is suggested to be
associated with CPB (McGowan et al 1993, Paul et al 1999). In response to ischemia-reperfusion
injury, hypoxia and exposure to cytokines the endothelial cells lose their ability to promote
vasodilatation by congtitutively expressing relaxant factors as NO, prostacyclin, and adenosine,
whereas vasocongtriction is further aggravated by release of endothelin, thromboxane A, and
angiotensin 1l. This imbalance may contribute to the lung injury in children with pulmonary
hypertension, whose endothelium-dependent pulmonary artery relaxation is already impaired
preoperatively, and may deteriorate further with CPB and increased plasma endothelin levels
(Wessel et a 1993, Celermajer et a 1993, Komai et a 1993, Verrier et al 1996, Morita et al 1996).

In children with normal or decreased preoperative ('Qp a significant increase in the static elastance
has been demonstrated after CPB, indicating that extracorporeal circulation may have deleterious

impact on lung function. This may be due to atelectasis, increased extravascular lung water, and
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release of vasocongtrictive agents (Lanteri et al 1995, Hiramatsu et a 1997). However, non-
endothelium-derived agents such as catecholamines may also influence the pulmonary vascular tone
in this setting.

Mucosal hypoperfusion, and microvessel occlusion secondary to platelet, leukocyte, and
erythrocyte aggregation may affect bowel wall permeability to endotoxin, and contribute to the
activation of the inflammatory response, sepsis, and multiorgan system failure (Andersen et al 1993,
Biffl et a 1996). The reperfused gut may also induce mast cell activation and priming of circulating
neutrophils, resulting in pulmonary injury secondary to sequestration of the neutrophils (Koike et al

1994, Boros et a 1995). The preoperatively impaired gut mucosal perfusion associated with lesions

with decreased ('Qs may further deteriorate after CPB despite adequate surgical correction (Booker
et a 1996). Liver is involved in glucose production and lactate clearance, synthesis of plasma
proteins, immune function, drug metabolism, and clearance of intravascular debris. Alterations in
these functions affect postoperative recovery of the cardiac surgical patient (Shangraw 1993). Long
duration of CPB and repair of complex cardiac defects may lead to hepatocellular dysfunction,
postoperative pancreatitis, and increased lactate levels (Collins et al 1983, Toffaletti et a 1986,
Fernandez-del-Cadtillo et a 1991). Even though no specific lactate concentration has been
demonstrated to predict outcome in pediatric cardiac patients, increased levels are associated with
complicated postoperative course (Hatherill et a 1997, Munoz et a 2000). Fluid accumulation
secondary to changes in body temperature, hemodilution, plasma oncotic pressure, interstitial fluid
pressure and capillary permeability, is related to the duration of CPB, and young age (Cleland et al
1966, Utley 1993, Simpson et a 1993). Postoperative renal dysfunction is also associated with
increased plasma levels of complement components, cytokines, and increased release of neutrophil
granular proteases (Kirklin et al 1983, Seghaye et a 1993). Fluid retention may contribute to the

postoperative need for diuretics, osmotic and oncotic agents, and vasoactive drugs (Utley 1993).

Young children demonstrate marked stress response secondary to surgery and CPB (Anand et d
1990). This response is characterized by suppression of insulin secretion, and increase in
catecholamines, glucagon, cortisol, growth hormone, ACTH, and vasopressin levels (Weissman
1990, Anand et a 1990). The increased catecholamine levels may affect systemic and pulmonary
vasculature postoperatively. Cortisol excess impairs the ability of insulin to stimulate glucose
utilization and to reduce hepatic gluconeogenesis. Furthermore, impaired glucose uptake has been

observed during the early postoperative period. The increased secretion of catecholamines and
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growth hormone is associated with elevated free fatty acid levels secondary to stimulated lipolysis,
resulting in impaired myocardial contractility and increased irritability (Hirvonen et a 1978, Vik-
Mo et a 1981, Weissman 1990). The vasopressin-induced vasoconstriction may adversely affect the
renal, coronary, and splanchnic circulations (Philbin et al 1979). Thyroid hormone levels have been
shown to decrease during CPB in children with CHD, and this decrease is associated with
prolonged and complicated postoperative course (Saatvedt et al 1998).

The use of hypothermia during CPB increases myocardial tolerance to the ischemia associated with

aortic cross-clamp and cardioplegia. Reduction of myocardia O2 demand by using total CPB,

diastolic arrest, venting of the heart, and controlled reperfusion decreases the mismatch between
myocardial O2 supply and demand (Senning 1952, Buckberg et a 1977, Vinten-Johansen &

Hammond 1993, Gates, Cushen & Laks 1993). The use of hypothermia delays the neutrophil-
endothelial cell adhesion but does not prevent it (De Leist et a 1995). Normothermic perfusion does
not produce more profound inflammatory response when compared with hypothermic and
moderately hypothermic CPB (Birdi et a 1999). Hemofiltration and the use of leukocyte-depleted
blood may decrease plasma levels of complement components and cytokines, and prevent
reperfusion injury in pediatric patients (Breda et al 1989, Journois et a 1994a, Hayashi et al 2000).
However, postischemic contractile function may be stunned for a period of time until energy
production and excitation-contraction coupling recover (Braunwald et al 1982). Increased vascular
permeability, arterial hypoxemia and ventilation-perfusion abnormalities may further increase the
PVR, and compromise cardiac performance (Kirklin et al 1983, Burrows et al 1986, Westaby 1987,
Hopkins et al 1991). Persistent postoperative arrhythmias, while a subtle manifestation of ischemic
injury, may directly contribute to low cardiac output after surgery (Smith et al 1983). Moreover,
the B-adrenoceptor desensitization and uncoupling associated with CHD may be further aggravated
during CPB, affecting the efficacy of postoperative cardiovascular support (Schranz et al 1993).

Pharmacokinetics of drugs are also influenced by CPB. Hemodilution, hypothermia, hypotension,
changes in regional blood flow, acid-base status, exclusion of the lungs from the circulation, as well
as possible sequestration of the drug in bypass equipment may affect the drug pharmacokinetics and
pharmacodynamics (Rosow 1993). The degree of plasma protein binding, and Vd of the drug may
have effect on the drug concentration during the bypass. Decreased hepatic and renal blood flows
may impair the metabolism and excretion of the drugs, and changes in acid-base status may affect

their distribution. After re-establishment of the pulmonary circulation the pharmacological effects
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of drugs with uptake in lungs may be increased (Mets 2000). These changes may contribute to the
postoperative hemodynamics in patients undergoing cardiac surgery.

1.5. Anesthetic management and postoper ative cir culatory function

The goals of the anesthetic management of a child with CHD are to assure a comfortable intra- and
postoperative course, provide cardiovascular stability, and attenuate the stress response to noxious
stimuli. Hormonal and metabolic stress responses to cardiac surgery and CPB have been shown to
correlate with postoperative morbidity and mortality in neonates despite hemodynamic stability
(Anand et a 1990, Anand et a 1992). As the patients with complex CHD have limited myocardial
reserve postoperatively, stressful interventions may further compromise cardiopulmonary function.
Pain, wakefulness and agitation may lead to pulmonary hypertensive crises and sudden death after
reconstructive surgery in patients with pulmonary hypertension (Hopkins et al 1991). The extension
of anesthetic period postoperatively and ventilatory control to avoid hypoventilation and acidosis
have been associated with reduced postoperative morbidity in high-risk patients (Wernovsky et al
19953, Wernovsky et al 1995b, Bando et al 1996).

The choice of anesthetic agents depends on the preoperative cardiovascular status of the patient.
Young children with complex CHD associated with decreased myocardia reserve, intracardiac
shunting, or compromised forward flow require different anesthetic management than older,
asymptomatic children with noncomplicated defects in whom fast postoperative recovery is
expected. Inhalation anesthetics that may be safely used in some uncompromised patients with
CHD are often not well tolerated in critically ill infants due to their depressant effects on
myocardium (Kawana et al 1995). Intravenous ketamine provides hemodynamic stability in
children with CHD, even though increase in PVR has been suggested in adult cardiac patients with
unprotected airways (Spotoft et al 1979, Hickey et a 1985b). It improves gas exchange and chest

compliance in patients with small airway obstruction that may be associated with increased Qp
(Schindler et a 1995, Lanteri et al 1995,Y ossef-Ahmed et a 1996). However, in some patients, e.g.
those with severe left heart valvular obstruction, the cardiovascular stimulation produced by
ketamine may be not desirable Furthermore, the use of ketamine in patients with depleted
endogenous catecholamine stores due to critical illness may result in impaired cardiac performance
(Christ et a 1997). Propofol has been demonstrated to reduce systemic arterial pressure and SVR in
patients with CHD, with no effects on cardiac rhythm (Lebovic et a 1992, Friesen et al 1996).
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However, in children undergoing CPB propofol administration has been associated with favorable
hemodynamic and reduced stress response (Laycock et al 1992). Its use with opiates in
uncomplicated postoperative pediatric cardiac patients has been devoid of significant adverse
effects (Martin et a 1997). In patients with left-to-right shunts, propofol is well tolerated, whereas
in patients with right-to-left shunts it may reverse shunt flow. The systemic afterload reduction

produced by propofol may be harmful in patients with severe left heart outflow obstruction, as well

as in patients whose Qp depends on the balance between SVR and PVR (Williams et a 1999b).
Midazolam causes only minor hemodynamic changes when combined with opiates in adult cardiac

patients (Kleinschmidt et al 1997). However, midazolam boluses combined with opiate infusions

decrease cardiac output, mixed venous blood O2 content, and \702 in hemodynamically stable

children after open-heart surgery, suggesting that midazolam infusion may be preferable especially

in children with complex surgical correction (Shekerdemian et a 1997).

Neuromuscular blockade is often induced with long-acting nondepolarizing agents in young
children with complex CHD. Pancuronium bromide is well tolerated in these patients, and the
increased sympathetic activity associated with its administration may be advantageous if cardiac
output islow (Maunuksela et al 1981, Cabal et al 1985). However, residual neuromuscular blockade
secondary to usage of long-acting agents may impair the respiratory function postoperatively
(Buzello et a 1978, Van Oldenbeek et a 1999). Shorter-acting muscle relaxants have been used
without significant cardiac side effects in children without cardiac defects (Brandom 2000). There
are few studies on the effects of these agents in critically ill children with CHD. Hypotension
secondary to histamine release by neuromuscular blocking drugs may be of disadvantage especially
in patients who do not tolerate decrease in SVR. The lack of vagolytic action of these agents may
also be not desirable when used with high-dose opiates (Salmenperd et al 1983).

High-dose opiates provide hemodynamic stability and suppression of metabolic and hormonal stress
response in criticaly ill children (Hickey et a 1985a, Anand et a 1992, Duncan et a 2000).
However, when combined with benzodiazepines, fentanyl and sufentanil have been demonstrated to
provide more complete suppression of cardiovascular and hormonal responses to intense
stimulation in children with CHD (Morgan et al 1987, Barankay et a 1992). Alfentanil has been
used in patients in whom early extubation has been desirable. However, when administrated with
inhaled anesthetics, afentanil boluses may produce bradycardia in infants with CHD (den
Hollander et al 1988).



24

2. Postoper ative vasoactive support in children recovering from open-heart operations

In the postoperative management of a child with complex CHD, manipul ation of all determinants of
cardiac output, namely heart rate, preload, afterload and contractility, is often required (Thys &
Dauchot 1993). Temporary pacemakers are frequently used to provide adequate heart rate and
atrioventricular synchrony. Low diastolic compliance in young children alows limited margin for
volume loading to increase stroke volume (Thornburg et a 1983). Therefore, administration of
vasoactive agents according to the underlying pathophysiology of the cardiac defect is often

necessary.
2.1. Catecholamines

Dopamine is a naturally occurring immediate precursor of norepinephrine, with a variety of dose-
dependent effects on a-, B-, and dopaminergic receptors. At low doses it stimulates renal
dopaminergic D1-and Dp-receptors, resulting in vasodilatation in the coronary, renal, mesenteric,
and cerebral circulations. This effect is mediated by increased production of CAMP by postsynaptic
D1-receptors, and inhibition of norepinephrine release by presynaptic Do-receptors. At moderate

doses, dopamine exerts a dose-dependent B1-adrenergic agonist effects with resultant increase in

heart rate, stroke volume, and cardiac output, but with little effect on peripheral arterial resistance.

At high doses a1-adrenergic effects increase systemic arterial and venous pressures, |eft ventricular

filling pressures, and decrease mesenteric and rena blood flow. Increased myocardial \702,

arrhythmias, suppression in insulin secretion and accelerated glucose production may be associated
with dopamine administration especialy at high doses (Notterman 1991, Seri 1995).

The dose of dopamine necessary for adequate inotropic support varies with age. Neonates and
infants require higher doses of dopamine to achieve significant increase in cardiac output than older
children or adult patients after cardiac surgery. Fortunately, the same age-dependency holds true for
adverse side effects as well (Perez et a 1986, Outwater et al 1990, Bhatt-Mehta et a 1991). This
variation may be secondary to differences in the sympathetic innervation of the heart and periphera
tissues, cardiac catecholamine stores, compliance of the myocardium, and dopamine
pharmacokinetics (Friedman 1972, Erath et a 1982, Steinberg et a 1994). Dopamine has been

suggested to act as a pulmonary vasoconstrictor in children with pulmonary vascular obstructive
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disease undergoing cardiac catheterization, as well as in infants after CPB (Driscoll et a 1979,
Booker et al 1995). However, in contrast to these results, not even high doses of dopamine affected
pulmonary vascular tone adversely in some children with CHD (Outwater et a 1990). This could
possibly be explained by differences in the pre-existing pulmonary hypertension despite similar
surgical procedures. In infants and children with CHD, dopamine increases renal blood flow and
glomerular filtration rate independently from increase of cardiac output (Girardin et a 1989,
Outwater et a 1990). In addition to the specific effects of dopamine on rena function, its
administration has been suggested to increase liver blood flow postoperatively in children with
CHD (Mitchell et a 1995). Dopamine is frequently used in patients with TGA and AVSD for
postoperative inotropic support (Wernovsky et al 1995a, Bando et al 1995, Bando et a 1996).

Dopamine pharmacokinetics in children are outlined in Table 1.

Dobutamine, a synthetic catecholamine, is [31-selective, and has a low affinity for Bo-ando -

receptors (Zaritsky et al 1984). Dobutamine has no dopaminergic effects and does not stimulate the
release of endogenous catecholamines (Tuttle et a 1975). In critically ill children, an improvement
in the systolic cardiac function and increase in heart rate has been shown even when small doses are
used. However, plasma dobutamine concentration necessary to initiate hemodynamic responses
varies widely (Berg et al 1993). When compared with dopamine in young children undergoing
cardiac surgery, similar hemodynamic actions of the two drugs have been demonstrated in a
blinded, double crossover study. However, dopamine increased PAP and PVR significantly in high
doses probably secondary to the a-adrenergic receptor effect (Booker et a 1995). Dopamine is not
superior to dobutamine for protection of renal function in children after CPB (Wenstone et al 1991).
The pharmacokinetic data of dobutaminein children are presented in Table 1.

Epinephrine, a naturally occurring catecholamine, has o -, 1- and B2 -adrenergic effects. At low

doses, myocardial contractility increases and SVR decreases secondary to effects on [3-receptors.
However, as the dose increases, the o - adrenergic effects become predominant, leading to increased

peripheral resistance to blood flow. At high doses, myocardia irritability and arrhythmias may

occur. Increased heart rate and contractility may affect myocardial \702 adversely (Notterman
1991). Furthermore, epinephrine administration may impair splanchnic perfusion in situations when
the regional Oy balance is compromised (Meier-Hellmann et al 1997). Epinephrine has a significant
calorigenic response; it stimulates lipolysis, and accelerates glycogenolysis, and gluconeogenesis,

leading to production of lactate. Epinephrine administration asois associated with a decreasein
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serum potassium levels (Sostrom et a 1983, Macdonald et a 1985). Epinephrine infusions are
often used in children with pulmonary hypertension undergoing reconstructive surgery for further
inotropic support (Bando et al 1996). Pharmacokinetic data of epinephrine in children are presented
in Table 1.

Norepinephrine, like epinephrine, is a naturally occurring catech olamine with predominantly o -

adrenergic action, though some [31-adrenergic effects have been demonstrated. Administration of

norepinephrine results in arteriolar constriction in many vascular beds. Additionaly, like
epinephrine, norepinephrine increases preload secondary to venous congtriction. Increase in SVR
and blood pressure often leads to vagal reflex dowing of heart rate. Cardiac output either remains
unchanged or decreases dightly (Zaritsky et a 1984). Increase in PVR and splanchnic and renal
vasocongtriction also have been shown to result from norepinephrine administration. The metabolic
effects of norepinephrine are similar to epinephrine (Notterman 1991). Pharmacokinetic data of
norepinephrinein childrenislimited (Table 1).

Isoprendline is a synthetic derivative of norepinephrine with nonspecific -adrenergic agonist
activity. The principal therapeutic effects associated with isoprenaline are chronotropic and
inotropic, peripheral vasodilatation augmenting the chronotropic action, pulmonary vasodilatation,
and bronchia smooth muscle relaxation. Isoprenaline is used for the treatment of bradycardia,
reactive pulmonary hypertension and status asthmaticus (Steinberg et al 1994). However, decreased
diastolic blood pressure and shortened diastole during tachycardia may impair myocardial Op

delivery (Matson et a 1978), an effect especialy undesirable in children with abnormal coronary

vasculature. Ventricular and atrial tachyarrhythmias, and increase in intrapulmonary shunting also

may occur (Notterman 1991). Pharmacokinetics of isoprendinein children are presentedin Table 1.

Dopexamine, a synthetic catecholamine, is regarded mainly as an agonist at the D1-, Do- , and 32 -
receptors, while 31 -adrenoceptor effects are considered weak (Brodde 1988). Its sympathomimetic
action is indirect, secondary to inhibition of uptakeq(neuronal tissue uptake of norepinephrine) and

potentiation of endogenous noradrenaline effects (Mitchell et a 1987, Napoleone et al 1992).
Dopaminergic and indirect sympathomimetic actions appear to predominate at low doses (Geisser et
al 1997). An increase in arterial pressure, arterial pH and urine output have been associated with
dopexamine administration in criticaly ill neonates (Kawczynski et a 1996). In older children after

surgery for CHD, dopexamine increased cardiac index and heart rate significantly, while no
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significant effect on stroke volume index and PV R could be shown. Decrease in SVR was observed

only at high doses of dopexamine, suggesting predominantly (31-adrenoceptor activation (Habre et

al 1996). These results differ from studies in adult cardiac patients in whom the decrease in SVR
has been proposed as the main action of dopexamine (Stephan et a 1990, Sherry et a 1997). This
discrepancy may be due to variation in the extent of the B-adrenoceptor downregulation in the
different patient groups under study. The effects of dopexamine on renal function are controversial.
Even though improved creatinine CL following dopexamine administration has been shown in
adults after cardiac surgery, no rena vascular vasodilation could be demonstrated in pediatric
patients (Habre et a 1996, Berendes et a 1997). Furthermore, postoperative increase in renal
vascular resistance occurs to a similar extent in both dopexamine and placebo groups in adults
(Sherry et a 1997). Dopexamine administration reduces the gastrointestinal tract permeability
following CPB, and attenuates the endotoxin-mediated increase in cytokine levels (Sinclair et al
1997, Berendes et a 1997). When administered to infants undergoing CPB, it increases gastric
mucosal perfusion after rewarming from profound hypothermia (Booker et al 2000). In noncardiac
surgical adult patients under mechanical ventilation dopexamine administration has not resulted in
impairment of pulmonary gas exchange (Hachenberg et a 1998). However, no reports on
pulmonary effects of dopexamine in children undergoing cardiac surgery are available.

Pharmacokinetic data on dopexamine in children have not been published so far (Table 1).

2.2. Vasodilators

Vasoconstriction secondary to increased sympathetic activity associated with heart failure increases
the cardiac afterload (Ross et al 1987, Thys & Dauchot 1993). Reduction of ventricular workload
postoperatively is important especially in neonates and infants, as their limited cardiac performance
is further compromised by surgery and CPB. Severa different intravenous vasodilators have been
used to manipulate afterload in children after cardiac surgery. Administration of sodium
nitroprusside and nitroglycerine provide vasodilation by releasing intracellular NO that activates
soluble guanylate cyclase and increases the production of cyclic guanosine monophosphate (cGMP)
(Gruetter et al 1981, Moncada et a 1991). Basal release of endogenous NO in both systemic and
pulmonary circulations appears to lead to constant inhibition of smooth muscle contraction (Rees et
al 1989). In patients with left ventricle dysfunction, sodium nitroprusside has been shown to dilate

mainly arterial resistance vessels, even though venous capacitance vessels are al so affected.



Table 1. Pharmacokinetic parameters of different catecholaminesin children.
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Catecholamine | CL (ml/kg/min) Vd (I/kg) T, (minutes) Metabolism route
Dopamine 115in neonates and infants | 1.8 in neonates 7 in neonates and Liver, kidneys,
(Bhatt-Mehta et al 1991) and infants infants (Bhatt-Mehta | pulmonary endothelium
83 + 28 in children < 2 years | (Bhatt-Mehtaet al | et al 1991) (Seri 1995)
(Notterman et a 1990) 1991) Methylation,
46 + 17 in children > 2 years deamination or
(Notterman et al 1990) conjugation to sulphate
(Steinberg et a 1994)
Dobutamine 82 + 3 (Berg et al 1993) 0.07-5.64 a-phase: 1.7 £ 0.2 Liver, kidneys
(Schwartz et a B-phase: 26 + 12 Methylation,
1991) (Schwartz et al 1991) | glucuronidation
Uptakey
(Steinberg et a 1994)
Isoprenaline 43 + 5 (Reyeset a 1993) 0.22 £ 0.06 42+15 Liver, kidneys
(Reyeset a 1993) | (Reyeset al 1993) Methylation
Uptakey
(Steinberg et a 1994)
Epinephrine 29 + 16 (Fisher et al 1993) Not reported B-phase: 2 Liver, kidneys
(Steinberg et a 1994) | Methylation,
deamination
Uptakey
(Steinberg et a 1994)
Norepinephrine | Not reported Not reported 2-25 Liver, kidneys
(Steinberg et @ 1994) | Methylation,
deamination
Uptakey and uptake o
(Steinberg et a 1994)
Dopexamine Not reported Not reported Not reported Not reported

Values are given as mean + standard deviation, mean, or range.

Abbreviations: CL, clearance; Vd, volume of distribution; T, elimination half-life.
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Nitroglycerin has a predominant effect on venous capacitance vessels, but some arterial vasodilative
effects can be seen as well (Kirsten et a 1998). These drugs improve cardiac performance in
children with CHD, especially when combined with inotropic agents (Benzing et a 1979, Bando et
al 1996). In patients with CHD, sodium nitroprusside has been demonstrated to reduce complement
activation during CPB (Seghaye et a 1996). Methemoglobinemia and production of cyanide may
lead to tissue anoxia when sodium nitroprusside is administrated in high doses (Ivankovich et al
1983). The elimination half-life (T,,) of sodium nitroprusside is 3-4 minutes in adults (Weir et a

1989). Nitroglycerine concentration declines rapidly after cessation of administration because of
vascular metabolism. The CL of nitroglycerine, also affected by cardiac output, is 0.3-1.0 I/kg/min,
the plasma half-life is 2.8 + 0.9 minutes, and the Vd is 3 I/kg in adults (McNiff et al 1981, Fung
1987). The pharmacokinetics of nitrosovasodilators have not been well characterized in children
with CHD (Table 2). However, it has been suggested that there are no significant aberrations from
adult pharmacokinetics during pediatric use (Kirsten et al 1998).

Intravenous prostaglandin E1 (PGEj), and PGIlo have been used to improve postoperative cardiac
performance in patients with right heart failure (D"Ambra et a 1985). However, the vasodilating
effect of intravenous prostaglandins on systemic vasculature may limit their use in critically ill
children during the postoperative period (Turanlahti et a 1998). Long-term administration is well
tolerated in children with pulmonary hypertension who fail conventional therapy (Rosenzweig et a
1999). In adults, the CL of PGEjand PGl is 20 ml/kg/min, and the Vd is 0.8 I/kg (Kirsten et al

1998). The terminal half-life of PGE1 has a a -phase of 0.2 + 0.1 minutes and a B -phase 8.2 + 6.3
minutes (Cawello et al 1994). The disposition of PGl after discontinuation of infusion is biphasic

with half-lives of 3 and 30 minutes in adults (Kirsten et al 1998). The pharmacokinetics of the
PGE1 and PGIl2 have not been established in criticaly ill children with CHD (Table 2).

Hypotension, increase in intrapulmonary shunting from attenuated hypoxic pulmonary
vasoconstriction, and reduced PaO2 may follow nitrate administration (Mookherjee et a 1978,
Radermacher et al 1989). Different intravenous vasodilators have been used in the management of
children with pulmonary hypertension associated with CHD, even though the lack of selectivity on

pulmonary circulation may limit their use in these patients (Houde et al 1993).

Inhaled exogenous NO provides selective vasodilation of pulmonary arteries, improvement in

arterial oxygenation, and right ventricular performance postoperatively in children with pulmonary
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hypertension and after Fontan-type repair of CHD (Miller et a 1994a, Journois et al 1994b,
Goldman et al 1995, Schulze-Neick et a 1997). However, in controlled randomized trials inhaled
NO has offered little advantage over conventional therapy in patients with increased pulmonary
artery pressure postoperatively (Russell et a 1998, Day et a 2000). These findings may be affected
by the patient entry criteria, the underlying cardiac pathophysiology, conventional therapy used, as
well as the NO doses used in these studies. Preoperatively, NO has been used to test the
reversibility of pulmonary hypertension (Roberts et a 1993, Winberg et al 1994, Berner et a 1996,
Turanlahti et a 1998). Since NO is rapidly inactivated by binding to hemoglobin, its vasodilatory
effect seems to be restricted to the pulmonary vasculature without significant systemic action
(Frostell et a 1993). However, NO bound to hemoglobin may have a prolonged effect on systemic
circulation secondary to formation of S-nitrosothiols (Jiaet a 1996). Pulmonary edema may occur
during NO therapy in patients with severe left ventricular failure, probably secondary to increase in
pulmonary venous return (Bocchi et al 1994). The antithrombotic effect of NO has been suggested
in adults with adult respiratory distress syndrome, but the significance of this finding has not been
confirmed in children with CHD (Samama et a 1995). Determination of the lowest effective dose
of NO is important, because a combination of NO and high FIO2 leads rapidly to production of

toxic nitric dioxide (NOy), and the inactivation of NO may lead to methemoglobinemia especially
in neonates with immature methemoglobin reductase activity (Foubert et a 1992, Miller et a
1994b, Mansouri et a 1993). The use of very low-dose inhaled NO has been shown to be effective
in some patients with postoperative pulmonary hypertension (Miller et al 1994a, Beghetti et al
1995).

The aternative use of inhaled PGI2 has been proposed for postoperative pulmonary hypertension,
but the local adverse effects of this agent, as well as its effects on platelet function, during
prolonged administration in critically ill children are unknown (Zwissler et a 1995, Pappert et al
1995, Haraldsson et a 1996, Forrest et al 1999).
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Table 2. Pharmacokinetics of intravenous vasodilators in children.

Vasodilator CL (ml/kg/min) Vd (I/kg) T, (minutes) Metabolism route
Nitroprusside Not reported Not reported Not reported Kidneys
Degradation to cyanide

and detoxification to
thiocyanate (Kirsten et
al 1998)

Nitroglycerine Not reported Not reported Not reported Liver
Arteriovenous
extraction, vascular
metabolism (Fung
1987, McNiff et al

1981)
Prostacyclin Not reported Not reported Not reported Liver and kidneys
(Kirsten et a 1998)
Prostaglandin E1 Not reported Not reported Not reported Lungsand liver

(Kirsten et al 1998)

Abbreviations: CL, clearance; Vd, volume of distribution; T, elimination half-life.

2.3. Phosphodiesterase inhibitors

Phosphodiesterase inhibitors are non-glycoside, non-sympathomimetic drugs, with a competitive
inhibitory action on the PDE isoenzyme IIl. They increase intracellular cAMP levels in myocytes
and vascular smooth muscle cells by inhibiting the hydrolysis of cCAMP, which leads to increased
inotropy, peripheral vasodilatation, and enhanced myocardial relaxation (Honerjager 1991, Skoyles

et a 1992). Unlike catecholamines, PDE inhibitors have been shown to improve myocardial

performance without raising myocardial \702 or increasing afterload (Benotti et al 1980, Sakaki et
a 1998). They do not appear to be accompanied by the [B-receptor desensitization and
downregulation, but may shift the 31- to 32- adrenoceptor ratio toward 32- adrenoceptors (Feldman
et al 1990). Evidence is aso available that the PDE activity is not atered in human heart failure
(De Mello 1996). The ability of B-adrenergic agonists to stimulate adenylate cyclase is decreased in
neonates, probably due to uncoupling of [3-adrenoceptors and adenylate cyclase activity at early age
(Baum et al 1997). However, age does not affect the PDE inhibitor effect (Foged et a 1990).
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Amrinone and milrinone are bipyridine derivatives, whereas enoximone and piroximone are
imidazole derivatives providing selective PDE |11 inhibition (Skoyles et al 1992).

In neonatal piglet hearts, negative inotropic effects from amrinone administration have been
observed (Ross-Ascuitto et a 1989). In pediatric patients after cardiac surgery, amrinone increases
cardiac output and decreases SVR (Lynn et a 1993, Sorensen et a 1996). Amrinone has been
suggested to act mainly as a systemic vasodilator without significant inotropic effect (Berner et al
1990). However, when compared with sodium nitroprusside, amrinone provides a significantly
larger increase in cardiac output per unit decrease in blood pressure (Bailey et a 1997). This
discrepancy may be explained by differences in the dosing regimen, volume loading to provide
stable preload, and the baseline condition of the patients in these studies. Administration of
amrinone has resulted in reduction of high PVR in children undergoing cardiac catheterization as
well as after cardiac surgery (Wessel et al 1989, Robinson et al 1993). Additive effects have been
demonstrated when catecholamines are administered concomitantly with amrinone in adults after
CPB (Royster et a 1993). The dosing recommendations established to achieve therapeutic serum
concentrations in adults have resulted in wide range of serum amrinone levels in children, all with
acceptable cardiac performance (Edelson et a 1981, Allen-Webb et a 1994). The relationship
between amrinone concentration and hemodynamic response is unknown in children undergoing
cardiac surgery for CHD. Refractory hypotension has been reported to follow amrinone overdosing
(Lebovitz et al 1995). Peritoneal diaysis is ineffective in treatment of toxic amrinone overdose
(Lawless et a 1993). The pharmacokinetics of amrinone in children have been previoudly studied in
heterogeneous patient populations (Lawless et a 1989, Allen-Web et al 1994). In adults amrinone
CL is affected by acetylator phenotype; in slow acetylators it is approximately 50 % of that in fast
acetylators (Hamilton et a 1987). Increased incidence of slow acetylation has been observed in
young children (Szorady et a 1987, Pariente-Khayat et a 1991). However, in children from 1 to
160 months of age no age-related differences in amrinone elimination have been observed (Allen-
Web et al 1994). There is little information on amrinone pharmacokinetics in neonates during the
first four weeks of life (Lawless et a 1989, Allen-Web et a 1994, Williams et al 1995). The

pharmacokinetic data of amrinonein children are presented in Table 3.

Milrinone lowers filling pressures, SVR, and PVR, while improving cardiac index in neonates after
cardiac surgery as well as in pediatric patients with septic shock (Chang et a 1995, Lindsay et a
1998). Milrinone, similarly to amrinone, increases the inotropic state of the myocardium, when

compared to nitroprusside for a matched reduction in mean aortic pressure or SVR in patients with
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heart failure (Jaski et a 1985). Milrinone administration has resulted in reduced endotoxin and
interleukin levels in adults undergoing CPB when compared with placebo, but it does not confer
protection against splanchnic ischemia over dopamine (Mollhoff et al 1999, McNicol et a 1999).
Moreover, the higher amount of colloids given before CPB in the milrinone-treated group when
compared to placebo group may have contributed to the observed effects. The pharmacokinetics of

milrinone in children are presented in Table 3.

The administration of enoximone improved cardiac performance in neonates and infants with
postoperative low-output states refractory to high-dose catecholamine therapy. A transient fall in
systemic arterial pressure, responding to volume loading, was observed during enoximone therapy;
no bleeding disturbances or arrhythmias were noted (Schranz et al 1989, Hausdorf 1993). However,
enoximone did not provide advantage in inotropic and vasodilating effects over a combination of
dobutamine and phenoxybenzamine in children with tetralogy of Fallot and AVSD. This result may
have been confounded by the low loading dose of enoximone administered during the CPB (Innes
et al 1994). Improvement in O2 delivery associated with enoximone did not prevent gastric mucosal

acidosis even though endotoxin levels were significantly diminished in adults after CPB (Loick et
al 1997). No studies on enoximone pharmacokinetics are available in children. Piroximone has been
successfully used to increase cardiac index and decrease SVR in adult cardiac surgica patients
(Hausen et al 1992), but no studies on its administration on pediatric patients have been published

so far. The T,, of enoximone is 4.3 hours, and that of piroximone is 1.3 + 0.2 hours in adults

(Skoyles et al 1992, Fauvel at a 1995).

Thrombocytopenia has been associated with amrinone administration secondary to nonimmune-
mediated peripheral platelet destruction, decreased platelet survival time and increased numbers of
megathrombocytes. Exposure to N-acetylamrinone, the primary metabolite of amrinone, has been
suggested to be toxic to platelets especialy in patients with rapid acetylator phenotype (Ross et a
1993). However, no hemorrhagic complications have been reported with short-term administration
of PDE inhibitorsin pediatric patients (Berner et a 1990, Lynn et a 1993). In adult cardiac patients,
milrinone, enoximone, and piroximone administration do not cause significant changes in platelet
number or function during the first 24 postoperative hours beyond the usual effects of cardiac
surgery and CPB (Boldt et a 1992, Kikura et a 1995). However, in infants and children receiving

milrinone after cardiac surgery, thrombocytopenia occurred in 58 % of the patients, and the risk
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increased with duration of the infusion (Ramamoorthy et a 1998). This difference may be
explained by the shorter observation timein adult patients.

Table 3. Pharmacokinetic data of PDE Il inhibitorsin children.

PDE 111 inhibitor CL (ml/kg/min) Vd (I/kg) T,, (hours) Metabolism route
Amrinone 29+ 1.7inneonaes | 1.7inchildren< 1 12.7-15.6 in neonates | Liver, kidneys
and infants (Lawless | year (Lawlesset al 3.8-6.4ininfants Acetylation,
et al 1989) 1989) (Lawlesset al 1989) | glucuronidation,
2.2+0.9in children | 1.0+ 0.4in children |5.5+ 2.3in children |glutathione addition
(Sorensen et al 1996) | (Allen-Webb et al (Allen-Webb et al (Steinberg et al 1994)
2.5+ 1.5in children | 1994) 1994)
(Allen- Webb 1994)
Milrinone 3.8ininfants 0.9in infants 0.6-10.9, mean 1.5 Mainly by kidneys
5.9in children 0.7 in children (Lindsay et al 1998) | (Skoyleset al 1992)
(Ramamoorthy et a | (Ramamoorthy et al
1998) 1998)
15+10
(Lindsay et al 1998)
Enoximone Not reported Not reported Not reported Mainly by liver
Sulphoxidation
(Skoyles et al 1992)
Piroximone Not reported Not reported Not reported Kidneys (Fauvel et a
1995)

Values are given as mean + standard deviation, mean, or range.

Abbreviations: CL, clearance; Vd, volume of distribution; T, elimination half-life.

3. Summary of theliteraturereview

In summary, lesions with increased Qp, such as AV SD, are associated with volume overload of the
heart, and volume or pressure overload of the pulmonary circulation that predispose the patients to
extension of distal muscularization in pulmonary arteries and increased PVR (Newfeld et a 1977,
Young 1980). Even when reconstructive surgery is performed in early infancy, pulmonary
hypertensive events may complicate the recovery of these patients (Hopkins et al 1991, Bando et a
1995). In neonates with TGA, the left ventricle loses its capacity to grow and overcome high
afterload as the PVR decreases within the first weeks of life. In these patients, however, the

gradually increasing PVR predisposes the child to pulmonary vascular obstructive disease and
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increased risks of surgery. Therefore, the correct timing of reconstructive surgery is essential for the
successful correction of these defects (Bano-Rodrigo et al 1980, Bush et al 1988, Bando et a 1996).

Precise determination of cardiac output is required when the hemodynamic status of the patient and

the actual vasodilator capacity of the pulmonary vascular bed are assessed preoperatively. The

determination of és and ('Qp using the Fick principle depends on quantitation of CavO2 across the

vascular bed, and \702. The use of indirect calorimetry to determine \702 and \7002, resulting
from measurements of the inspired and expired Oy and CO2 concentrations and the volume of

expired gas, may be sometimes cumbersome during mechanical ventilation and when high FIO2 are
needed (Nunn et al 1989, Takala et a 1989, Weyland et a 1993). The \702 measurement may be

especially difficult in children with CHD, so the \702 values are often estimated from nomograms
constructed according to the patient’s characteristics (Wessel et a 1969, LaFarge et a 1970,

Lindahl 1989). The use of linear methods in estimation of the \702 has been shown to result in wide

Cl of the calculated values (Lundell et a 1996, Sherman et a 1997). Furthermore, the linear

regression equations predicting \702 are usualy based on data obtained from stable subjects
undergoing cardiac catheterization, and are not easily applied to different patient populations in
other clinical situations. There are no studies in which nonlinear artificial intelligence NN has been

used to improve the predictive accuracy of the regression equations (Cross et al 1995).

The patients with AVSD and TGA are prone to low cardiac output and increased vascular
resistances during the early postoperative period secondary to the combined effects of underlying
cardiac pathophysiology, anesthetic management, surgery itself, and use of CPB (Kirklin et al
1981, Anand et a 1992, Wernovsky et al 1995a, Bando et a 1996, Royston 1997). Children with
CHD have increased sympathetic activity. Secondary to this elevated tone, these patients present
down-regulation and uncoupling of the myocardial and lymphocyte [3-adrenoceptors (Ross et al
1987, Kozlik-Friedman et al 1993, Dzimiri et al 1995, Wu et a 1996). Especialy low f3-
adrenoceptor densities have been found in neonates with aortic stenosis and TGA. In these patients,

additional significant [3p-adrenoceptor down-regulation may be present (Kozlik-Friedman et &
1993). Therefore, the efficacy of 31- as well as By-adrenoceptor agonists may be limited in these
patients (Feldman et a 1990, Brodde 1991).
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Even though the cardiac surgical procedure itself often improves cardiac output, the intraoperative
myocardial damage may decrease it during the early postoperative period. It may be the result of
incomplete operation, and several mechanical problems (Kirklin & Barrat-Boyes 1993). In patients
with AV SD, restoration of a competent |eft-sided atrioventricular valve, and elimination of residua
intracardiac communications are critical to the outcome (Bando et a 1995). In patients with TGA,
adequate coronary blood flow after transfer of the coronary arteries to the neoaorta without
narrowing or distortion is required for a successful arterial switch operation. Unusual coronary

anatomy predisposes these patients for complicated postoperative course (Wernovsky et a 1995b).

Pronounced inflammatory response is associated with cardiac surgery and CPB. The myocardium,
pulmonary system, splanchnic bed and kidneys are important targets that contribute to the
postoperative course after cardiac surgery. Tissue ischemia, hypothermia, relative hypotension
during nonpulsative flow, hemodilution, and administration of blood products and pharmacological
agents may affect the inflammatory response (Royston 1997). Despite interindividual variation in
the response to the inflammation during CPB, neonates and infants, and patients who require long
CPB times, are especidly at risk to systemic effects of endothelial injury (Kirklin et a 1983). The
use of hypothermia during CPB increases myocardial tolerance to the ischemia associated with

aortic cross-clamp and cardioplegia. Reduction of myocardia O demand by using total CPB,

diastolic arrest, venting of the heart, and controlled reperfusion decreases the mismatch between
myocardial O2 supply and demand (Senning 1952, Buckberg et a 1977, Vinten-Johansen &

Hammond 1993, Gates, Cushen & Laks 1993). However, the use of hypothermia does not prevent
the neutrophil-endothelial cell adhesion even though it is delayed (De Leist et al 1995).
Hemofiltration and the use of leukocyte-depleted blood may decrease plasma levels of complement
components and cytokines, and prevent reperfusion injury in pediatric patients (Breda et a 1989,
Journois et a 1994a, Hayashi et a 2000).

Hormonal and metabolic stress responses to cardiac surgery and CPB correlate with postoperative
morbidity and mortality in neonates despite hemodynamic stability (Anand et a 1990, Anand et al
1992). The extension of anesthetic period postoperatively and ventilatory control to avoid
hypoventilation and acidosis have been associated with reduced postoperative morbidity in high-
risk patients (Hopkins et a 1991, Wernovsky et al 1995a, Wernovsky et al 1995b, Bando et al
1996). High-dose opiates provide hemodynamic stability and suppression of metabolic and
hormonal stress response in critically ill children (Hickey et al 1985a, Anand et al 1992, Duncan et
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al 2000). When combined with benzodiazepines, opiates provide more complete suppression of
cardiovascular and hormonal responses to intense stimulation in children with CHD (Morgan et a
1987, Barankay et al 1992). Midazolam infusion is preferable in children with complex surgical
correction receiving also opiates (Shekerdemian et a 1997). Pancuronium bromide is well tolerated
in these patients, and the increased sympathetic activity associated with its administration may be
advantageousiif cardiac output islow (Maunukselaet d 1981, Cabal et d 1985).

Secondary to the above mentioned pre- and perioperative effects administration of vasoactive
support is often necessary postoperatively. Dopamine, epinephrine and nitroglycerine are
frequently used in inotropic support in these patients (Wernovsky et al 1995a, Bando et a 1996).
Neonates and infants need higher doses of dopamine to achieve significant increase in cardiac
output than older children or adult patients after cardiac surgery (Perez et a 1986, Outwater et al
1990, Bhatt-Mehta et a 1991). Dopamine has been suggested to act as a pulmonary vasoconstrictor
in children with pulmonary vascular obstructive disease undergoing cardiac catheterization, as well
as in infants after CPB (Driscoll et al 1979, Booker et a 1995). However, not even high doses of
dopamine affected pulmonary vascular tone adversely in some children with CHD (Outwater et a
1990). At low epinephrine doses, myocardial contractility increases and SVR decreases secondary
to effects on B-rec eptors. However, as the dose inc reases, the o~ -adrenergic effects become
predominant, leading to increased periphera resistance to blood flow. At high doses, myocardial
irritability and arrhythmias may occur. Increased heart rate and contractility may affect myocardial

\702 adversely (Notterman 1991). Epinephrine administration may also impair splanchnic perfusion

in situations when the regional O balance is compromised (Meier-Hellmann et al 1997).

Reduction of the increased ventricular workload postoperatively is important especially in neonates
and infants, as their limited cardiac performance is further compromised by surgery and CPB (Ross
et a 1987, Thys & Dauchot 1993). Administration of nitroglycerine provides vasodilation
predominantly in venous capacitance vessels, but some arterial vasodilative effects can be seen as
well (Kirsten et a 1998). Nitroglycerine improves cardiac performance in children with CHD,
especially when combined with inotropic agents (Bando et a 1996). However, hypotension,
increase in intrapulmonary shunting from attenuated hypoxic pulmonary vasoconstriction, and
reduced PaO2 may follow nitrate administration (Mookherjee et a 1978, Radermacher et a 1989).

Lack of sdectivity on pulmonary circulation may sometimes limit the use of intravenous

vasodilators in patients with reactive pulmonary vasculature (Houde et d 1993).
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Unlike catecholamines, PDE inhibitors have been shown to improve myocardial performance

without raising myocardial \702 or increasing afterload (Benotti et al 1980, Sakaki et a 1998).

They do not appear to be accompanied by the [B-receptor desensitization and downregulation, but
may shift the 31- to Bo- adrenoceptor ratio toward [3o- adrenoceptors (Feldman et a 1990). In

patients with CHD, especialy in neonates with TGA, drugs augmenting B-adrenergic stimuli
beyond the receptor level, such as PDE inhibitors, can be useful in postoperative cardiovascular
support (Feldman et a 1990, Brodde 1991, Kozlik-Friedman et a 1993). In children after cardiac
surgery, amrinone increases cardiac output and decreases SVR (Lynn et a 1993, Sorensen et al
1996). It has been suggested to act mainly as a systemic vasodilator without significant inotropic
effect (Berner et a 1990). However, amrinone provides a significantly larger increase in cardiac
output per unit decrease in blood pressure when it is compared with sodium nitroprusside (Bailey et
al 1997). Administration of amrinone has resulted in reduction of high PVR in children undergoing
cardiac catheterization and after cardiac surgery (Wessel et a 1989, Robinson et al 1993). Additive
effects have been demonstrated when catecholamines are administered concomitantly with
amrinone in adults after CPB (Royster et a 1993). The decrease in peripheral vascular resistances
produced by amrinone often necessitates preload augmentation to avoid systemic hypotension,
especially as amrinone is relatively long acting (Lawless et a 1989, Lebovitz et a 1995).
Development of thrombocytopenia has been associated with PDE inhibitor administration (Ross et
a 1993). However, no hemorrhagic complications have been reported with short-term
administration of amrinone in pediatric patients so far (Berner et al 1990, Lynn et a 1993).

The pharmacokinetics of amrinone in children have been previously studied in heterogeneous
patient populations (Lawless et al 1989, Allen-Web et al 1994). In children from 1 to 160 months of
age no age-related differences in amrinone elimination have been observed (Allen-Web et a 1994).
There is little information on amrinone pharmacokinetics in neonates during the first four weeks of
life (Lawless et al 1989, Allen-Web et al 1994, Williams et al 1995).
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AIMS OF THE PRESENT STUDY

The purpose of this work was to evaluate cardiovascular management in children undergoing open-
heart surgery. The specific aims were in detail asfollows:

1. To evaluate the utility of the linear regression equations and the artificial intelligence NN in \702

prediction by comparing measured and predicted \702 at preoperative cardiac catheterization in a
group of children with CHD (I).

2. To examine pharmacokinetics of amrinone in neonates and infants after open-heart surgery for
CHD (II).

3. To assess the efficacy and safety of amrinone and a combination of dopamine and nitroglycerine
in neonates after arterial switch operation for TGA, and in infants after reconstructive surgery for
complete AV SD, during the first 18 postoperative hoursin the intensive care unit (ICU) (111, IV).
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MATERIALSAND METHODS

This study was conducted at the Hospital for Children and Adolescents, University of Helsinki,
Finland, with the approva of the institutional Ethics Committee. Parental written informed consent

was obtained from the patientsin the prospective studies.

1. Patients and study designs

A total of 221 patients with CHD were enrolled in studies I-1V. In study |, 125 children with
various CHD undergoing preoperative cardiac catheterization were studied. In study I, 29 neonates
and infants receiving amrinone medication after reconstructive surgery for TGA or AVSD were
included. Thirty-five neonates with TGA, scheduled for arterial switch operation, participated in
study 1. In study IV, 32 infants scheduled for elective repair of AV SD were enrolled. The patients
in study Il were a subgroup of patients in papers Il and IV. Three patients in study | were also
enrolled in study 1V. Study | excluded patients with weight greater than 25 kg or FIO2 above 0.60.

In studies Il and IV, patients with residua left-to-right shunts, or with hemodynamic difficulties

requiring out-of-protocol treatment were excluded. The measurements during FIOo of 0.85 or

higher or during NO therapy were also excluded in studies Il and IV. The study designs are
presented in Table 4.

2. Anesthetic management (I, 11, 111, 1V)

The anesthesia was standardized in each study. In study I, ora flunitrazepam (0.1 mg/kg,
maximum dose 2 mg) was given as premedication. EMLA cream (Astra, Sodertélje, Sweden) was
applied on the groins and hands of the patients before arrival to the catheterization laboratory.
Glycopyrrolate, 5 pg/kg, was administered to all patients. Anesthesia was induced with intravenous
ketamine (1-5 mg/kg) and maintained with ketamine infusion (1-3 mg/kg/h). Supplemental boluses
of fentanyl were given as needed. The trachea was intubated with a cuffed tube, if mechanical
ventilation (Servo 900, Siemens, Solna, Sweden) was required. In these patients, neuromuscular
blockade was provided with pancuronium bromide or atracurium besylate. The groins of
spontaneously breathing patients were infiltrated with alocal anesthetic.
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Table 4. Study designs.

Study | Study set-up Intervention Main goal

| Retrospective To test the utility of the

\702 measured with indirect calorimetry was
regression equations and

compared with predicted \./02 calculated according NN based estimatesin VO
2

regression equations by Lindahl (1989), Wessel et a
(1969) and Lundell et a (1996), and estimates
produced with artificial NN

determination, and their
effect on PVR calculation

I Prospective Amrinone bolus, followed by maintenance infusion To determine the possible
was given postoperatively in 15 neonates and 14 differencesin amrinone
infants pharmacokinetics between

the groups

11 Prospective, Amrinone bolus, followed by maintenance infusion (in | To assess the possible

randomized, 16 neonates) and a combination of dopamine and differences in hemodynamic
double blind nitroglycerine (in 19 neonates) were compared profile, ICU and
postoperatively hospitalization times,
adverse effects, and
outcome between the groups
v Prospective, Amrinone bolus, followed by maintenance infusion (in | To assess the possible
randomized, 17 infants) and a combination of dopamine and differences in hemodynamic
double blind nitroglycerine (in 15 infants) were compared profile, ICU and
postoperatively hospitalization times,

adverse effects, and

outcome between the groups

Abbreviations: \./02, oxygen consumption; PVR, pulmonary vascular resistance; NN, neural network; ICU, intensive

care unit.

In studies Il, I, and IV, oral ketamine (10 mg/kg) was given as premedication 15 minutes before
intravenous induction of anesthesia.  Anesthesia was induced with alfentanil 30 pg/kg and
midazolam 300 pg/kg, and maintained with afentanil 1-2 pg/kg/min, midazolam 1-2 pg/kg/min,
and isoflurane. The trachea was intubated with a cuffed tube, facilitated with pancuronium
bromide. Percutaneous peripheral arterial cannulation and central venous cannulation with atriple-
lumen catheter were performed after the induction of anesthesia. Vancomycin 40 mg/kg divided
into four daily doses, or cefuroxime 90 mg/kg divided into three daily doses were used routinely to
prevent endocarditis. At the end of CPB, anticoagulation was reversed with protamine, 2 mg/kg,
given sowly into a peripheral vein. After arrival in the ICU, the patients were sedated with

continuous infusion of fentanyl, 3 ug/kg/h, while neuromuscular blockade was continued with
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pancuronium bromide infusion, 20-30 pg/kg/h.  Supplemental fentanyl (1-2 pg/kg) and
pancuronium (0.1 mg/kg) were given as needed. The patients were mechanically ventilated
(Newport Breeze, Newport Medical Instruments, Inc. Newport Beach, CA) to an arterial carbon
dioxide tension (PaCO9) of 3.0 to 3.3 kPa and a pHa of 7.5 to 7.6 during the study period.

Alkalemia was maintained with tris-hydroxymethylaminomethane (THAM) as needed. Prior to
suctioning of the arway, the patients received afentanil 20-30 pg/kg and were manualy

hyperventilated with 100 % O». In infants, the neuromuscular blockade was reversed and the

patient was allowed to wake up on the first postoperative day, if recovery had been uneventful. In

neonates, the anesthetic period was extended to the second postoperative day.

3. Surgical technique (l1, 11, 1V)

Mainly two experienced surgeons in studies Il, Il and IV performed the operations.
Cardiopulmonary bypass was established with venous caval cannulas and ascending aortic cannula.
Aortic cross-clamping was used in al patients. In studies Il and IV, the surgical technique did not
vary between patients. In study Ill, the Lecompte maneuver was used in all patients, and the
neopulmonary artery was reconstructed with a pericardia pantaloon patch. Ventricular septal
defect, when present, was closed with a polytetrafluoroethylene patch. In study IV, after the duct
closure and right atriotomy, the interventricular and interatrial communications were closed with
polytetrafluoroethylene patches as needed. Two competent, nonstenotic atrioventricular valves were
created by suturing the clefts in the valves. In studies Il and 1V, left atrial and pulmonary artery
catheters were inserted at surgery under direct vision. Temporary epicardial pacemaker leads and
peritoneal dialysis catheters were also placed in all patients. Patients in study Il were a subgroup of
patientsin studies |1l and IV.

4. Management of cardiopulmonary bypass (11, ll1, 1V)

In studies Il and IlI, and IV, CPB was conducted using a Masterflo 34, Lilliput 300, or Lilliput 400
membrane oxygenator (Dideco, Mirandola, Italy) with priming volumes of 500 ml, 300 ml, and 400
ml, respectively. The circuit was primed with 4 % abumin and fresh whole blood, to achieve a
hematocrit of 25 %. Mannitol (150-200 mg/kg), calcium chloride (30 mg for each 100 ml of fresh
whole blood) and heparin were added to the prime. Deep hypothermia, 15°C in neonates and 18°C
in infants, with intermittent cold blood cardioplegia (100 ml Plegisol, Abbot Lab., North Chicago,
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llinois, USA, for each 100 ml of fresh whole blood, supplemented with aspartate, glutamate and
THAM ) were used in all patients. Total circulatory arrest was used in neonates with coexisting
aortic coarctation. All patients received a warm (37°C) blood reperfusion cardioplegia just before
removal of the aortic cross-clamp. Hemofiltration to a hematocrit of 32 % to 42 %, and induction of
metabolic alkalemia (pHa of 7.5 to 7.6) with THAM were performed before discontinuation of
CPB.

5. Administration of the vasoactiveregimen (l1, 111, 1V)

Just before removal of the cross-clamp in studies Il and I1I, while a warm blood reperfusion
solution was infused via the aortic root, the patients randomized to the amrinone group were given a
loading dose of amrinone, 2 mg/kg (Lawless et a 1989, Williams et a 1995), from a covered
syringe into the venous reservoir of the bypass circuit. The patients randomized to the dopamine-
nitroglycerine group received the same volume of 4 % abumin, also from a covered syringe in a
double-blind manner. The loading dose was followed by a maintenance infusion of either amrinone
or a combination of dopamine and nitroglycerine from a covered syringe into the covered medial
lumen of the central venous catheter when the nasopharyngeal temperature of the patient was
increased to 32-34 °C during the rewarming period. Amrinone, 3 mg/ml, in 0.45 % saline, was
infused 0.15 mi/kg/h to give a dose of 7.5 pg/kg/min (Lawless et al 1989, Allen-Webb et al 1994).
Dopamine, 200 mg, nitroglycerin, 40 mg, and 3 ml of a yellow vitamin solution (Soluvit,
Pharmacia, Sweden), were mixed with 0.45 % sdine to a tota of 100 ml. This mixture,
indistinguishable by color from the amrinone solution, was also infused 0.15 mi/kg/h to give
dopamine 5 pg/kg/min and nitroglycerine 1 pg/kg/min (Wernovsky et a 1995b, Bando et a 1996).
No other infus ons were given through the media lumen of the central venous catheter.

Inhaled NO was administered for pulmonary vasodilation if systolic pulmonary artery pressure
increased to more than 80 % of systolic blood pressure. An open-label epinephrine infusion into the
proximal lumen of the central venous catheter was started according to the clinical judgment of the
attending anesthesiologist, based on deterioration of the cardiac performance, or poor contractility
seen with the echocardiography. Weaning from the vasoactive medications was performed in the
ICU aso on the basis of clinical improvement in the patient’s cardiac condition, supported by
results of echocardiography. The infusion rate of the vasoactive medications was reduced 0.1

ml/hour in every two to four hoursif no deterioration in the patient’s clinical condition was



observed. Patientsin study Il were a subgroup of neonates and infants randomized in the amrinone

group.
6. M easur ements

The age, gender, weight, height and body surface area (BSA) of the patients, comorbidities, type of
cardiac malformation and preoperative treatment for heart failure were recorded. The decision of
operability and outcome were recorded in patients in study |. The CPB time, aortic cross-clamp
time, and circulatory arrest time, postoperative blood drainage volumes, need for peritoneal dialysis,
duration of mechanica ventilation, ICU care, total hospitalization time, and outcome, were
registered in patients in studies Il and 1V. The duration of vasoactive support was recorded in

patientsin studies 1, 111 and IV. The sampling regimens are presented in Table 5.
6.1. Determination of hemodynamic parameters (1, 111, 1V)

In studies I, Il and IV an open-circuit, indirect calorimetry device (Deltatrac, Datex-Engstréom,

Helsinki, Finland, or Deltatrac |1, Datex-Engstrdm, Helsinki, Finland) was used to measure \702.

The calorimeter was calibrated according to the instructions supplied by the manufacturer before
each measurement in study | and daily in studies Il and 1V. The measurements were performed
once every minute after a 10-minute stabilization period, for at least 10 minutes. While the child
was breathing room air spontaneously (1), a transparent canopy covered the child's head and upper
chest. The expiratory gases were captured from inside the canopy by a continuous flow of gas into
the calorimeter. Escape of expiratory gas was prevented with a soft plastic skirt attached to the rim
of the canopy. If supplemental Oo was used (Deltatrac 11, Datex-Engstrém, Helsinki, Finland), the
expiratory gases were fed through a mixing chamber (I). During mechanical ventilation, the
calorimeter was connected to the outlet port of the ventilator and expired gas was collected through

amixing chamber into the metabolic monitor (I, I11, 1V).
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Table 5. Sampling regimens.

Study

Time and site of sampling

Data obtained

When stable conditionswere achieved after induction of anesthesia:

During the catheterization,
From superior and inferior caval vein, pulmonary artery, right atrium

and ventricle, left atrium and ventricle, and aorta (if feasible)

\./02 measured with indirect

calorimetry, FIO,, heart rate

Blood pressures and oxygen contents

After theinduction of anesthesia; at 5, 10, 20, and 30 minutes after
the loading dose (from the venous line of CPB); every 6 hours during
the maintenance infusion; and at 2, 12, 24, and 48 hours after the end
of the infusion (from peripheral artery)

In patients on peritoneal diaysis, the concentrationsin the dialysate
were determined from samples taken at the time of each blood
sample.

Daily from the day of surgery up to fourth postoperative day;

From peripheral artery

Plasma and diaysate concentrations of
amrinone, N-acetylamrinone, and N-

glycolylamrinone

Serum creatinine and serum

transaminase values

Two-hourly from 4 to 18 hours after separation from CPB;

From superior cava vein, pulmonary artery, left atrium and
peripheral artery

Daily from the day of surgery up to fourth postoperative day;
From peripheral artery, and from chest radiographs

Heart rate, rhythm, rectal temperature,

\./02 measured with indirect

calorimetry, FIO2 epinephrine dose

Blood pressures and oxygen contents
Platelet count, serum creatinine and
serum transaminase values, positioning

of the tracheal tube and monitoring lines

Two-hourly from 4 to 18 hours after separation from CPB;

From superior cava vein, pulmonary artery, left atrium and
peripheral artery

Daily from the day of surgery up to fourth postoperative day;
From peripheral artery, and from chest radiographs

Heart rate, rhythm, rectal temperature,

\./02 measured with indirect

calorimetry, FIOo epinephrine dose

Blood pressures and oxygen contents
Platelet count, serum creatinine and
serum transaminase values, positioning

of the tracheal tube and monitoring lines

Abbreviations: \./02, oxygen consumption; FIOo, fraction of oxygen in inspired gas; CPB, cardiopulmonary bypass.
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In study I, the predicted \702 values were calculated from the following regression eguations.
According to Lindahl (1989), in children weighing < 10 kg, \702 (ml/min) = 6.8 x weight (kg) +
8.0, and in those > 10 kg, \702 (ml/min) = 4.0 x weight (kg) + 35.8. In the equation published by
Wessdl et a (1969), \702 (ml/min) = 144.8 x BSA (m2) + 5.6. According to Lundell et al (1996),
in children under 3 years of age, \702 (ml/min) = 0.40 x weight (kg) + 1.91 x height (cm) + 0.17 x
heart rate (beat/min) - 91.0. In males older than 3 years, \702 (ml/min) = 157.9 x BSA (m2) + 0.79

x heart rate (beat/min) - 61.8. In females older than 3 years, \702 (ml/min) = 159.0 x BSA (m2) +

0.77 x heart rate (beat/min) - 61.6.

For NN training and testing in study I, the data set consisting of 125 patient records was normalized
so that all variables had values ranging from O to 1. Two separate data sets were then formed using
random selection; 101 records were selected to train the NN, while the remaining 24 records were
used for testing the accuracy of the trained network. A NN was first trained and tested with input
consisting of age, gender, height, weight and heart rate, the variables used by Lundell et al (1996) to

estimate \702 with linear regression. To provide the NN with additional information to improve its
estimate of \702 nine further variables were added in a second analysis to describe the patient, the

cardiac lesion and the measurement of \702: BSA, \702 calculated according to Lindahl”s equation

(1989), mean pulmonary arteria pressure (PAP), mean arterial pressure (MAP), systolic

pulmonary-to-systemic pressure ratio, cyanotic versus acyanotic nature of the cardiac malformation,

hemoglobin concentration, presence of heart failure, and whether the \702 measurement was

performed with a canopy or a ventilator. The output requested from the NN was a number

representing the normalized estimate of \702. The absolute estimates of \702 were calculated by

reversing the normalization process. A backpropagation NN simulated with a software package
was used (NNmodel, Neural Fusion, Middletown, NY, USA). The NN configuration was
determined by repeated efforts to train networks of various configurations with the training data set.
The final network consisted of an input layer of five or 14 neurons, depending of the number of
input variables, an intermediate layer of four neurons, and one output neuron. Prior to training, the

NN was initialized by setting its internal weights to random numbers. The training data set was
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then fed into the NN, allowing it to ‘learn’ by adjusting its internal weights after each record was

processed, according to the difference between the estimated and true \702. Observation during
training indicated that 2000 passes of the training data set was sufficient for learning. After
learning was complete, the testing data set was analyzed with the network, and the resulting NN

estimates of \702 were compared to the corresponding measured values.

Pulmonary and systemic blood flow indexes and corresponding resistances were calculated using

the Fick principle in studies I, 11l and IV as follows: Oxygen contents were calculated as 1.36 X
hemoglobin (g/l) x oxyhemoglobin saturation (SO9) (%) + dissolved O». és index (I/min/m2) = v

02 (mI/min/m2)/arteriaJ blood oxygen content (CaOp) - central venous blood oxygen content

(CvOy), and Op index (I/minfm2) = VO (ml/min/m2)/left atrial blood oxygen content (ClaOy) -

pulmonary arterial blood oxygen content (CpaO2). The ratio between pulmonary and systemic

blood flows was determined as ('Qp: Qs. PVR index (Wood units x m2) = PAP - mean left atrial
pressure (LAP)/Qp index using both measured (I, I, 1V) and predicted (1) \702 values. SVR

index (Wood units x m2) = MAP - mean central venous pressure (CVP)/és index. Oxygen
extraction ratio (O2ER) was defined as CaO5 - CpaO2 /Ca0o (I11, 1V).

6.2. Determination of pharmacokinetic parameters (11)

Plasma was separated from the blood samples and stored at -20°C until analysis. Concentrations of
amrinone, N-acetylamrinone, and N-glycolylamrinone were measured with high-performance liquid
chromatography and ultraviolet detection with wavelength of 340 nm (Lawless et a 1990). WIN
41,417 (Sanofi) was used as the internal standard. The detection limit was 0.09 pg/ml for amrinone
and N-acetylamrinone, and 0.1 pg/ml for N-glycolylamrinone. The intra-assay coefficient of
variation (CV) for amrinone was 3.6 % at 0.17 pg/ml and 5.7 % at 1.86 pg/ml (n =10), that for N-
acetylamrinone 55 % at 0.17 pg/ml and 6.1 % at 0.47 pg/ml (n =10), and that for N-
glycolylamrinone 5.8 % at 0.17 pg/ml and 5.5 % at 1.86 pg/ml (n =10). The inter-assay CV for
amrinone was 15.1 % at 0.30 pg/ml, 7.1 % at 2.00 pg/ml, and 3.7 % at 4.99 pg/ml (n =25), that for
N-acetylamrinone 9.7 % at 0.29 ug/ml, 6.2 % at 0.49 pg/ml, and 5.3 % at 0.99 pug/ml (n =25), and
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that for N-glycolylamrinone 8.9 % at 0.29 pg/ml, 7.2 % at 0.50 pg/ml, and 6.5 % at 1.00 pg/ml (n
=25).

To characterize the pharmacokinetics of amrinone, its plasma CL, volume of distribution at steady-
state (V), and T,, were calculated. The CL was determined by dividing the total dose of amrinone

by the area under the drug plasma concentration-time curve [AUC(.;]. The AUC.,y Was

ca culated using the logarithmic trapezoidal rule. The elimination rate constant (k) was determined
by regression analysis of the log-linear part of the curve. T,, was calculated from T,, = In2/k,.
Because of the small number of samples during the elimination phase, k, and T,, could not be
determined in 2 neonates and in 3 infants. In these patients, the mean k, value of their age group
was used for the calculation of those pharmacokinetic variables dependent on the k, value. Vaues
for V were calculated using the noncompartmental equation: V = dose X (AUMC/AUC?) — (T x

dose/2 x AUC), where AUMC is the area under the first moment of the plasma concentration-time
curve, and T the duration of infusion (Perrier et a 1982). The relationship of the CL, V_, and T, to
the BSA was determined. The ratio of the plasma concentration of N-acetylamrinone to that of
amrinone was determined and the area under this ratio-time curve from 0 to 60 hours [AUC o.60)]
and the total area (AUCyy) in each patient were calculated. The relationship between the CL of
amrinone and the mean values of serum transaminases, and creatinine was determined. The
concentration of amrinone in the dialysate was anayzed similarly as the plasma amrinone
concentration.

7. Statistical analysis

Prior to study |, a power calculation for a 20 % difference in PVR index between the methods, with
the probability of type a error of 5 % and a probability of type 3 error of 20 %, yielded a sample
size of 100 patients. In this calculation, standard deviation (SD) of the changes expected was

assumed to be 3.5 Wood units x m2. The agreement between the measured and predicted \702

values was assessed by plotting the relative error of predicted \702 against the average of measured
and predicted values using the Bland and Altman method (Bland et al 1986). Analysis of variance

was used to evaluate the influence of nominal variables, and stepwise linear regression was used to

evaluate the influence of continuous variables on the precision of the predicted \702 instudy I. The



49

group means between canopy and ventilator measurements were compared with Student’s unpaired

t-test. The error of calculated \702 was compared to the error of the two NN estimates with

Student’ s t-test for means of two samples. Results are presented as mean = SD and range.

In study II, the pharmacokinetic parameters between the groups were compared using Student’s
unpaired t-test. The results are presented as mean + SD. The relationship of the CL, V_, and T, to

the BSA, and between the CL of amrinone and the mean values of serum transaminases, and

creatinine was determined by using Pearson’ s correlation coefficient.

Prior to studies |1l and IV a power calculation for a 20 % difference in cardiac index and PVR index
with a probability of type a error of 5 % and a probability of type B error of 20 % yielded a sample
size of 12 patients for each study group.

The group means were compared with Student’s unpaired two-tailed t-test, and analysis of variance
for repeated measures was used to compare hemodynamics between study groups in studies |11 and
IV. Post hoc pairwise tests were performed for variables with significant differences in the analysis
of variance in study I1l. The results of studies Il and IV are presented as mean £ SD, and 95 % ClI

for mean values.

In every study, the differences were considered statistically significant when the probability of the

type a error was less than 5 %.
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RESULTS

The characteristics of patients that completed the studies are shown in Table 6. In study 11, two of
the 35 randomized neonates were excluded because of residua left-to-right shunts, one of them
requiring reoperation on the second postoperative day. However, the treatment regimen in these two
patients was not changed. Two other neonates were excluded because of postoperative
hemodynamic difficulties requiring out-of- protocol treatment. Of the included patients, left atrial
data could not be obtained in one neonate in both groups because of catheter displacement. Two
patients in the dopamine-nitroglycerine group and one patient in the amrinone group required NO
inhalation during the study period - their data during the NO therapy were excluded from analysis.
All other data from these five patients were included. Four neonates in the amrinone group and
two neonates in the dopamine-nitroglycerine group had abnormal coronary anatomy. Two neonates
in the dopamine-nitroglycerine group had coexisting coarctation of the aorta. Five neonates in the
amrinone group and four neonates in the dopamine-nitroglycerine group had coexisting ventricular
septal defect.

In study 1V, four of the randomized 32 infants were excluded, two because of severe pulmonary
hypertension requiring extensive out-of- protocol management, one because of partial, rather than
complete, AVSD, and one because of severe postoperative mitra insufficiency. Of the included
patients, left atrial data could not be obtained from one infant in both groups because of catheter
displacement. One patient in the amrinone group required continuous NO inhalation for eleven
hours during the study period; her data during the NO therapy were excluded from the analysis. All
other data from these three patients were included. One infant with Klinefelters syndrome was

included in dopamine-nitroglycerine group.

Table 6. Patient characteristics.

Study | Number of Diagnosis Down’s Female/male Age (years) Weight (kg) | BSA (m2)
patients syndrome

| 125 VariousCHD | 34/125 73/52 1.88+2.09 9.0+£42 0.42+£0.15

I 29 AVSD, TGA 14/29 12/17 0.18+£0.19 42+0.8 0.24+0.03

11 31 TGA 0/31 11/20 0.02 + 0.02 3.7+x05 0.22 +0.02

\Y 28 AVSD 25/28 20/8 0.33+0.11 46+0.7 0.26 £ 0.03

Datais presented as mean + standard deviation.
Abbreviations: CHD, congenital heart disease; AVSD, atrioventricular septal defect; TGA, transposition of great
arteries; BSA, body surface area.
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1. Measured versus predicted oxygen consumption during preoperative cardiac

catheterization in children with congenital heart disease (1)

Of the 125 measurements, 84 were performed in spontaneously breathing patients using the canopy.

The regression lines for measured \702 and \702 predicted according to Lindahl (1989), plotted

against weight are shown Figure 1. The relative bias and precision of the \702 values predicted
according to regression equation by Lindahl are presented in Figure 2a and the corresponding

values using the regression equation by Wessel et a (1969) in Figure 2b. The relative biases of the

predicted \'/02 and the precisions produced by the different methods are shown in Table 7.

Since calculations based on the equation published by Wessel et al (1969) and Lundell et a (1996)
resulted in poorer precision than those based on the equation published by Lindahl (1989), the
subsequent comparisons were made using Lindahl’s equation (1989). The relationship between
PVR index calculated using measured \702 and predicted \702 is shown in Figure 3. Even though
in three patients with left-to-right shunts, two of them with Down’s syndrome, and one patient with
left heart downstream obstruction, the use of predicted \702 in calculation of PVR index would
have resulted in overestimation of PVR index, all these patients underwent surgical correction
successfully. Infour patients with Down’s syndrome and left-to-right shunts, the use of predicted v
O2 would have underestimated the calculated PVR index. One of these patients died of

postoperative pulmonary hypertension; the others survived.

Age, weight, gender, BSA, MAP, PAP, heart rate, hemoglobin or ('Qp: ('Qs ratio had no statistically

significant influence on the error of predicted \'/02 when analyzed with analysis of variance and

linear regression. Heart failure or type of cardiac malformation did not affect the error either.

There was a datistically significant difference in the bias of the predicted \702 between
measurements made with a canopy compared to those made in mechanically ventilated patients.
The bias averaged 7 %, (range -50 % to 43 %) in spontaneously breathing patients, and -5 %,
(range -66 % to 30 %) in mechanically ventilated patients, (p <0.03).
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The addition of other input variables than those found in published equations to the NN did not

produce a marked improvement in the estimation of \702. Even though the NN estimated \702 with
higher precision, there was no statistically significant difference in the error of \702 calculated

according to the equation published by Lindahl (1989), and the error of the NN estimates of \702.

160 ]

140 7
VO, =4.9 x weight + 26.1
120 1 r2=0.66 (measured)
100 1

80

VO, (ml/min)

VO, = 5.2 x weight + 18.1
(Lindahl 1989)

60

40 A

weight (kg)

Figure 1. The regression lines for measured \'/02 values (ml/min), and predicted \./02 values

(ml/min) according to Lindahl (1989), plotted against weight (kg). Abbreviations: \°/02, oxygen

consumption.

Table 7. The relative biases of the predicted \‘/02 and the precisions produced by the different

methods.

Method of producing predicted \./02 values | Bias of the predicted \'/02 (range) (%) Precision (%)
Equation by Lindahl (1989) 3 (-66 to 43) +42
Equation by Wessel et al (1969) 0 (-69t0 39) +44
Equation by Lundell et a (1996) - 16 (- 94 to 100) +51

Neural network 6 (-19to 30) +29

Abbreviations: \702, oxygen consumption.
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Figure 2a. The relative bias and precision of the predicted \°/02 values (ml/min) according to

regression equation by Lindahl (1989). Abbreviations: \./02, oxygen consumption.

Figure 2b. The relative bias and precision of the predicted \'/02 values (ml/min) according to

regression equation by Wessel et al (1969). Abbreviations: \./02, oxygen consumption.
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Lindahl regression equation (1989). Abbreviations: PVRI, pulmonary vascular resistance index.



2. Pharmacokinetics of amrinone in neonates and infants after open-heart surgery for
congenital heart disease (I1)

The plasma concentrations of amrinone in neonates and infants are presented in Figure 4. The
amrinone plasma concentrations were between 1.5 to 6 pg/ml in all patients, even though they were
approximately 30 % lower in infants than in neonates. The delay (mean + SD, range) between the
bolus dose of amrinone and start of the maintenance infusion was 26 + 14 minutes (from 6 to 57
minutes) in neonates and 11 £ 7 minutes (from 5 to 29 minutes) in infants. The difference of the
delay was secondary to differences in the surgical technique and management of CPB in the two
patient groups. The duration of the amrinone infusion in the neonates was 114 + 45 hours (from 66
to 216 hours) and that in the infants 120 + 78 hours (from 42 to 342 hours).
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Figure 4. Plasma concentrations (ug/ml) of amrinone in 15 neonates (A) and in 14 infants (B) after
a bolus dose of 2 mg/kg followed by a continuous infusion of 7.5 pg/kg/min of amrinone. Note the
axis break at 1 hour to clarify the decrease of the plasma concentrations after the bolus dose of
amrinone. In 1 neonate and in 1 infant, the duration of the infusion was longer than 200 hours.
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Amrinone CL was statistically significantly lower, 2.4 £ 0.9 ml/kg/min, in neonates, compared with
3.2 = 1.2 mi/kg/min in infants (p <0.05). The V_ was significantly smaller, 0.8 £ 0.6 I/kg, in
neonates, when compared with 1.6 + 1.1 I/kg in infants (p <0.05). The T,, was also significantly
longer in neonates than in infants (10.7 + 6.7 hours and 6.1 £ 1.4 hours, respectively, p <0.03). A
linear correlation was detected between the CL of amrinone and the BSA (r =0.67; p <0.05) but not
between the V_ and the BSA or the T,, and the BSA. There was no linear correlation between
amrinone CL and serum creatinine, or transaminases. The ratio between plasma concentration of
N-acetylamrinone and amrinone did not differ between neonates and infants. No patient had a

detectable plasma concentration of N-glycolylamrinone.

Peritoneal dialysis was required due to impaired urinary output in two neonates and two infants.
The concentrations of amrinone in plasma and in the diaysate in these patients are shown in Figure
5.
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Figure 5. Concentrations of amrinone in plasma (solid line) and in dialysate (dotted line) in 2
neonates and in 2 infants requiring peritoneal dialysis. The bold line represents the plasma
concentrations during peritoneal dialysis.
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3. Amrinone ver sus dopamine-nitroglycerine after reconstructive surgery for congenital heart

disease in neonates and infants (111, V)

There were no differences in the CPB time, aortic cross-clamp time, and circulatory arrest time
between the study groups. The cardiopulmonary variables of the groups during the study period are
presented in Table 8.

3.1. Systemic and pulmonary blood flow

The Qs and Qp indexes of the neonates recorded during the study period are presented Figure 6.

The (.Qs index was significantly higher in the amrinone group, p < 0.04. The (.gp index was higher in

the amrinone group, but not statistically significantly (p = 0.06). The post-hoc pairwise test revealed
significant difference in the ('gs index at 4, 6 and 8 hours after separation from CPB between the
groups. The és and Qp indexes of the infants recorded during the study period are presented in

Figure 7. The Qs and Qp indexes were significantly higher in the amrinone group, p < 0.03 and p <

0.01, respectively.
3.2. Systemic and pulmonary vascular resistance

The SVR and PVR indexes of the neonates are shown in Figure 8. The SVR index was significantly
lower in the amrinone group, p < 0.02. The PVR index was lower in the amrinone group, but not
statistically significantly (p = 0.05). There was a significant difference in the SVR index at 4, 6, 8
and 16 hours after discontinuation of CPB in the post-hoc pairwise test. The SVR and PVR indexes
of the infants are shown in Figure 9. The SVR index was significantly lower in the amrinone group,

p < 0.04. The PVR index was lower in the amrinone group, but not statistically significantly.
3.3. Oxygen extraction ratio

The O2ER in the dopamine-nitroglycerine group was higher in neonates (0.34 + 0.08), and infants

(0.41 + 0.07), compared to the neonates (0.28 + 0.06; p < 0.02) and infants (0.34 + 0.08; p < 0.02)

in the amrinone group.
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Table 8. Cardiopulmonary variables of the study groups.

Amrinone (neonates) Dopamine-NTG Amrinone (infants) Dopamine-NTG

(neonates) (infants)
pHa 7.51+0.07 7.51 +0.06 7.46 £ 0.06 7.46 + 0.07
PaCOo(kPa) 3.48+0.62 3.33+0.52 3.63+0.71 3.78+0.76
PaO5/FiOo 23.4+11.2 29.6+10.6 39.3+115 33.3+115
Heart rate (beat/min) 165+ 16 164 + 19 145+ 16 146 £ 18
Hemoglobin (g/l) 155+ 15 153 17 139+ 16 135 +14
Rectal temperature (°C) | 37.0+0.7 37.0+0.8 37.6+05 37.6+0.6
Oxygen consumption 109 + 16 104 £ 16 177+ 22 162+ 21
(ml/min/m2)
Mean blood pressure 48+ 6 52+9 56+ 9 57+8
(mmHg)
Mean pulmonary artery | 16 + 3 17+4 21+5 20+ 4
pressure (mmHg)
Mean central venous 6+2 6+2 7+2 72
pressure (mmHg)
Mean |eft atrial pressure |6+ 2 612 6+3 6+2
(mmHg)
Sa0o (%) 95+3 96+ 3 98+2 97+2
Spa0y (%) 6817 64+9 65+8 58 + 7
ScvOo (%) 62+9 59+ 12 58+ 10 52+ 10
Sla05 (%) 95+ 3 97+ 2° 98+ 2 97+2
ép: és 1.3+03 1.2+03 1.2+0.3 11+0.3
Epinephrine (patients) 12 15 8 5
Epinephrine (ug/kg/min) | 0.06 + 0.04 0.06 + 0.07 0.11+ 0.07 0.04 + 0.02

Values are given as mean + standard deviation.

Abbreviations: NTG, nitroglycerine; PaCO», arterial carbon dioxide tension; PaOo, arterial oxygen tension; FIOo,

fraction of oxygen in inspired gas, SaOo, arterial oxyhemoglobin saturation; SpaOo, pulmonary artery oxyhemoglobin

saturation; ScvO,, central venous oxyhemoglobin saturation; SlaO5 , left atrial oxyhemoglobin saturation; (.)p: és,

pulmonary-to-systemic flow ratio.
*P< 0.006 in infants, °P< 0.009 in neonates
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Figure 6. Systemic ((°Qsl) and pulmonary ((')pl) flow indexes from 4 to18 hours after separation
from cardiopulmonary bypass in neonates. Values are given as mean + 95 % confidence interval.

Abbreviations: D+ N, combination of dopamine and nitroglycerine; NS, not significant.

-~ Amrinone
3.0 <-D+N

2

Qs (L/min/m’)
[ )
S

4 6 g 10 12 14 16 18
Hours

3.75
3.50

3.25
3.00

2.75
2.50

2.25
2.00

1.75
'

-e- Amrinone
<-D+N

2

Qpl (L/min/m )

Figure 7. Systemic (Qsl) and pulmonary (Qpl) flow indexes from 4 to18 hours after separation
from cardiopulmonary bypass in infants. Values are given as mean + 95 % confidence interval.

Abbreviations: D+ N, combination of dopamine and nitroglycerine
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Figure 8. Systemic (SVRI) and pulmonary (PVRI) vascular resistance indexes from 4 to 18 hours
after separation from cardiopulmonary bypass in neonates. Values are given as mean + 95 %
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Figure 9. Systemic (SVRI) and pulmonary (PVRI) vascular resistance indexes from 4 to 18 hours
after separation from cardiopulmonary bypass in infants. Values are given as mean + 95 %
confidence interval. Abbreviations: D+N, combination of dopamine and nitroglycerine; NS, not

significant.
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3.4. Adverse effects

The average preoperative platelet count was in the normal range in both neonatal groups and infant
groups. Eight neonates in the amrinone group and six neonates in the dopamine-nitroglycerine
group received platelet transfusions during the operation in accordance with the institutional
guidelines for hemostasis in neonates. The platelet counts from the day of operation to the fourth
postoperative day are shown in Figure 10a. There was a significant difference in the platelet counts
of the third and fourth postoperative day in the post-hoc pairwise analysis. Two neonates in the
dopamine-nitroglycerine group were transfused with platelets during the second and the third
postoperative days. In the amrinone group, a platelet transfusion was given to one neonate on the
sixth postoperative day. No significant difference was observed in blood drainage volumes up to the
third postoperative day.
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Figure 10a. Platelet counts from the day of surgery to the fourth postoperative day in neonates.
Values are given as mean + 95 % confidence interval. Abbreviations: D+N, combination of

dopamine and nitroglycerine.

One infant in the amrinone group received platelet transfusion during the surgery because of
difficulties in achieving surgical hemostasis despite normal platelet count. Two infants in the

amrinone group received platelet transfusions during the second and the third postoperative days
due to platelet counts of 20 x 109/ in both cases. In the dopamine-nitroglycerine group, a platel et

transfusion was given to one infant on the first postoperative day (platelet count 51 x 109/1). The
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platelet counts from the day of operation to the fourth postoperative day are presented in Figure
10b. No significant difference was observed in blood drainage volumes in infants up to the first
postoperative day.

The average pre- and postoperative serum creatinine values were in the normal range with no
difference observed between the study groups in neonates and infants. There was no significant

difference in the serum transaminase val ues between the groups.

B
-~ Amrinone

200 1 - D+N

=
o=

S 160
] s
=
8
B 120 A
)
<
~

80 1

40 1

<0.03
0 p
0 1 2 3 4
Days

Figure 10b. Platelet counts from the day of surgery to the fourth postoperative day in infants.

Values are given as mean + 95 % confidence interval. Abbreviations. D+N, combination of
dopamine and nitroglycerine.

3.5. Perioperative morbidity and mortality

Two patients in both neonatal groups required delayed sternal closure because of myocardial
edema. In two additional neonates in the dopamine-nitroglycerine group, the sternum was reopened
on the fourth postoperative day because of cardiac tamponade after removal of the pulmonary and
left atrial catheters. Peritoneal dialysis was required in three neonates in the amrinone group and

four neonates in the dopamine-nitroglycerine group because of reduced diuresis during the study
period.

Separation from CPB was complicated by right ventricular dysfunction and hypotension that was

probably aggravated by coronary artery air in three infants in the amrinone group. No intracoronary
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air problems were observed in the dopamine-nitroglycerine group. The epinephrine dose received
by those three patients was higher (0.15-0.23 pg/kg/min) than that of other study patients, (0.06 £
0.03 pg/kg/min in the amrinone group, 0.04 £ 0.02 pg/kg/min in the dopamine-nitroglycerine
group; NS). However, the hemodynamic trends observed in the entire study group were not
changed during the reanalysis of the data with these three patients excluded. Hemorrhagic problems
after the operation were not seen in any infant. Five patients in both infant groups required
peritoneal dialysis because of oliguria during the study. There was no difference in ascites

production between the groups.

There were no statistically significant differences observed in the need for mechanical ventilation
between the groups of neonates (71 + 37 hours, from 27 to 149 hours, in the amrinone group and 92
+ 68 hours, from 23 to 249 hours in the dopamine-nitroglycerine group), and infants (81 + 56 hours,
from 23 to 187 hours, in the amrinone group and 89 + 70 hours, from 25 to 189 hours in the
dopamine-nitroglycerine group). In neonates, the length of stay in the ICU was 5 + 2 days (from 3
to 11 days) in the amrinone group and 6 + 4 days (from 3 to 16 days) in the dopamine-
nitroglycerine group. The duration of intensive care period in infants was 5 + 3 days (from 2 to 14
days) in the amrinone group and 7 + 3 days (from 3 to 11 days) in the dopamine-nitroglycerine
group (NS). The total duration of hospitalization was 12 + 3 days, from 8 to 18 days, in the neonates
of the amrinone group and 12 + 5 days, from 6 to 26 days, in the neonates of the dopamine-
nitroglycerine group. The hospitalization time in infants was 14 £ 6 in both groups, ranging from 6

to 26 daysin the amrinone group and from 7 to 28 days in the dopamine-nitroglycerine group.

One neonate in the amrinone group died on the eight postoperative day because of septicemia

caused by strangulation of the ileum. There was no mortality among the infants in the study.
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DISCUSSION

This series of four studies was designed to evaluate cardiovascular management in children

undergoing open-heart surgery. The utility of linear regression equations and artificial NN in \702
prediction was elucidated at preoperative cardiac catheterization in patients with CHD. The efficacy
and safety of amrinone and a combination of dopamine and nitroglycerine in neonates and infants
were assessed after reconstructive surgery for CHD. Amrinone pharmacokinetics were aso
examined to ensure adequate amrinone dosing, and to clarify the distribution and elimination of

amrinone and its metabolites in these patients.

The first study demonstrated that nonlinear method based on artificial intelligence NN did not

statistically significantly increase the accuracy of predicted \702 when variables used in linear
regression equations were employed. In study 11, both the CL and the V _ were lower and the T,,

longer in neonates than in infants. No significant difference in the rate of acetylation between these
age groups was observed. Studies 11l and IV are the first ones to evauate the hemodynamic effects
amrinone and dopamine-nitroglycerine in a prospective, double-blind manner. The results show that
both amrinone and a combination of dopamine and nitroglycerine provide acceptable circulatory
support in neonates after reconstructive surgery for TGA (I11), and in infants after reconstructive

surgery for complete AVSD (IV). However, the hemodynamic profile was more favorable in
patients receiving amrinone: the ('gs index was significantly higher, and the peripheral vascular
resistances, as well as the O2ER values were significantly lower in the amrinone group compared to

the dopamine-nitroglycerine group.
1. Determination of oxygen consumption in children with congenital heart disease

Indirect calorimetry is a method in which the type and rate of substrate utilization and energy
metabolism are estimated from measurement of gas exchange. When carbohydrate, fat, and protein

are oxidized, O2 is consumed, and heat and CO2 produced. However, anaerobic metabolism, as

well as differences in the produced and exhaled CO» may affect the indirect calorimetry

measurements (Ferrannini 1988). Routine measurement equipment for \702 in children has been

available only recently. Methods using a pneumotachograph, a Douglas bag, an infrared CO2
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analyzer, a mass spectrometer, as well as a paramagnetic Oy analyzer have been used in \702

determination (Wessel et a 1969, Lindahl 1989, Lundell et a 1996). These methods have small
interobservational variation (Lindahl 1989, Lundell et a 1996). However, these equipment require
frequent calibration to give reliable results. Furthermore, the measurements during mechanical
ventilation and when high FIO are needed may be cumbersome. With metabolic monitor Deltatrac,

(Datex-Engstrém, Helsinki, Finland), the measurements can be made both in spontaneously
breathing and mechanically ventilated patients, even when a high fraction of inspired oxygen is

used (Meril&inen 1987). With this device, the mean \702 difference has been shown to average -3.2
% and the precision + 23 % when compared to mass spectrometry and wet gas spirometry in
ventilated pediatric patients with \702 ranging from 20 to 50 mi/min. The variability of \702
measurement was further reduced to + 12.7 % if measurements with inspiratory and expiratory O»

fraction difference and mixed expiratory CO> fraction below 0.03, and FIO higher than 0.6 were

excluded. The device has not been validated for flows under 20 mi/min (Weyland et a 1994).
However, when studying mechanically ventilated patients, cuffed tracheal tubes to prevent gas loss
from the breathing circuit are often necessary for reliable results (Chwals et a 1992). Heart failure

associated with left-to-right shunts has been shown to increase \702, probably due to increased
sympathetic activity (Kennaird 1976). In addition, physical activity state, level of sedation and

changes in body temperature during the measurement affect \702 (Baum et a 1967, Wessdl et a
1969, Fixler et a 1974, Shapiro et a 1966).

The \702 has been found to be proportional to body weight in healthy, spontaneously breathing

anesthetized children and in children with CHD during mechanical ventilation. No differences were

observed in \702 in children with and without CHD (Lindahl 1989). Despite differences in methods

and study populations, the regression lines of study | and Lindahl’'s study (1989) describing

measured \702 as a function of body weight were remarkably similar (Figure 1). However, neither
of the regression equations were accurate in predicting \702 - despite the smdll relative bias of the
predicted \702 the degree of agreement was not high between the measured and predicted \702

values (Figure 2d). In 6 % of children in study | the use of predicted \702 values according to
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equation published by Lindahl (1989) would have result in misestimation of calculated PVR index

when plotted against PVR index from measured \702 (Figure 3). Even though the number of these

children is small, and the management decisions of CHD hardly depend on any cut-off value of
PVR index, the use of predicted values may lead to inaccurate evaluation of the hemodynamic
status in an individual patient. Oxygen uptake and BSA were found to have alinear relationship in
sedated, spontaneously breathing patients with CHD (Wessel et al 1969). In sedated children with

CHD under three years of age, who were breathing room air spontaneously, the body dimensions
and heart rate influenced \702. In older children, gender, BSA, and heart rate affected \702

significantly (Lundell et a 1996). Agreement between the measured and predicted \702 according
to these equations was not higher when compared with the eguation created by Lindahl (1989). The

use of an artificia intelligence NN, a pattern recognition technique that does not assume or require

a mathematical relationship between the independent and dependent variables, produced less

variability in its estimate of \702 than the models that assume linear effects of these variables on V
O, even when the same variables were used. However, the addition of other variables describing

the patient as input variables to NN did not make its prediction any more accurate from that based

on age, gender, height, weight and heart rate. Furthermore, the difference in the error of \702

calculated according to the equation published by Lindahl (1989), and the error of the NN estimates
of \702 was not statistically significant. Some variability in the error of measured and predicted v
O2 may inevitably arise from the \702 measurements performed with metabolic monitor Deltatrac,
especialy when 67 % of the measurements in the study | were performed in spontaneously

breathing patients using the canopy mode. The large relative error of predicted \702 represents the

large interindividual variation in circulatory compromise and metabolic rate in the patients of the
study |. Biological variation of the patients may have effected variation in \702, even though no
statistically significant influence of the tested variables on the error of predicted \702 was found.

Variation in body temperature al'so may have introduced variation in \702 in this study (Shapiro et
al 1966). The fact that the increased number of input variables describing the patient to NN did not

make its prediction of \'/02 any more accurate than that based on variables found relevant in linear
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regression equations, suggests that these methods of \702 prediction may be of limited value in the

even more complex setting of recovery from pediatric open-heart surgery.

In both studies 111 and 1V, administration of amrinone was associated with a dlightly although not

statistically significantly higher \702 than the combination of dopamine and nitroglycerine.

However, no significant thermogenic effect of amrinone has been shown in previous studies
(Robinson et a 1993, Ruttimann et a 1994). Furthermore, there was no statistically significant
difference in the epinephrine dose required in amrinone and dopamine-nitroglycerine groups. The

higher cardiac output in the amrinone groups was associated with improved overall O dynamicsin
neonates as well asin infants. In neonates of study Ill, the \702 values were found to be rather low.

A gas leak in the breathing circuit can produce an underestimate of \702 (Chwals et a 1992).

However, cuffed tracheal tubes were used to prevent gas loss from the circuit in the patients of the

present study. Hyperventilation and akalosis induced in the neonates may have affected the \7C02

measurements (Ferrannini 1988). Sedation and full ventilatory support may also have influenced the

metabolic rate of our patients, resulting in lower \702 values than reported in spontaneously

breathing patients in this age group (Lundell et al 1996). The significant difference in the \702
between spontaneously breathing and mechanically ventilated patients despite stable conditions in
study | further supports this contention. Measurement errors may have affected especially some of
the \702 values observed in the neonates of study |11, as the measured values were near the lower

limits of validation (Weyland et al 1994).
2. Amrinone phar macokinetics in neonates and infants

In previous studies, the pharmacokinetics of amrinone in children have been examined in
heterogeneous patient populations. Therefore, little is known about amrinone pharmacokinetics in
neonates during the first four weeks of life (Lawless et al 1989, Allen-Web et al 1994, Williams et
a 1995). In study 11, both the CL and the V _ were smaller and the T,, longer in neonates than in

infants. The results of the present study support the observations in previous studies despite the
methodological differences (Lawless et a 1989, Allen-Web et a 1994, Sorensen 1996). However,
Lawless et a (1989) did not observe any differences in Vd between neonates and infants. The
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authors determined the CL by dividing the infusion rate by the plasma concentration of amrinone at
the end of the infusion and calculated the Vd during the elimination phase instead of the V_ used in

the present study. Although this study was not planned for elucidation of concentration-response
relationship in children, the amrinone plasma concentrations, that were found to be approximately
30 % lower in infants than in neonates, resulted in steady-state plasma concentrations of 1.5 to 6
pg/ml, which have been shown to be effective in adults (Edelson et al 1981).

Amrinone is metabolized by acetylation and glucuronidation in the liver, while 40 % is excreted in
the urine (Kullberg et al 1981, Steinberg et al 1994). In adult cardiac surgical patients, plasma
protein binding of amrinone is 21 %, and it is not affected by surgery and CPB. Further, the
pharmacokinetic profile in these adult patients was not significantly affected by CPB when
compared with healthy volunteers (Bailey et al 1991). There is lack of information on the effects of
anesthesia, surgery and CPB on the pharmacokinetics of amrinone in children with CHD. In
previous studies, the pharmacokinetics have been examined mainly in the ICU in heterogeneous
groups of children under different anesthetic management (Lawless et al 1989, Allen-Web et al
1994). The plasma protein binding of amrinone in young children with low plasma protein levels
has not been reported. However, in children undergoing cardiac surgery, a reduction in the VVd of
amrinone is suggested during hypothermic CPB when compared with values found during the
postoperative period. Furthermore, approximately 20 % of the loading dose administered into the
CPB circuit becomes unavailable secondary to sequestration in bypass equipment (Williams et al
1995). These factors may affect the total plasma concentration of amrinone during surgery. The
renally excreted N-acetylamrinone, the major metabolite, accounts only 2 % of the total dose of
amrinone in adults (Kullberg et a 1981). Slow acetylation of caffeine and sulfadimidine has been
found in young children (Szorady et al 1987, Pariente-Khayat et a 1991). However, no difference
was observed in the ratio of the plasma concentration of N-acetylamrinone to that of amrinone in
the present study indicating no significant differences in the rate of acetylation between these age
groups. This finding confirms previous results (Allen-Webb et a 1994) and suggests that the
maturation of hepatic amrinone N-acetylation capacity is complete already during the first weeks of
life. Allen-Webb et a (1994) have shown in one neonate that renal CL accounts for the majority of
total amrinone CL. Therefore, the slow elimination of amrinone in neonates may be mainly due to
their immature renal function. The fact that amrinone plasma concentration did not increase in
patients with renal failure and peritoneal dialysis, indirectly supports the contention that peritoneal

dialysis contributed to the elimination of amrinone. However, it is also possible that elimination of
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amrinone through alternative metabolic routes increased in these patients. Unfortunately, the design

of the present study does not allow any conclusions on this matter.

3. Hemodynamics in neonates and infants during amrinone or dopamine-nitroglycerine

administration after reconstructive surgery for congenital heart disease

The cardiac pathophysiology of neonates with TGA and infants with complete AVSD is
characterized by two major hemodynamic problems after reconstructive surgery: low cardiac output
and reactive pulmonary vasculature. Since patients with TGA and AV SD represent two distinct age
groups and maturational states of the cardiovascular system, they were separated in the present
study.

Dopamine, epinephrine and nitroglycerine are frequently used in vasoactive support in these
patients. Dopamine is typically infused from 5 to 10 pug/kg/min, nitroglycerine from 0.5 to 10
pg/kg/min, and epinephrine form 0.05 to 0.4 pg/kg/min in many ingtitutions (Wernovsky et al
1995a, Wernovsky et al 1995hb, Bando et al 1995, Bando et al 1996). Amrinone is often infused
from 5 to 10 pg/kg/min (Lawless et al 1989, Wernovsky et a 1995b). The relative potency of the
vasoactive agents in the present study is difficult to establish. Neonates and infants require higher
doses of dopamine to achieve significant increase in cardiac output than older children or adult
patients after cardiac surgery (Perez et a 1986, Outwater et a 1990, Bhatt-Mehta et al 1991). In
addition to pulmonary vasodilatation, nitroglycerine may induce also systemic vasodilatation, which
may be especialy harmful if the right ventricleisfailing (Burrows et al 1986). Dosing of amrinone
according to guidelines established to achieve therapeutic serum concentrations in adults has
produced a wide range of blood levels in children, al associated with clinically acceptable cardiac
performance (Edelson et al 1981, Lawless et a 1989, Allen-Webb et a 1994). The responses to
catecholamines and PDE inhibitors also may be altered by chronic heart failure and [3-adrenoceptor
down-regulation and uncoupling. In many children with CHD, most of the [3-adrenoceptor down

regulation is (1- subtype selective, but in neonates with TGA additional significant Po-

adrenoceptor down- regulation may be present (Kozlik-Feldmann et a 1993). In the present study,
the cardiac output was significantly higher in the amrinone groups. The dose of epinephrine
required both in neonates and infants was rather high, but not statistically significantly different

between the groups. A higher dose of dopamine may have provided some increase in the cardiac
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output in the patients in dopamine-nitroglycerine groups. However, the ability of [-adrenergic
agonists to stimulate adenylate cyclase is decreased in young children, while there is no age-
dependency in the PDE inhibitor effect (Foged et a 1990, Baum et a 1997). Therefore, it is
unlikely that increased dose of dopamine would have resulted in significantly improved overall
cardiac performance in the dopamine-nitroglycerine groups, because even the combined effect of
dopamine and epinephrine on B-adrenoceptors, supplemented with nitroglycerine, failed to improve
it more than the combination of amrinone and epinephrine. Further, the argument that an increase in
the vasodilator dose in the dopamine-nitroglycerine groups would have produced higher cardiac
output is countered by the finding in a previous study, in which amrinone administration resulted in
increased cardiac output per unit decrease in afterload secondary to positive inotropic effect when
compared with a pure vasodilator (Bailey et al 1997).

Inotropic agents are often evaluated by measuring hemodynamic response to a stepwise increase in
dose (Berner et al 1990, Outwater et al 1990). This approach was not considered possible in studies
Il and IV, because effective levels of vasoactive agents often are already required for separation
from CPB in neonates with TGA and infants with AVSD (Wernovsky et a 1995a, Bando et al
1995). Moreover, basdline values obtained shortly after separation from CPB at the time of
cardiovascular instability may have limited validity. A cross-over design would alow the
comparison of treatments on the same subjects (Hills et a 1979). However, the effect of time on the
postoperative recovery would probably confound the comparison of two vasoactive regimens, as the
postoperative course of these patients is often characterized by a transitory decrease in cardiac

output during the first postoperative night (Wernovsky et a 19953). Furthermore, the T,, of

amrinone significantly exceeds that of dopamine and nitroglycerine, making random-order
crossover impossible (Lawless et a 1988, Notterman et a 1990, Bhatt-Mehta et al 1991, Allen-
Webb et al 1994).

The use of catecholamines to enhance cardiac output after pediatric cardiac surgery is compromised
by a potential increase in PVR (Booker et a 1995). In study I11, an open-abel epinephrine infusion
was administered postoperatively in 12 neonates in the amrinone group, and 15 neonates in the
dopamine-nitroglycerine group. Eight infants were given epinephrine in the amrinone group, and
five infants in the dopamine-nitroglycerine group in study 1V. In both neonates and infants, there

was a tendency for lower PVR index in the amrinone group, which did not reach statistica

significance. In the infants, the Qp was significantly higher in the amrinone group while PAP
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showed no difference between the groups, suggesting a fal in the resistance of pulmonary
vasculature in infants receiving amrinone. In the neonates, the Qs index was statistically

significantly higher in the amrinone group, while no significant difference was observed in Qp: Qs
between the groups. Therefore, to claim absence of a difference in pulmonary hemodynamics
between amrinone and dopamine-nitroglycerine on the basis of this study in neonates would carry a
high risk of a type (3 statistical error. Even though the administration epinephrine infusion through
the proximal lumen of the central venous line may affect the pulmonary vasodilating effects of the
study regimen, extra left atrial lines were not inserted in these patients to avoid this phenomenon
(Fullerton et a 1993), but the drugs were administered following the routine clinical practice of

most ingtitutions, including ours.

The SVR index in the amrinone group was significantly lower than in the dopamine-nitroglycerine
group while there was no difference in the left and right atrial pressures, suggesting similar volume
loading in al study groups of neonates (I11) and infants (IV). Despite the lower SVR index in
amrinone group, ho difference in the MAP was observed between the study groups. The need for
volume loading during amrinone administration has been reported previoudy (Lynn et al 1993,
Bailey et al 1997). However, the loading dose of amrinone in the present study was given into the
venous reservoir of the bypass circuit just prior to removal of the aortic cross-clamp. This
technique of amrinone administration may be beneficial in avoiding the possible reduction of MAP
and coronary circulation in these patients, even though some of the loading dose may become
bound to the bypass circuit (Williams et al 1995). The average left atrial oxyhemoglobin saturation

(Sla09) was significantly lower in the neonates receiving amrinone, but not in infants under same
medication, when compared with dopamine-nitroglycerine groups. The low SlaO2 in neonates may

result from more pronounced intrapulmonary shunting associated with CPB, further accelerated by
the vasodilatory effects of amrinone (Kirklin et al 1983). However, this phenomenon proved not to
be deleterious in the neonates, as the higher cardiac output was associated with more favorable
O2ER in the amrinone group.

The principal side effect of prolonged amrinone therapy is thrombocytopenia secondary to
amrinones effect on megakaryocytes or platelets, which decreases platelet survival (Ross et a
1993). Even in the present study, low platelet counts in the amrinone group were observed up to the
fourth postoperative day both in neonates and infants. However, the lower platelet countsin the
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amrinone group were not associated with increased postoperative blood loss. The two neonates,
who had their sternum reopened to control bleeding after removal of pulmonary artery and left atrial

lines, were receiving dopamine and nitroglycerine.
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SUMMARY AND CONCLUSIONS

Postoperative cardiovascular care of the patients with CHD is often complicated by low cardiac
output and reactive pulmonary vasculature. In addition to the underlying cardiac pathophysiology,
preoperative hemodynamic status, surgery and conduction of CPB, as well as anesthetic
management affect postoperative cardiac performance. Furthermore, the response to vasoactive
regimen may vary with the underlying cardiac defect, age, and degree of heart failure. The present
study was conducted to evaluate cardiovascular management in children undergoing open-heart

surgery. The utility of linear regression equations and nonlinear artificial intelligence NN in \702

prediction was evaluated at preoperative cardiac catheterization by comparing measured and

predicted \702 in agroup of children with CHD (I). Pharmacokinetics of amrinone in neonates and

infants after open-heart surgery for CHD (I1) were also examined to ensure adequate amrinone
dosing and to clarify the distribution and elimination of amrinone and its metabolites in these
patients. Finally, the efficacy and safety of amrinone and a combination of dopamine and
nitroglycerine was assessed in neonates after arterial switch operation for TGA, and in infants after
reconstructive surgery for complete AV SD, during the first 18 postoperative hours in the ICU (llI,
V).

In study I, 125 children with CHD undergoing cardiac catheterizations were studied retrospectively.

The \702 was measured using indirect calorimetry. The predicted values were calculated from
regression equations by Lindahl (1989), Wessel et al (1969), and Lundell et a (1996). Influence of
age, gender, weight, height, cardiac malformation, heart failure, heart rate, hemoglobin, MAP, PAP,

and ('gp: (°)s on the precision of the predicted \702 were evaluated. An artificial NN was employed

to produce an estimate of \702 using the variables found in the published regression equations as

well as other variables describing the patient. Lindahl”s equations produced the highest precision (£

42 %) of the regression-based estimates. The corresponding average bias of the predicted \702 was
3 % (range from —66 % to 43 %). When equations by Wessel et a (1969) and Lundell et a (1996)

were used, the bias and precision were 0 % (range from —69 % to 39 %) and + 44 %, and —16 %
(range from —94 % to 100 %) and + 51 %, respectively. When the NN was used, the bias was 6 %

(range from —19 % to 30 %) and precision * 29 %. Even though the NN estimated \702 with higher
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precision, there was no statistically significant difference in the error of \702 calculated according

to the equation published by Lindahl (1989), and the error of the NN estimates of \702.

Fifteen neonates with TGA and 14 infants with AV SD participated in a prospective study (I1) after
reconstructive surgery. Blood samples to determine plasma concentrations of amrinone, N-
acetylamrinone, and N-glycolylamrinone were drawn before amrinone administration, after the
loading dose of 2 mg/kg given during the CPB, and every 6 hours during the maintenance infusion
of 7.5 pg/kg/min, and until 48 hours after cessation of the infusion. The amrinone plasma
concentrations were between 1.5 to 6 pg/ml in all patients, even though they were approximately 30
% lower in infants than in neonates. Amrinone CL was significantly lower, 2.4 + 0.9 ml/kg/min, in

neonates, compared with 3.2 + 1.2 ml/kg/min in infants (p < 0.05). The V_ was significantly
smaller, 0.8 + 0.6 I/kg, in neonates, when compared with 1.6 + 1.1 1/kg in infants (p < 0.05). The T,
was aso significantly longer in neonates than in infants (10.7 + 6.7 hours and 6.1 = 1.4 hours,
respectively, p < 0.03). The correlation between amrinone CL and BSA was linear. The ratio
between plasma concentration of N-acetylamrinone and amrinone did not differ between neonates

and infants. No patient had a detectable plasma concentration of N-glycolylamrinone

In studies Il and IV, 35 neonates and 32 infants participated in prospective, randomized, double
blind studies. Amrinone loading dose, 2 mg/kg, was followed by a maintenance infusion, 7.5
pg/kg/min in 16 neonates and 17 infants before separation from the CPB. The remaining patients
received a combination of dopamine, 5 pg/kg/min, and nitroglycerine, 1 pg/kg/min. An open-label
epinephrine infusion and inhaled NO were available for further vasoactive support. The circulatory

state of the patients was evaluated two-hourly from four to 18 hours after CPB using the Fick
principle and measured \702 values. The ('Qs index was significantly higher in the amrinone groups

when compared with dopamine-nitroglycerine groups (in neonates 1.7 + 0.5 I/min/m2, and 1.4 + 0.4

I/min/m2, respectively, p < 0.04, and in infants 2.5 + 0.7 I/min/m2, and 2.0 + 0.6 I/min/m2,
respectively, p < 0.03). The SVR index was significantly lower in the amrinone groups than in the

dopamine-nitroglycerine groups (in neonates 26 + 8 Wood units x m2, and 35 + 12 Wood units x

m2, respectively, p <0.02, and in infants 21 + 6 Wood units x m2, and 27 + 8 Wood units x m2,

respectively, p <0.04). The O2ER was also significantly lower in the amrinone groups compared

with the dopamine-nitroglycerine groups (in neonates 0.28 + 0.06, and 0.34 + 0.08, respectively, p <
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0.02, and in infants 0.34 £+ 0.08, and 0.41 + 0.07, respectively, p < 0.02). The PVR index was lower
in the amrinone groups than in the dopamine-nitroglycerine groups, but not statistically
significantly (in neonates 5.5 + 1.9 Wood units x m2, and 7.9 + 4.2 Wood units x m2, respectively,
p =0.05, and in infants 5.3 + 2.0 Wood units x m2, and 7.1 + 3.0 Wood units x m2, respectively).
There was no statistically significant difference in the epinephrine dose required in both groups of
neonates and infants. Platelet counts were significantly lower in the amrinone groups, but no
difference in blood loss or hemorrhagic complications were observed between the study groups.
The need for mechanical ventilation in neonates was 71 = 37 hours, from 27 to 149 hours, in the
amrinone group and 92 *+ 68 hours, from 23 to 249 hours, in the dopamine-nitroglycerine group,
and in infants 81 + 56 hours, from 23 to 187 hours, in the amrinone group and 89 + 70 hours, from
25 to 189 hours, in the dopamine-nitroglycerine group. In neonates, the length of stay in the ICU
was 5 + 2 days (from 3 to 11 days) in the amrinone group and 6 + 4 days (from 3 to 16 days) in the
dopamine-nitroglycerine group. The duration of intensive care period in infants was 5 + 3 days
(from 2 to 14 days) in the amrinone group and 7 + 3 days (from 3 to 11 days) in the dopamine-
nitroglycerine group. The total duration of hospitalization was 12 + 3 days, from 8 to 18 days, in the
neonates of the amrinone group and 12 + 5 days, from 6 to 26 days, in the neonates of the
dopamine-nitroglycerine group. The hospitalization time in infants was 14 + 6 in both groups,
ranging from 6 to 26 days in the amrinone group and from 7 to 28 days in the dopamine-
nitroglycerine group. One neonate in the amrinone group died on the eight postoperative day
because of septicemia caused by strangulation of the ileum. There was no mortality among the

infantsin the study.

The results presented here allow the following conclusions to be made:
1.The methods based on artificial intelligence NN do not provide statistically significantly higher
agreement in preoperative \702 prediction than the nomograms based on linear regression technique

in patients with CHD. If predicted values are used, the large interindividual biological variation in

these patients should be taken into account. The measurement of \702, even though subject to

measurement errors, is preferable in the hemodynamic evaluation of these patients.

2. Amrinone is eiminated at a slower rate in neonates than in infants. The rate of acetylation of
amrinone appears to be similar; the differences in the elimination capacity of amrinone are mainly

due to the immature renal function in neonates.
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3. Use of either amrinone or the combination of dopamine and nitroglycerine, supplemented with
epinephrine, results in acceptable cardiovascular support in neonates recovering from arterial switch
operations and in infants after reconstructive surgery for AVSD. However, amrinone provides a
higher cardiac output, lower peripheral vascular resistance, and more favorable O2 dynamics in
patients prone to low cardiac output and increased PVR. Amrinone administration results in lower
platelet counts than administration of dopamine and nitroglycerine with no difference in blood loss
or hemorrhagic complications.



76

ACKNOWLEDGEMENTS

This work was carried out at the Department of Anesthesia and Intensive Care Medicine, and
Department of Pediatric Surgery, Hospital for Children and Adolescents, University of Helsinki
during the years 1993 -1999.

| wish to express my sincere gratitude to Professor 1lImo Louhimo, former Head of the Department
of Pediatric Surgery, for his support during the early years of this study. | am grateful to Professor
Jaakko Perheentupa, former Head of the Hospital for Children and Adolescents, for providing the

facilities for this work.

| am deeply indebted to my supervisor, Professor Jukka Résanen, MD, Mayo Clinic, Rochester MN,
USA, for giving his inspiring guidance and support throughout all the stages of thiswork. | greatly
admire his scientific and medical knowledge, and consider myself lucky to have had the opportunity

to learn scientific thinking under his supervision.

| am grateful to Professor David O. Warner, Mayo Clinic, Rochester MN, USA, and Docent Kai
Kiviluoma, Ph.D, Department of Anaesthesiology, Oulu University, for their thorough and

constructive review of thisthesis.

It has been a great privilege to work with Kaija Peltola, MD, who introduced me to the interesting
world of congenital heart defects. | deeply admire her unique hemodynamic expertise in the
management of patients with congenital cardiac disease. Her encouraging attitude, skilful help and

friendship have been invaluable during the long years of this study.

I warmly thank the cardiac surgeons, Docent Mauri Leijala, MD, and Docent Heikki Sairanen, MD,
for their friendly co-operation during this study. Without their support the present study would

have not been accomplished.

| am grateful to my co-workers: Juha-Matti Happonen, MD, for his pleasant co-operation during the
long study periods in the Intensive Care Unit, and his voluntary help in many practical problems;
Paula Rautiainen, MD, for sharing her vast experience in pediatric intensive care; Reijo Korpela,

MD, for his friendly collaboration throughout this study.



7

| especially wish to thank Jouni Ahonen, MD, and Docent Klaus Olkkola, MD, for providing their
valuable expertise in pharmacokinetics during this work. Their practical help in preparing the

original manuscript of study Il was indispensable.

My warm thanks are due to al my colleagues in the Hospital for Children and Adolescents for their

positive attitude to this study.

| am most grateful to the nursing staff of the Intensive Care Unit, and the Department of Anesthesia,
for their positive and helpful attitude during this study. Their help in conducting this work in
practice is sincerely acknowledged. | owe a debt of gratitude especialy to those who collected a
large number of samples during the study. | wish to thank Ms Kaarina Heikkinen, RN, for her

interest and excellent technical assistance.
| express my sincere gratitude to the children and their families for participation.

| warmly thank my parents, Sirkku and Risto Laitinen, for their loving support, continuous

encouragement, and voluntary assistance in activities of daily life during the various stages of this

study.

| owe my dearest thanks to my husband Mika for his love and understanding. Our son Miro has
filled my lifewith joy.

Thiswork was supported by grants from the Foundation for Pediatric Research, the Finnish Cultural
Foundation, the Finnish Medical Society, the Clinical Research Institute of Helsinki University
Central Hospital, the Clinical Research Fund of Helsinki University Central Hospital, the Finnish
Foundation for Cardiovascular Research, Helsinki, Finland, the Finnish Federation of University
Women, the Foundation of Aarne and Aili Turunen, Kuopio, Finland, Sanofi Pharma, Inc., and

Datex-Engstrém, Inc., Helsinki, Finland.

Klaukkala, March 2001
/ -2

Pirjo Laitinen




78

REFERENCES

Allen-Webb EM, Ross MP, Pappas JB, McGough EC, Banner W: Age-related amrinone
pharmacokinetics in a pediatric population. Crit Care Med 22: 1016-1024, 1994

Anand K, Hanse D, Hickey P: Hormonal-metabolic stress responses in neonates undergoing
cardiac surgery. Anesthesiology 73: 661-670, 1990

Anand K, Hickey P: Halothane-morphine compared with high-dose sufentanil for anesthesia and
postoperative analgesiain neonatal cardiac surgery. N Engl J Med 326: 1-9, 1992

Andersen L, Landow L, Baek L, Jansen E, Baker S: Association between gastric intramucosal
pH and splanchnic endotoxin, antibody to endotoxin, and tumor necrosis factor alpha concentrations
in patients undergoing cardiopulmonary bypass. Crit Care Med 21: 210-217, 1993

Arcilla R, Oh W, Lind J, Blankenship W: Portal and atrial pressures in the newborn period. A
comparative study of infants born with early and late clamping of the cord. Acta Pediatr Scand 55:
615-625, 1966

Bailey J, Miller B, Kanter K, Tosone S, Tam V: A comparison of the hemodynamic effects of
amrinone and sodium nitroprusside in infants after cardiac surgery. Anesth Analg 84: 294-298, 1997
Bando K, Turrentine M, Sun K, Sharp T, Ensing G, Miller A, Kesder K, Binford R, Carlos G,
Hurwitz R, Caldwell R, Darragh R, Hubbard J, Cordes T, Girod D, King H, Brown J:
Surgical management of complete atrioventricular septal defects. A twenty-year experience. J
Thorac Cardiovasc Surg 110: 1543-1552, 1995

Bando K, Turrentine MW, Sharp TG, Sekine Y, Aufiero TX, Sun K, Sekine E, Brown JW:
Pulmonary hypertension after operations for congenital heart disease: analysis of risk factors and
management. J Thorac Cardiovasc Surg 112: 1600-1609, 1996

Bano-Rodrigo A, Quero-Jimenez M, Moreno-Granado F, Gamallo-Amat C: Wall thickness of
ventricular chambers in transposition of the great arteries. surgical implications. J Thorac
Cardiovasc Surg 79: 592-597, 1980

Barankay A, Richter J, Henze R, Mitto P, Spath P: Total intravenous anesthesia for infants and
children undergoing correction of tetralogy of Fallot: sufentanil versus sufentanil-flunitrazepam
technique. J Cardiothorac Vasc Anesth 6: 185-189, 1992

Baum D, Brown A, Church S: Effect of sedation on oxygen consumption of children undergoing
cardiac catheterization. Pediatrics 39: 891-895, 1967

Baum V, Palmisano B: Theimmature heart and anesthesia. Anesthesiology 87: 1529-1548, 1997



79

Baylen B, Meyer R, Korfhagen J, I11 GB, Bubb M, Kaplan S: Left ventricular performance in
the critically ill premature infant with patent ductus arteriosus and pulmonary disease. Circulation
55: 182-188, 1977

Beghetti M, Habre W, Friedli B, Berner M: Continuous low dose inhaled nitric oxide for
treatment of severe pulmonary hypertension after cardiac surgery in paediatric patients. Br Heart J
73: 65-68, 1995

Benotti J, Grossman W, Braunwald E, Carabello B: Effects of amrinone on myocardial energy
metabolism and hemodynamics in patients with severe congestive heart failure due to coronary
artery disease. Circulation 62: 28-34, 1980

Benzing G, Helmsworth J, Schreiber J, Kaplan S: Nitroprusside and epinephrine for treatment of
low output in children after open-heart surgery. Ann Thorac Surg 27: 523-528, 1979

Berendes E, Mollhoff T, Aken HV, Schmidt C, Erren M, Deng M, Weyand M, Loick H:
Effects of dopexamine on creatine clearance, systemic inflammation, and splanchnic oxygenation in
patients undergoing coronary artery bypass grafting. Anesth Analg 84: 950-957, 1997

Berg R, Donnerstein R, Padbury J: Dobutamine infusions in stable, criticaly ill children:
pharmacokinetics and hemodynamic actions. Crit Care Med 21: 678-686, 1993

Berner M, Jaccard C, Oberhandli I, Rouge J-C, Friendli B: Hemodynamic effects of amrinone
in children after cardiac surgery. Int Care Med 16: 85-88, 1990

Berner M, Beghetti M, Spahr-Schopfer |, Oberhandli I, Friedli B: Inhaled nitric oxide to test the
vasodilator capacity of the pulmonary vascular bed in children with long-standing pulmonary
hypertension and congenital heart disease. Am J Cardiol 77: 532-535, 1996

Bhatt-Mehta V, Nahata M, McClead R, Menke J: Dopamine pharmacokinetics in criticaly ill
newborn infants. Eur J Clin Pharmacol 40: 593-597, 1991

Biffl W, Moore E: Splanchnic ischaemialreperfusion and multiple organ failure. Br J Anesth 77:
59-70, 1996

Birdi I, Caputo M, Underwood M, Bryan A, Angdini G: The effects of cardiopulmonary
temperature on inflammatory response following cardiopulmonary bypass. Eur J Cardio-thorac
Surg 16: 540-545, 1999

Bland JM, Altman DG: Statistica methods for assessing agreement between two methods of
clinical measurement. Lancet 1: 307-310, 1986

Bocchi E, Bacal F, Auler J Jr, de Carvalho Carmone M, Bellotti G, Pileggi F: Inhaled nitric
oxide leading to pulmonary edemain stabile severe heart failure. AM J Cardiol 74: 70-72, 1994



80

Boldt J, Knothe C, Zickmann B, Herold C, Dapper E, Hempelmann G: Phosphodiesterase-
inhibitors enoximone and piroximone in cardiac surgery: influence on platelet count and function.
Int Care med 18: 449-454, 1992

Booker P, Evans C, Franks R: Comparison of the haemodynamic effects of dopamine and
dobutamine in young children undergoing cardiac surgery. Br J Anaesth 74: 419-423, 1995

Booker P, Romer H, Franks R: Gut mucosal perfusion in neonates undergoing cardiopulmonary
bypass. Br J Anesth 77: 597-602, 1996

Booker P, Pozzi M: A placebo-controlled study of the effects of dopexamine on gastric mucosal
perfusion in infants undergoing hypothermic cardiopulmonary bypass. Br J Anaesth 84: 23-27,
2000

Boros M, Takaichi S, Hatanaka K: Ischemic time-dependent microvascular changes and
reperfusion injury in therat small intestine. J Surg Res 59: 311-320, 1995

Boucek R, Shelton M, Artman M, Mushlin P, Starnes V, Olson R: Comparative effects of
verapamil, nifedipine, and diltiazem on contractile function in the isolated immature and adult
rabbit heart. Pediatric Res 18: 948-952, 1984

Boyle EM, Pohlman TH, Johnson MC, Verrier ED: Endothélial cell injury in cardiovascular
surgery: the systemic inflammatory response. Ann Thorac Surg 63: 277-284, 1997

Brandom B: Neuromuscular blocking agents in pediatric patients. Anesth Analg 90: S14-S18, 2000
Braunwald E, Kloner R: The stunned myocardium: prolonged, postischemic ventricular
dysfunction. Circulation 66: 1146-1149, 1982

Breda M, Drinkwater D, Laks H, Bhuta S, Corno A, Davtyan H, Chang P: Prevention of
reperfusion injury in the neonatal heart with leukocyte-depleted blood. J Thorac Cardiovasc Surg
97: 654-665, 1989

Bristow M, Hershberger R, Port J, Gilbert E, Sandoval A, Rasmussen R, Cates A, Feldman
A: B-adrenergic pathways in nonfailing and failing human ventricular myocardium. Circulation 82
(suppl 1): 1-12 - 1-25, 1990

Brodde O: The functional importance of (31and 32 adrenoceptors in the human heart. Am J Cardiol
62: 24C-29C, 1988

Brodde O-E: (31 - and B2 -adrenoceptors in the human heart: properties, function, and aterationsin
chronic heart failure. Pharmacol Rew 43: 203-242, 1991

Bryant R, Shirley R, Ott D, Feltes T: Left ventricular performance following the arterial switch
operation: use of noninvasive wall stress analysis in the postoperative period. Crit Care Med 26:
926-932, 1998



81

Buckberg G, Hottenrott C: Ventricular fibrillation. Its effect on myocardial flow, distribution, and
performance. Ann Thorac Surg 20: 76-85, 1975

Buckberg G, Brazier J, Nelson R, Goldstein S, McConnell D, Cooper N: Studies of the effects
of hypothermia on regional myocardial blood flow and metabolism during cardiopulmonary bypass.
J Thorac Cardiovasc Surg 73: 87-94, 1977

Burrows FA, Klinck JR, Rabinovitch M, Bohn DJ: Pulmonary hypertension in children:
perioperative management. Can Anaesth Soc J 33: 606-628, 1986

Burrows F, Williams W, Teoh K, Wood A, Burns J, Edmonds J, Barker G, Truder G, Weisel
R: Myocardia performance after repair of congenital cardiac defects in infants and children. J
Thorac Cardiovasc Surg 96: 548-556, 1988

Bush A, Busst C, Haworth S, Hislop A, Knight W, Corri B, Shinebourne E: Correlations of
lung morphology, pulmonary vascular resistance, and outcome in children with congenital heart
disease. Br Heart J 59: 480-485, 1988

Buzello W, Agoston S: Pharmacokinetics of pancuronium in patients with normal and impaired
renal function. Anaesthesist 27: 291-297, 1978

Byrne J, Smith W, Murphy M, Couper G, Appleyard R, Cohn L: Complete prevention of
myocardial stunning, contracture, low-reflow, and edema after heart transplantation by blocking
neutrophil adhesion molecules during reperfusion. J Thorac Cardiovasc Surg 104: 1589-1596, 1992
Cabal L, Siass B, Artal R, Gonzalez F, Hodgman J, Plajstek C: Cardiovascular and
catecholamine changes after administration of pancuronium in distressed neonates. Pediatrics 75:
284-287, 1985

Castaneda AR, Mayer JE, Jonas RA, Lock JE, Wessel DL, Hickey PR: The neonate with
critical congenital heart disease: repair - a surgical challenge. J Thorac Cardiovasc Surg 98: 869-
875, 1989

Cawello W, Schweer H, Muller R, Bonn R, Seyberth H: Metabolism and pharmacokinetics of
prostaglandin E1 administered by intravenous infusion in human subjects. Eur J Pharmacol 46:

275-277,1994

Celermajer DS, Cullen S, Deanfield JE: Impairment of endothelium-dependent pulmonary artery
relaxation in children with congenital heart disease and abnormal pulmonary hemodynamics.
Circulation 87: 440-446, 1993

Chang A, Atz A, Wernovsky G, Burke R, Wessel D: Milrinone: systemic and pulmonary
hemodynamic effects in neonates after cardiac surgery. Crit Care Med 23: 1907-1914, 1995

Chen S-C, ArcillaR, Moulder P, Cassels D: Postoperative conduction disturbances in atrial septal
defect. AmJ Cardiol 22: 636-644, 1968



82

Christ G, Mundigler G, Merhaut C, Zehetgruber M, Kratochwill C, Heinz G, Siostrzonek P:
Adverse cardiovascular effects of ketamine infusion in patients with catecholamine-dependent heart
failure. Anaesth Intens Care 25: 255-259, 1997

Chwals W, Lally K, Woolley M: Indirect calorimetry in mechanicaly ventilated infants and
children: Measurement accuracy with absence of audible leak. Crit Care Med 20: 768-770, 1992
Cleland J, Pluth J, Tauxe W, Kirklin J: Blood volume and body fluid compartment changes soon
after closed and open intracardiac surgery. J Thorac Cardiovasc Surg 52: 698-708, 1966

Clyman R, Heymann M, Rudolph A: Ductus arteriosus responses to prostaglandin E1 at high and

low oxygen concentrations. Prostaglandins 13: 219-223, 1977

Collins J, Ferner R, Murray A, Bassendine M, Blesovsky A, Pearson D: Incidence and
prognostic importance of jaundice after cardiopulmonary bypass surgery. Lancet 1: 1119-1121,
1983

Cordell D, Graham TG Jr, Atwood GF: Left ventricle volume characteristics following VSD
closureininfancy. Circulation 54: 417-, 1976

Cournand A, Bing R, Dexter L, Dotter C, Katz L, Warren J, Wood E: Report of committee on
cardiac catheterization and angiography of the American Heart Association. Circulation VII: 769-
773, 1953

Cox C, Ascione R, Cohen A, Davies |, Ryder |, Angelini G: Effect of cardiopulmonary bypass on
pulmonary gas exchange: a prospective randomized study. Ann Thorac Surg 69: 140-145, 2000
Cross S, Harrison R, Kennedy R: Introduction to neural networks. Lancet 346: 1075-1079, 1995
D’Ambra M, LaRaia P, Philbin D, Watkins W, Hilgenberg A, Buckley M: Prostaglandin E7. A
new therapy for refractory right heart failure and pulmonary hypertension after mitral valve
replacement. J Thorac Cardiovasc Surg 89: 567-572, 1985

Day R, Hawkins J, McGough E, Creeze K, Orsmond G: Randomized controlled study of inhaled
nitric oxide after operation for congenital heart disease. Ann Thor Surg 69: 1907-1912, 2000

De Leist F, Menanche P, Kucharski C, Bel A, Piwnica A, Bloch G: Hypothermia during
cardiopulmonary bypass delays but not prevent neutrophil-endothelial cell adhesion. Circulation 92
(suppl 11): 11-354-11-358, 1995

den Hollander J, Hennis P, Burm A, Bovill J: Alfentanil in infants and children with congenital
heart defects. J Cardiothorac Anaesth 2: 12-17, 1988

De Mélo WD: Impaired regulation of cell communication by p-adrenergic receptor activation in
the failing heart. Hypertension 27: 265-268, 1996



83

Di Donato RD, Wernovsky G, Walsh E, Colan S, Lang P, Wessel D, Jonas R, Jr JM,
Castaneda A: Results of the arterial switch operation for transposition of the great arteries with
ventricular septal defect. Circulation 80: 1689-1705, 1989

Driscoll D, Gillette P, Duff D, McNamara D: The hemodynamic effect of dopaminein children. J
Thorac Cardiovasc Surg 78: 765-768, 1979

Driscoll D, Offord K, Feldt R, Schaff H, Puga F, Danielson G: Five-to-fifteen-year follow-up
after Fontan operation. Circulation 85: 469-496, 1992

Duncan H, Cloote A, Weir P, Jenkins |, Murphy P, Pawade A, Rogers C, Wolf A: Reducing
stress response in the pre-bypass phase of open heart surgery in infants and young children: a
comparison of different fentanyl doses. Br J Anaesth 84: 556-564, 2000

Dzimiri N, Galal O, Moorji A, Bakr S, Abbag F, Fadley F, Almotrefi A: Regulation of
sympathetic activity in children with various congenital heart diseases. Pediatr Res 38: 55-60, 1995
Edelson J, LeJemtel T, Alousi AA, Biddlecome C, Maskin CS, Sonnenblick EH: Relationship
between amrinone plasma concentration and cardiac index. Clin Pharmacol Ther 29: 723-728, 1981
Emmanouilides G, Moss A, Duffie E Jr, Adams F: Pulmonary arterial pressure changesin human
newborn infants from birth to 3 days of age. J Pediatr 65: 327-333, 1964

Erath H, Boerth R, graham T: Functional significance of reduced cardiac sympathetic innervation
in the newborn dog. AmJ Physiol 243: H20-H26, 1982

Fagard R, Conway J: Measurement of cardiac output: Fick principle using catheterization. Eur
Heart J 11 (suppl 1): 1-5, 1990

Fauvel J, Bernard N, Laville M, Pozet N, Sassard J, Zech P: Pharmacokinetics of piroximone
after oral and intravenous administration to patients with renal insufficiency. Br J Clin Pharmacol
39: 187-189, 1995

Feldman A, Bristow M: The B-adrenergic pathway in the failing human heart: implications for
inotropic therapy. Cardiology 77(suppl. 1): 1-32, 1990

Fernandez-del-Castillo C, Harringer W, AL Warshaw, Vlahakes G, Koski G, Zaslavsky A,
Rattner D: Risk factors for pancresatic cellular injury after cardiopulmonary bypass. N Engl J Med
325: 382-387, 1991

Ferrannini E: The theoretical basis of indirect calorimetry: a review. Metabolism 37: 278-301,
1988

Fisher D, Schwartz P, Davis A: Pharmacokinetics of exogenous epinephrine in criticaly ill
children. Crit Care Med 21: 111-117, 1993



Fixler DE, Carrell T, Browne R, Willis K, Miller WW: Oxygen consumption in infants and
children during cardiac catheterization under different sedation regimens. Circulation 50: 788-794,
1974

Foged N, Bertelsen H, Johansen T: B-adrenoceptor responsiveness in intact leukocytes from
adults and newborn infants; effect of phosphodiesterase inhibitors. Scand J Clin Lab Invest 50: 169-
175, 1990

Fontan F, Kirklin J, Fernandez G, Costa F, Naftel D, Tritto F, Blackstone E: Outcome after a
"perfect” Fontan operation. Circulation 81: 1520-1536, 1990

Forrest I, Small T, Corrins P: Effect of nebulized epoprostenol (prostacyclin) on exhaled nitric
oxide in patients with pulmonary hypertension due to congenital heart disease and in normal
controls. Clin Sci 97: 99-102, 1999

Foubert L, Fleming B, Latimer R, Jonas M, Oduro A, Borland C, Higenbottam T: Safety
guidelines for use of nitric oxide. Lancet 339: 1615-1616, 1992

Friedman W: The intrinsic physiologic properties of the developing heart. Prog Cardiovasc Dis
15: 87-111, 1972

Friesen R, Alswang M: Changes in carbon dioxide tension and oxygen saturation during deep
sedation for pediatric cardiac catheterization. Paediatr Anaesth 6: 15-20, 1996

Frostell C, Blomqvist H, Hedenstierna G, Lundberg J, Zapol W: Inhaed nitric oxide selectively
reverses human hypoxic pulmonary vasoconstriction without causing systemic vasodilation.
Anesthesiology 78: 427-435, 1993

Fullerton D, Cyr JS, Albert J, Grover F: Hemodynamic advantage of left atrial epinephrine
administration after cardiac operations. Ann Thorac Surg 56: 1263-1266, 1993

Fung H-L : Pharmacokinetics and pharmacodynamics of organic nitrates. Am J Cardiol 60: 4H-9H,
1987

Gates R, Cushen C & Laks H: Cardiopulmonary bypass in infants and children. In: Gravlee G,
Davis R, Utley J (eds) Cardiopulmonary bypass. Principles and practice. Williams & Wilkins,
Baltimore, p 603-635, 1993

Geisser W, Trager K, Hahn A, Georgieff M, Ensinger H: Metabolic and calorigenic effects of
dopexamine in healthy volunteers. Crit Care Med 25: 1332-1337, 1997

Gilliland H, Armstrong M, McMurray T: The inflammatory response to pediatric cardiac
surgery: correlation of granylocyte adhesion molecule expression with postoperative oxygenation.
Anesth Analg 89: 1188-1192, 1999

Girardin E, Berner M, Rouge JC, Rivest RW, Friedli B, Paunier L: Effect of low dose
dopamine on hemodynamic and renal function in children. Pediatric Res 26: 200-203, 1989



85

Goldman A, Delius R, Deanfield J, Macrae D: Nitric oxide is superior to prostacyclin for
pulmonary hypertension after cardiac operations. Ann Thorac Surg 60: 300-306, 1995

Gorback M: Problems associated with the determination of pulmonary vascular resistance. J Clin
Monit 6: 118-127, 1990

Gruetter C, Gruetter D, Lyon J, Kadowitz P, Ignarro L: Relationship between cyclic guanosine
3":5"-monophophate formation and relaxation of coronary arterial smooth muscle by glyceryl
trinitrate, nitroprusside, nitrite and nitric oxide: Effects of methylene blue and methemoglobin. J
Pharmacol Exp Ther 219: 181-186, 1981

Gulick T, Chung M, Pieper S, Lange L, Schreiner G: Interleukin 1 and tumor necrosis factor
inhibit cardiac myocyte [3-adrenergic responsiveness. Proc Natl Acad Sci USA 86: 6753-6757, 1989
Habre W, Beghetti M, Roduit C, Girardin E, Vallotton M, Friedli B, Berner M:
Haemodynamic and renal effects of dopexamine after cardiac surgery in children. Anaesth Intens
care 24: 435-439, 1996

Hachenberg T, Karmann S, Pfeiffer B, Thomas H, Grundling M, Wendt M: The effect of
dopexamine on ventilation-perfusion distribution and pulmonary gas exchange in anesthetized,
paralyzed patients. Anesth Analg 86: 314-319, 1998

Haraldsson A, Kieler-Jensen N, Ricksten S-E: Inhaled prostacyclin for treatment of pulmonary
hypertension after cardiac surgery or heart transplantation: a pharmacodynamic study. J
Cardiothorac Vasc Anesth 10: 864-868, 1996

Hatherill M, Sajjanhar T, Tibby S, Champion M, Anderson D, Marsh M, Murdoch |: Serum
lactate as a predictor of mortality after pediatric cardiac surgery. Arch Dis Child 77: 235-238, 1997
Hausdorf G: Experience with phosphodiesterase inhibitors in pediatric cardiac surgery. Eur J
Anesth 10 (suppl 8): 25-30, 1993

Hausen B, Heublein B, Vogelpohl J, von der Leyen H, Haverich A: Comparison of enoximone
and piroximone in patients after mitral valve operation: a prospective and controlled study. J
Cardiovasc Pharmacol 19: 299-307, 1992

Hayashi Y, Sawa Y, Nishimura M, Ichikawa H, Kagisaki K, Ohtake S, Matsuda H: Clinical
evaluation of leukocyte-depleted blood cardioplegia for pediatric open-heart operation. Ann Thorac
Surg 69: 1914-1919, 2000

Henriksson P, Véarendh G, Lundstrom N-R: Haemostatic defects in cyanotic congenital heart
disease. Br Heart J 41: 23-27, 1979

Hennein H, Ebba H, Rodriguez J, Merrick S, Keith F, Bronstein M, Leung J, Mangano D,
Greenfield L, Rankin J: Relationship of the proinflammatory cytokines to myocardial ischemia



86

and dysfunction after uncomplicated coronary revascularization. J Thorac Cardiovasc Surg 108:
626-635, 1994

Hetzer R, Warnecke H, Wittrock H, Engd H, Borst H: Extracoronary collateral myocardial
blood flow during cardioplegic arrest. Thorac Cardiovasc Surgeon 28: 191-196, 1980

Hickey P, Hansen D, Wessd D, Lang P, Jonas R: Pulmonary and systemic hemodynamic
responses to fentanyl in infants. Anesth Analg 64: 483-486, 1985a

Hickey P, Hansen D, Cramalini G, Vincent R, Lang P: Pulmonary and systemic hemodynamic
responses to ketamine in infants with norma and elevated pulmonary vascular resistance.
Anesthesiology 62: 287-293, 1985b

Hickey P, Wessel D & Reich D: Anesthesia for treatment of congenital heart disease. In: Kaplan J
(ed) Cardiac anesthesia. W.B. Saunders Company, Philadelphia, p 681-757, 1993

Hill GE, Whitten CW: The role of the vascular endothelium in inflammatory syndromes,
atherogenesis, and the propagation of disease. J Cardiothorac Vasc Anesth 11: 316-321, 1997a

Hill GE, Whitten CW, Launders DF: The influence of cardiopulmonary bypass in cytokines and
cell-cell communication. J Cardiothorac Vasc Anesth 11: 367-375, 1997b

HillsM, Armitage P: The two-period cross-over clinical trial. Br J Clin Pharmac 8: 7-20, 1979
Hiramatsu T, Imai Y, Takanashi Y, Hoshino S, Yashima M, Tanaka S, Chang D, Nakazawa
M: Time course of endothelin-1 and nitrate anion levels after cardiopulmonary bypass in congenital
heart disease. Ann Thorac Surg 63: 648-652, 1997

Hirvonen J, Huttunen P, Nuutinen L, Pekkarinen A: Catecholamines and free fatty acids in
plasma of patients undergoing cardiac operations with hypothermia and bypass. J Clin Pathol 31.
949-955, 1978

Hoffman J, Rudolph A, Heymann M: Pulmonary vascular disease with congenital heart lesions:
pathol ogic features and causes. Circulation 64: 873-877, 1981

Honerjager P: Pharmacology of bipyridine phosphodiesterase |1l inhibitors. Am Heart J 121.
1939-1944, 1991

Hopkins RA, Bull C, Haworth SG, DeLeval MR, Strak J: Pulmonary hypertensive crises
following surgery for congenital heart defects in young children. Eur J Cardio-thorac Surg 5: 628-
634, 1991

Houde C, Bohn DJ, Freedom RM, Rabinovitch M: Profile of paediatric patients with pulmonary
hypertension judged by responsiveness to vasodilators. Br Heart J 70: 461-468, 1993

Innes P, Frazer R, Booker P, Allsop E, Kirton C, Lockie J, Franks R: Comparison of the
hemodynamic effects of dobutamine with enoximone after open-heart surgery in small children. Br
J Anesth 72: 77-91, 1994



87

Ivankovich A, Braverman B, Stephens T, Shulman M, Heyman H: Sodium thiosulfate
disposition in humans: relation to sodium nitroprusside toxicity. Anesthesiology 58: 11-17, 1983
Jain U, Rao T, Kumar P, Kleinman B, Belusko R, Kanuri D, Blakeman B, Bakhos M, Wallis
D: Radiographic pulmonary abnormalities after different types of cardiac surgery. J Cardiothorac
Vasc Anesth 5: 592-595, 1991

Jamarkani J, Graham T, Canent R: Left ventricular contractile state in children with successfully
corrected ventricular septal defect. Circulation 45-46 (suppl 1): 1-102-1-110, 1972

Jaski B, Fifer M, Wright R, Braunwald E, Colucci W: Positive inotropic and vasodilator actions
of milrinone in patients with severe congestive heart failure. Dose-response relationships and
comparison to nitroprusside. J Clin Invest 75: 643-649, 1985

Jia L, Bonaventura C, Bonaventura J, Stamler J: S-nitrosohaemoglobin: a dynamic activity of
blood involved in vascular control. Nature 380: 221-226, 1996

Journois D, Pouard P, Gredey W, Mauriat P, Vouhe P, Safran D: Hemofiltration during
cardiopulmonary bypassin pediatric cardiac surgery. Anesthesiology 81: 1181-1189, 1994a
Journois D, Pouard P, Mauriat P, Malhere T, Vouhe P, Safran D: Inhaled nitric oxide as a
therapy for pulmonary hypertension after operations for congenital heart disease. J Thorac
Cardiovasc Surg 107: 1129-1135, 1994b

Kaulitz R, Ziemer G, Luhmer |, Kallfelz H-C: Modified Fontan operation in functionally
univentricular hearts. preoperative risk factors and intermediate results. J Thorac Cardiovasc Surg
112: 658-664, 1996

Kawana S, Wachi J, Nakayama M, Namiki A: Comparison of haemodynamic changes induced
by sevoflurane and hal othane in paediatric patients. Can J Anesth 42: 603-7, 1995

Kawczynski P, Piotrowski A: Circulatory and diuretic effects of dopexamine infusion in low-
weight infants with respiratory failure. Int Care Med 22: 65-70, 1996

Kearns G, Reed M: Clinical pharmacokinetics in infants and children. A reappraisal. Clin
Pharmacokinet 17 (suppl 1): 29-67, 1989

Kennaird D: Oxygen consumption and evaporative water loss in infants with congenital heart
disease. Arch Dis Child 51: 34-41, 1976

Kikura M, Lee M, Safon R, Bailey J, Levy J: The effects of milrinone on platelets in patients
undergoing cardiac surgery. Anesth Analg 81: 44-48, 1995

Kirklin J & Barrat-Boyes B: Postoperative care. In: Cardiac surgery. Churchill Livingstone, New
York, p 195-247, 1993



88

Kirklin J, Blackstone E, Kirklin J, McKay R, Pacifico A, Bargeron L: Intracardiac surgery in
infants under 3 months. incremental risk factors for hospital mortality. Am J Cardiol 48: 500-
506,1981

Kirklin JK, Westaby S, Blackstone EH, Kirklin JW, Chenoweth DE, Pacifico AD:
Complement and the damaging effects of cardiopulmonary bypass. J Thorac Cardiovasc Surg 86:
845-857, 1983

Kirsten R, Nelson K, Kirsten D, Heintz B: Clinical pharmacokinetics of vasodilators. Part 11. Clin
Pharmacokinet 35: 9-36, 1998

Kleinschmidt S, Grundmann U, Janneck U, Kreienmeyer J, Kulosa R, Larsen R: Total
intravenous anesthesia using propofol, gamma-hydroxybutyrate or midazolam in combination with
sufentanil for patients undergoing coronary artery bypass surgery. Eur J Anaesth 14: 590-599, 1997
Kloner R, Ellis S, Lange R, Braunwald E: Studies of experimental coronary artery reperfusion.
Effects on infarct size, myocardial function, biochemistry, ultrastructure and microvascular damage.
Circulation 68: 18-115, 1983

Koike K, Moore E, Moore F, Read R, Carl V, Banerjee A: Gut ischemia/reperfusion produces
lung injury independent of endotoxin. Crit Care Med 22: 1438-1444, 1994

Komai H, Adatia I, Elliot M, de Leval M, Haworth S: Increased plasma levels of endothelin-1
after cardiopulmonary bypass in patients with pulmonary hypertension and congenital heart disease.
J Thorac Cardiovasc Surg 106: 473-478, 1993

Kozlik-Feldmann R, Kramer H-H, Wicht H, Feldmann R, Netz H, Reinhardt D: Distribution
of myocardia B-adrenoceptor subtypes and coupling to the adenylate cyclase in children with
congenital heart disease and implications for treatment. J Clin Pharmacol 33: 588-595, 1993
Kullberg M, Freeman G, Biddlecome C, Alous A, Edelson J: Amrinone metabolism. Clin
Pharmacol Ther 29: 394-401, 1981

LaFarge CG, Miettinen OS: The estimation of oxygen consumption. Cardiovasc Res 4: 23-30,
1970

Lanteri C, Kano S, Duncan A, Sly P: Changes in respiratory mechanics in children undergoing
cardiopulmonary bypass. Am J Respir Crit Care Med 152: 1893-1900, 1995

Lawless S, Burckart G, Diven W, Thompson A, Siewers R: Amrinone in neonates and infants
after cardiac surgery. Crit Care Med 17: 751-754, 1989

Lawless S, Burckart G, Piccola G, Diven W, Miles M, Zaritsky A: Simplified assay of amrinone
in plasma by high-performance liquid chromatography. Ther Drug Monitor 12: 570-573, 1990
Lawless S, Restaino |, Azin S, Corddry D: Effect of continuous arteriovenous haemofiltration on

pharmacokinetics of amrinone. Clin Pharmacokinet 25: 80-82, 1993



89

Laycock G, Mitchell I, Paton R, Donaghey SOB, Logan R, Morton N: EEG burst suppression
with propofol during cardiopulmonary bypass in children: a study of the haemodynamic, metabolic
and endocrine effects. Br J Anaesth 69: 356-362, 1992

Lebovic S, Reich D, Steinberg L, Vela F, Silvay G: Comparison of propofol versus ketamine for
anesthesiain pediatric patients undergoing cardiac catheterization. Anesth Analg 74: 490-494, 1992
Lebovitz D, Lawless S, Weise K: Fatal amrinone overdose in a pediatric patient. Crit Care Med
23: 977-980, 1995

Lecompte Y, Zannini L, Hazan E, Jarreau M, Bex J, Tu T, Neveux J: Anatomic correction of
transposition of the great arteries. J Thorac Cardiovasc Surg 82: 629-631, 1981

Lindahl SGE: Oxygen consumption and carbon dioxide elimination in infants and children during
anaesthesia and surgery. Br J Anesth 62: 70-76, 1989

Lindsay C, Barton P, Lawless S, Kitchen L, Zorka A, Garcia J, Kountli A, Giror B:
Pharmacokinetics and pharmacodynamics of milrinone lactate in pediatric patients with septic
shock. J Pediatr 132: 329-334, 1998

Loick H, Mdllhoff T, Berendes E, Hammel D, Aken HV: Influence of enoximone on systemic
and splanchnic oxygen utilization and endotoxin release following cardiopulmonary bypass. Int
Care Med 23: 267-275, 1997

Lundell BPW, Casas ML, Wallgren CG: Oxygen consumption in infants and children during
heart catheterization. Pediatr Cardiol 17: 207-213, 1996

Lynn A, Sorensen G, Williams G, Anderson G, Opheim K: Hemodynamic effects of amrinone
and colloid administration in children following cardiac surgery. J Cardiothorac Vasc Anesth 7:
560-565, 1993

Macdonald |, Bennet T, Fellows | : Catecholamines and the control of metabolism in man. Clin Sci
68: 613-619, 1985

Mansouri A, Lurie A: Concise review: methemoglobinemia. Am J Hemat 42: 7-12, 1993

Martin P, Murthy B, Petros A: Metabolic, biochemical and haemodynamic effects of infusion of
propofol for long-term sedation of children undergoing intensive care. Br J Ananesth 79: 276-279,
1997

Matson J, Loughlin G, Strunk R: Myocardia ischemia complicating the use of isoprotenol in
asthmatic children. J Pediatr 92: 776-778, 1978

Maunuksela E-L, Gattiker R: Use of pancuronium in children with congenital heart disease.
Anesth Analg 60: 798-801, 1981



90

Mayer J, Bridges N, Lock J, Hanley F, Jonas R, Castaneda A: Factors associated with marked
reduction in mortality for Fontan operations in patients with single ventricle. J Thorac Cardiovasc
Surg 103: 444-452, 1992

McCord J: Oxygen-derived free radicals in postischemic tissue injury. N Eng J Med 312: 159-163,
1985

McGowan F, [kegami M, Nido Pd, Motoyama E, Kurland G, Davis P, Siewers R, Griffith B:
Cardiopulmonary bypass significantly reduces surfactant activity in children. J Thorac Cardiovasc
Surg 106: 968-977, 1993

McNicol L, Andersen L, Liu G, Doolan L, Baek L: Markers of splanchnic perfusion and
intestinal translocation of endotoxins during cardiopulmonary bypass: effects of dopamine and
milrinone. J Cardiothorac Vasc Anesth 13: 292-298, 1999

McNiff E, Yacobi A, Young-Chang F, Golden L, Goldfarb A, Fung H-L: Nitroglycerin
pharmacokinetics after intravenous infusion in normal subjects. J Pharm Sci 70: 1054-1058, 1981
Meier-Hellmann A, Reinhart K, Bredle D, Specht M, Spies C, Hannemann L: Epinephrine
impairs splanchnic perfusion in septic shock. Crit Care Med 25: 399-404, 1997

Merildinen P: Metabolic monitor. Int J Clin Monit Comp 4: 167-177, 1987

Mets B: The pharmacokinetics of anesthetic drugs and adjuvants during cardiopulmonary bypass.
Acta Anesth Scand 44: 261-273, 2000

Miller Ol, Celermajer DS, Deanfield JE, Macrae D: Very-low-dose inhaled nitric oxide: a
selective pulmonary vasodilator after operations for congenital heart disease. J Thorac Cardiovasc
Surg 108: 487-494, 1994

Miller O, Celermajer D, Deanfield J, Macrae D: Guidelines for the safe administration of inhaled
nitric oxide. Arch Dis Child 70: F47-F49, 1994b

Miller BE, Levy JH: The inflammatory response to cardiopulmonary bypass. J Cardiothorac Vasc
Anesth 11: 355-366, 1997

Mitchell P, Smith G, Wells E, West P: Inhibition of uptake by dopexamine hydrochloride in
vitro. Br J Pharmac 92: 265-270, 1987

Mitchell I, Pollock J, Jamieson M: Effects of dopamine on liver blood flow in children with
congenital heart disease. Ann Thorac Surg 1995: 1741-1744, 1995

Mookherjee S, Fulethan D, Warner R, Vardan S, Obeid A: Effects of sublingual nitroglycerin

on resting pulmonary gas exchange and hemodynamics in man. Circulation 57: 106-110, 1978



91

Mollhoff T, Heinz L, Aken HV, Schmidt C, Rolf N, Tjan T, Asfour B, Berendes E: Milrinone
modulates endotoxemia, systemic inflammation, and subsequent acute phase response after
cardiopulmonary bypass (CPB). Anesthesiology 90: 72-80, 1999

Moncada S, Palmer R, Higgs E: Nitric oxide: Physiology, pathophysiology, and pharmacology.
Pharmacological Rev 43: 109-142, 1991

Morgan P, Lynn A, Parrot C, Morray J: Hemodynamic and metabolic effects of two anesthetic
techniques in children undergoing surgical repair of acyanotic congenital heart disease. Anesth
Analg 66: 1028-1030, 1987

Morita K, IThnken K, Buckberg G, Sherman M, Ignarro L: Pulmonary vasoconstriction due to
impaired nitric oxide production after cardiopulmonary bypass. Ann Thorac Surg 61: 1775-1780,
1996

Moss A, Emmanouilides G, Adams F, Chuang K: Response of ductus arteriosus and pulmonary
and systemic arterial pressure to changes in oxygen environment in newborn infants. Pediatrics 33:
937-944, 1964

Munoz R, Laussen P, Palacio G, Zienko L, Piercey G, Wessel D: Changesin whole blood lactate
levels during cardiopulmonary bypass for surgery for congenital cardiac disease: an early indicator
of morbidity and mortality. J Thorac Cardiovasc Surg 119: 155-162, 2000

Najafi H, Henson D, Dye W, Javid H, Hunter J, Callaghan R, Eisenstein R, Julian O: Left
ventricular hemorrhagic necrosis. Ann Thorac Surg 7: 550-561, 1969

Napoleone P, Ricci A, Ferrante F, Amenta F: Dopexamine hydrochloride in the human heart:
receptor binding and effects on CAMP generation. Eur Heart J 13; 1709-1717, 1992

Nespoli L, Burgio G, Ugazio A, Maccario R: Immunologica features of Down’s syndrome: a
review. J Intell Disabil Res 37: 543-551, 1993

Newfeld E, Sher M, Paul M, Nikaidoh H: Pulmonary vascular disease in complete
atrioventricular canal defect. AmJ Cardiol 39: 721-726, 19777

Notterman D, Greenwald B, Moran F, DiMaio-Hunter A, Metakis L, Reidenberg M:
Dopamine clearance in critically ill infants and children: effect of age and organ system function.
Clin Pharmacol Ther 48: 138-147, 1990

Notterman DA: Inotropic agents. Catecholamines, digoxin, amrinone. Critical Care Clinics 7: 583-
613, 1991

Nunn J, Makita K, Royston B: Validation of oxygen consumption measurements during artificial
ventilation. J Appl Physiol 67: 2129-2134, 1989

Outwater K, Treves S, Lang P, Castaneda A, Crone R: Rena and hemodynamic effects of
dopamine in infants following cardiac surgery. J Clin Anesth 2: 253-257, 1990



92

Paul D, Greenspan J, Davis D, Russo P, Antunes M: The role of cardiopulmonary bypass and
surfactant in pulmonary decompensation after surgery for congenital heart disease. J Thorac
Cardiovasc Surg 117: 1025-1026, 1999

Pappert D, Busch T, Gerlach H, Lewandowski K, Radermacher P, Roissant R: Aerosolized
prostacyclin versus inhaled nitric oxide in children with severe acute respiratory distress syndrome.
Anesthesiology 82: 1507-1511, 1995

Pariente-Khayat A, Pons G, Rey E, Richard M-O, D"Athis P, Moran C, Badoual J, Olive G:
Caffeine acetylator phenotyping during maturation in infants. Pediatr Res 29: 492-495, 1991

Perez C, Reimer J, Schreiber M, Warburton D, Gregory G: Effect of high-dose dopamine on
urine output in newborn infants. Crit Care Med 14: 1045-1049, 1986

Perrier D, Mayersohn M: Noncompartmental determination of the steady-state volume of
distribution for any mode of administration. J Pharmacol Sci 71: 372-373, 1982

Philbin D, Levine F, Emerson C, Coggins C, Buckley M, Austen W: Plasma vasopressin levels
and urinary flow during cardiopulmonary bypass in patients with valvular heart disease. J Thorac
Cardiovasc Surg 78: 779-783, 1979

Radermacher P, Santak B, Becjer H, Falke K: Prostaglandin E1 and nitroglycerin reduce

pulmonary capillary pressure but worsen ventilation-perfusion distributions in patients with adult
respiratory distress syndrome. Anesthesiology 70: 601-606, 1989

Ramamoorthy C, Anderson G, Williams G, Lynn A: Pharmacokinetics and side effects of
milrinone in infants and children after open heart surgery. Anesth Analg 86: 283-289, 1998

Rees D, Palmer R, Moncada S: Role of endothelium-derived nitric oxide in the regulation of
blood pressure. Proc Natl Acad Sci USA 86: 3375-3378, 1989

Reyes G, Schwartz PH, Newth CJL, Eldadah MK: The pharmacokinetics of isoprotenol in
criticaly ill pediatric patients. J Clin Pharmacol 33: 29-34, 1993

Roberts J, Lang P, Bigatello L, Vlahakes G, Zapol W: Inhaled nitric oxide in congenital heart
disease. Circulation 87: 447-453, 1993

Robinson B, Gelband H, Mas M: Selective pulmonary and systemic vasodilator effects of
amrinone in children: New therapeutic implications. J Am Coll Cardiol 21: 1461-1465, 1993
Romero T, Covel J, Friedman W: A comparison of pressure-volume relations of the fetal,
newborn, and adult heart. Am J Physiol 222: 1285-1290, 1972

Rosenzweig E, Kerstein D, Barst R: Long-term prostacyclin for pulmonary hypertension with
associated congenital heart defects. Circulation 99: 1858-1865, 1999



93

Rosow C: Pharmacokinetic and pharmacodynamic effects of cardiopulmonary bypass. In: Graviee
G, Davis R, Utley J (eds) Cardiopulmonary bypass. Principles and practice. Williams & Wilkins,
Baltimore, p 207-232, 1993

Ross R, Daniels S, Schwartz D, Hannon D, Shukula R, Kaplan S: Plasma norepinephrine levels
ininfants and children with congestive heart failure. Am J Cardiol 59: 911-914, 1987

Ross M, Allen-Webb E, Pappas J, McGough E: Amrinone-associated thrombocytopenia
pharmacokinetic analysis. Clin Pharmacol Ther 53: 661-667, 1993

Ross-Ascuitto N, Ascuitto R, Chen V, Downing E: Negative inotropic effects of amrinone in the
neonatal piglet heart. Circ Res 61: 847-852, 1987

Royster R, Butterworth J, Prielipp R, Zaloga G, Lawless S, Spray B, Kon N, Wallenhaupt S,
Cordell A: Combined inotropic effect of amrinone and epinephrine after cardiopulmonary bypass
in humans. Anesth Analg 77: 662-672, 1993

Royston D: The inflammatory response and extracorporeal circulation. J Cardiothorac Vasc Anesth
11: 341-354, 1997

Russell |, Zwass M, Fineman J, Balea M, Rouine-Rapp K, Aabrook A, Hanley F, Silverman
N, Calahan M: The effects of inhaed nitric oxide on postoperative pulmonary hypertension in
infants and children undergoing surgical repair of congenital heart disease. Anesth Analg 87: 46-51,
1998

Ruttimann Y, Chiolero R, Revely J-P, Jeanprétre N, Schutz Y: Thermogenic effect of
amrinone in healthy men. Crit Care Med 22: 1235-1240, 1994

Saatvedt K, Lindberg H, Geiran O, Fiane A, Seem E, Michelsen S, Pedersen T, Havge T:
Thyroid function during and after cardiopulmonary bypass in children. Acta Anesthesiol Scand 42:
1100-1103, 1998

Sakaki T, Tomimoto S, Noguchi T, Baba T, Komamura K, Ohmori F, Miyatake K:
Hemodynamic effect of amrinone depends on pretreatment vascular resistance in patients with
evolving congestive heart failure: correlation between vascular resistance and neurohormonal
activity. J Cardiovasc Pharmacol 31: 80-84, 1998

Salmenperd M, Peltola K, Takkunen O, Heinonen J: Cardiovascular effects of pancuronium and
vecuronium during high-dose fentanyl anesthesia. Anesth Analg 62: 1059-1064, 1983

Samama C, Diaby M, Fellahi J-L, Mdhafar A, Eyraud D, Arock M, Guillosson J-J, Coriat P,
Rouby J-J: Inhibition of platelet aggregation by inhaled nitric oxide in patients with acute
respiratory distress syndrome. Anesthesiology 83: 56-65, 1995



%

Sanders S, Yeager S, Williams R: Measurement of systemic and pulmonary blood flow and (.QPIQ
Sratio using Doppler and two-dimensional echocardiography. Am J Cardiol 51: 952-956, 1983
Schindler M, Bohn D, Bryan A, Cutz E, Rabinovitch M: Increased respiratory system resistance
and bronchial smooth muscle hypertrophy in children with acute postoperative pulmonary
hypertension. Am J Respir Crit Care Med 152: 1347-1352, 1995

Schranz D, Dahm M, lversen S, Hein E, Stopfkuchen H, Jungst B-K: Acute hemodynamic
response to intravenous enoximone: an animal study and preliminary report in infants after cardiac
surgery. J Cardiovasc Pharmacol 14 (suppl 1): S62-S68, 1989

Schranz D, Droege A, Broede A, Brodermann G, Schafer E, Oelert H, Brodde O-E:
Uncoupling of human cardiac [3-adrenoceptors during cardiopulmonary bypass with cardioplegic
cardiac arrest. Circulation 87: 422-426, 1993

Schwartz PH, Eldadah M, Newth CJL: The pharmacokinetics of dobutamine in pediatric
intensive care unit patients. Drug Metab Dispos 19: 614-619, 1991

Schulze-Neick I, Bultmann M, Werner H, Gamillscheg A, Vogel M, Berger F, Roissant R,
Hetzer R, Lange P: Right ventricular function in patients treated with inhaled nitric oxide after
cardiac surgery for congenital heart disease in newborns and children. Am J Cardiol 80: 360-363,
1997

Seghaye M, Duchateau J, Grabitz R, Faymonville M, Messmer B, Buro-Rathsmann K,
Bernuth G: Complement activation during cardiopulmonary bypass in infants and children. J
Thorac Cardiovasc Surg 106: 978-987, 1993

Seghaye M-C, Duchateau J, Ralph G, Nitsch G, Marcus C, Messmer BJ, Bernuth GV:
Complement, leukocytes, and leukocyte elastase in full-term neonates undergoing cardiac
operations. J Thorac Cardiovasc Qurg 108: 29-36, 1994

Seghaye M, Duchateau J, Grabitz R, Wolff T, Marcus C, Engelhardt W, Hérnchen H,
Messmer B, Bernuth GV: Effect of sodium nitroprusside on complement activation induced by
cardiopulmonary bypass. a clinical and experimental study. J Thorac Cardiovasc Surg 111: 882-
892, 1996

Senning A: Ventricular fibrillation during extracorporeal circulation. Acta Chir Scand 171: 7-79,
1952

Seri |: Cardiovascular, renal, and endocrine actions of dopamine in neonates and children. J Pediatr
126: 333-344, 1995



95

Shangraw R: Metabolic and splanchnic visceral effects of cardiopulmonary bypass. In: Gravlee G,
Davis R, Utley J (eds) Cardiopulmonary bypass. Principles and practice. Williams & Wilkins,
Baltimore, p 509-541, 1993

Shapiro H, Stoner E: Body temperature and oxygen uptake in man. Ann Phys Med 8: 250-255,
1966

Shekerdemian L, Bush A, Redlington A: cardiovascular effects of intravenous midazolam after
open heart surgery. Arch Dis Child 76: 57-61, 1997

Sherman M, Kosinski R, Paz H, Campbell D: Measuring cardiac output in critically ill patients:
disagreement between thermodilution-, calculated-, expired gas-, and oxygen consumption-based
methods. Cardiology 88: 19-25, 1997

Sherry E, Tooley M, Bolsin S, Monk C, Willcox J: Effect of dopexamine hydrochloride on renal
vascular resistance index and haemodynamic responses following coronary artery bypass graft
surgery. Eur J Anaesthesiol 14: 184-189, 1997

Simpson J, Stephenson T: Regulation of extracellular fluid volume in neonates. Early Hum Dev
34: 179-190, 1993

Sinclair D, Houldsworth P, Keogh B, Pepper J, Evans T: Gastrointestinal permeability following
cardiopulmonary bypass: a randomized study comparing the effects of dopamine and dopexamine.
Int Care Med 23: 489-492, 1997

Sinha S, Armour J, Randall W: Development of autonomic innervation of the heart. Circulation
VI (suppl IV): IV-37, 1973

Sjostrém L, Schutz Y, Gudinchet F, Hegnell L, Pittet P, Jequier E: Epinephrine sensitivity with
respect to metabolic rate and other variables in women. Am J Physiol 245: E431-E442, 1983
Skoyles J, Sherry K: Pharmacology, mechanisms of action and uses of selective phosphodiesterase
inhibitors. Br J Anaesth 68: 293-302, 1992

Smith P, Buhrman W, Levett J, Ferguson TB Jr, Holman WL, Cox J: Supraventricular
conduction abnormalities following cardiac operations. J Thorac Cardiovasc Surg 85: 105-115,
1983

Sorensen G, Ramamoorthy C, Lynn A, French J, Stevenson J: Hemodynamic effect of
amrinone in children after Fontan surgery. Anesth Analg 82: 241-246, 1996

Spicer R: Cardiovascular disease in Down’s syndrome. Ped Clin North Am 31: 1331-1343, 1984
Spotoft H, Korshin J, Sorensen MB, Skovstedt P: The cardiovascular effects of ketamine used
for induction of anaesthesia in patients with valvular heart disease. Canad Anaesth Soc 26: 463-467,
1979



96

Stanger P, Lucas RV Jr, Edwards J: Anatomic factors causing respiratory distress in acyanotic
congenital cardiac disease. Pediatrics 43: 760-769, 1969

Steinberg C, Notterman DA: Pharmacokinetics of cardiovascular drugs in children. Inotropes and
vasopressors. Clin Pharmacokinet 27: 345-367, 1994

Stephan H, Sonntag H, Henning H, Yoshimine K: Cardiovascular and renal haemodynamic
effects of dopexamine: comparison with dopamine. Br J Anesth 65: 380-387, 1990

Szorady I, Santa A, Veress|: Drug acetylator phenotypes in newborn infants. Biol Res Preg 8: 23-
25, 1987

Takala J, Keinanen O, Vaisanen P, Kari A: Measurement of gas exchange in intensive care:
Laboratory and clinical validation of anew device. Crit Care Med 17: 1041-1047, 1989

Thornburg K, Morton M: Filling and arterial pressures as determinants of RV stroke volume in
the sheep fetus. AM J Physiol 244: H656-H663, 1983

Thys D & Dauchot P: Advances in cardiovascular physiology. In: Kaplan J (ed) Cardiac
anesthesia. W.B. Saunders Company, Philadelphia, p 209-234, 1993

Toffaletti J, Christenson R, Mullins S, Harris R: Relationship between serum lactate and ionized
calcium in open-heart surgery. Clin Chem 32: 1849-1853, 1986

Turanlahti M, Laitinen PO, Sarna S, Pesonen E: Nitric oxide, oxygen, and prostacyclin in
children with pulmonary hypertension. Heart 79: 169-174, 1998

Tuttle R, Mills J: Dobutamine. Development of a new catecholamine to selectively increase
cardiac contractility. Circ Res 36: 185-196, 1975

Utley J: Rena function and fluid balance with cardiopulmonary bypass. In: Gravlee G, Davis R,
Utley J (eds) Cardiopulmonary bypass. Principles and practice. Williams & Wilkins, Baltimore, p
488-508, 1993

van Oldenbeek CV, Knowles P, Harper N: Residual neuromuscular block caused by
pancuronium after cardiac surgery. Br J Anesth 83: 338-339, 1999

Verrier ED, Boyle EM: Endothelial cell injury in cardiovascular surgery. Ann Thorac Surg 62:
915-922, 1996

Vik-Mo H, Mjos O: Influence of free fatty acids on myocardial oxygen consumption and ischemic
injury. AmJ Cardiol 48: 361-365, 1981?

Vinten-Johansen J & Hammond J: Myocardia protection during cardiac surgery. In: Graviee G,
Davis R, Utley J (eds) Cardiopulmonary bypass. Principles and practice. Williams & Wilkins,
Baltimore, p 155-206, 1993

Waeir E, Rubin L, Ayers S, Bergofsky E, Brundage B, Detre K, Elliot C, Fishman A, Goldring
R, Groves B, Kernis J, Koerner S, Levy P, Pietra G, Reid L, Rich S, Vreim C, Williams G,



97

Wu M: The acute administration of vasodilators in primary pulmonary hypertension. Experience
from the National Institutes of Health Registry on Primary Pulmonary Hypertension. Am Rev Respir
Dis 140: 1623-1630, 1989

Weissman C: The metabolic response to stress. an overview and update. Anesthesiology 73: 308-
327, 1990

Weissman C: Pulmonary function after cardiac and thoracic surgery. Anesth Analg 88: 1272-1279,
1999

Wenstone R, Campbell J, Booker P, McKay R: Renal function after cardiopulmonary bypass in
children: comparison of dopamine with dobutamine. Br J Anaesth 67: 591-594, 1991

Wernovsky G, Wypij D, Jonas R, Mayer JE Jr, Hanley F, Hickey P, Walsh A, Chang A,
Castaneda A, Newburger J, Wessel D: Postoperative course and hemodynamic profile after the
arterial switch operation in neonates and infants. A comparison of low-flow cardiopulmonary
bypass and circulatory arrest. Circulation 92: 2226-2235, 1995a

Wernovsky G, Mayer J, Jonas R, Hanley F, Blackstone E, Kirklin J, Castaneda A: Factors
influencing early and late outcome of the arterial switch operation for transposition of the great
arteries. J Thorac Cardiovasc Surg 109: 289-302, 1995b

Wessel HU, Rorem D, Muster AJ, Acevedo RE, Paul MH: Continuous determination of oxygen
uptake in sedated infants and children during cardiac catheterization. Am J Cardiol 24: 376-385,
1969

Wessel D, Triedman J, Wernovsky G, Mayer J, Jonas R: Pulmonary and systemic hemodynamic
effects of amrinone in neonates following cardiopulmonary bypass. Circulation 80 (suppl I1): 1lI-
488, 1989

Wessel DL, Adatia I, Giglia TM, Thompson JE, Kulik TJ: Use of inhaled nitric oxide and
acetylcholine in the evauation of pulmonary hypertension and endothelial function after
cardiopulmonary bypass. Circulation 88 (part 1): 2128-2138, 1993

Westaby S: Organ dysfunction after cardiopulmonary bypass. A systemic inflammatory reaction
initiated by the extracorporeal circuit. Int Care Med 13: 89-95, 1987

Weyland W, Weyland A, Fritz U, Redecker K, Ensink F-B, Braun U: A new paediatric
metabolic monitor. Intensive Care Med 30: 51-57, 1994

Wilcox P, Baile E, Hards J, Muller N, Dunn L, Pardy R, Pare P: Phrenic nerve function and its
relationship to atelectasis after coronary artery bypass surgery. Chest 93: 693-698, 1988

Williams G, Sorensen G, Oakes R, Boggs D, Mulroy J, Lynn A: Amrinone loading during
cardiopulmonary bypass in neonates, infants and children. J Cardiothorac Anesth 9: 278-282, 1995



98

Williams G, Bratton S, Ramamoorthy C: Factors associated with blood loss and blood product
transfusions. a multivariate analysis in children after open-heart surgery. Anesth Analg 89: 57-64,
1999a

Williams G, Jones T, Hanson K, Morray J: The hemodynamic effects of propofol in children
with congenital heart disease. Anesth Analg 89: 1411-1416, 1999b

Wilson J, Ratliff N, Mikat E, Hackel D, Young W, Graham T: Leukocyte changes in the
pulmonary circulation. A mechanism of acute pulmonary injury by various stimuli. Chest 59
(suppl): 365-39S, 1971

Wilson |, Gillinov A, Curtis W, DiNatale J, Burch R, Gardner T, Cameron D: Inhibition of
neutrophil adherence improves postischemic ventricular performance of the neonata heart.
Circulation 88 (part 2): 372-379, 1993

Winberg P, Lundell B, Gustafsson L : Effect of inhaled nitric oxide on raised pulmonary vascular
resistance in children with congenital heart disease. Br Heart J 71: 282-286, 1994

Wu J-R, Chang H-R, Huang T-Y, Chiang C-H, Chen SS: Reduction in lymphocyte (3-
adrenergic receptor density in infants and children with heart failure secondary to congenital heart
disease. AmJ Cardiol 77: 170-174, 1996

Y oung D: Pathophysiology of congenital heart disease. Int Anesthesiol Clin 18: 5-26, 1980
Youssef-Ahmed M, Silver P, Nimkoff L, Sagy M: Continuous infusion of ketamine in
mechanically ventilated children with refractory bronchospasm. Int Care Med 22: 972-976, 1996
Zaritsky A, Chernow B: Medical progress. Use of catecholamines in pediatrics. J Pediatr 105:
341-350, 1984

Zwisder B, Rank N, Jaenicke U, Schurle B, Welte M, Reichart B, Netz H, Messmer K, Peter
K: Selective pulmonary vasodilation by inhaled prostacyclin in a newborn with congenital heart
disease and cardiopulmonary bypass. Anesthesiology 82: 1512-1516, 1995



ORIGINAL PUBLICATIONSI-IV

99



	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	INTRODUCTION
	REVIEW OF THE LITERATURE
	AIMS OF THE PRESENT STUDY
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

