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Abstract 
Objective: To compare the haemodynamic effects of the induction agents ketamine, etomidate and 
sevoflurane using the model of electrical velocimetry based cardiac output monitoring in paediat-
ric cardiac surgical patients. Design: Prospective randomized study. Setting: Tertiary care hospital. 
Participants: 60 children < 2 years age undergoing cardiac surgery. Interventions: The patients were 
randomized into 3 equal groups to receive 1.5 - 2.5 mg/kg iv ketamine (group K), 0.2 - 0.3 mg/kg iv 
etomidate (group E) or upto 8% sevoflurane (group S) as the induction agent. Hemodynamic pa-
rameters were noted before and after induction of anaesthesia utilizing a noninvasive cardiac 
monitor based on the model of electrical velocimetry. Measurements and Main Results: The 
demographic characteristics of the patients were similar in the three groups. The HR decreased in 
all groups, least in group E (P ≤ 0.01) but the MAP decreased only in group S (P ≤ 0.001). In group S, 
the stroke volume improved from 9 ± 3.2 ml to 10 ± 3.2 ml (P ≤ 0.05) and the stroke volume varia-
tion decreased from 25% ± 6.4% to 13% ± 6.2% (P ≤ 0.001). The stroke index and systemic arte-
rial saturation improved in all groups (P ≤ 0.01). The cardiac index and index of contractility were 
unchanged. The transthoracic fluid content reduced in groups E and S, but did not change in group 
K (P ≤ 0.05). Conclusions: Etomidate appeared to provide the most stable conditions for induction 
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of anesthesia in children undergoing cardiac surgery, followed by ketamine and sevoflurane. 
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1. Introduction 
Children with congenital heart disease (CHD) undergoing cardiac surgery are in a precarious hemodynamic state 
and the choice of the anesthetic induction agent seems important in such a situation. The doses of anesthetic 
agents otherwise tolerated by patients with normal cardiovascular anatomy might lead to hemodynamic collapse 
in children with CHD. There exist a few studies in the literature on the hemodynamic effects of anesthetic in-
duction agents in children with CHD [1]-[10]. No specific anesthetic induction technique has been advocated for 
children with CHD. A number of factors influence the choice of the anesthetic technique including heart rate 
(HR), rhythm, myocardial contractility, shunting, outflow tract obstruction, ventricular dilation and hypertrophy, 
and pulmonary hypertension in the pediatric cardiac surgical patient. The anesthetic goals remain to maintain 
normal HR, sinus rhythm, maintain myocardial contractility, minimize pulmonary or systemic overcirculation 
across shunt lesion and lower pulmonary vascular resistance (PVR). 

Pediatric cardiac surgical patients require intensive cardiac monitoring. The capability to continuously moni-
tor cardiac output (CO) non-invasively is invaluable in the management of children with hemodynamic com-
promise who require frequent adjustments in supportive care, volume administration and titration of vasoactive 
agents. Hitherto, it was only possible to do so with the dye dilution, thermodilution, methods based on Fick 
principle, pulse contour techniques and echocardiography. These techniques are either invasive or provide in-
formation intermittently. In addition, insertion of the pulmonary artery catheter in children is technically more 
difficult and carries more complications than in adults [11]. But with the advent of electrical velocimetry (EV), 
CO and its derived parameters can be obtained noninvasively and continuously even in the pediatric population 
[12]-[15]. 

The aim of the present study was to compare the hemodynamic effects of the induction agents etomidate, 
ketamine and sevoflurane using the model of EV based CO monitoring in pediatric cardiac surgical patients. 

2. Material and Methods 
Sixty pediatric patients under 2 years of age with CHD undergoing cardiac surgery were studied prospectively 
after obtaining ethical approval from the Institutional Review Board and written informed consent from the par-
ents of participating patients. The exclusion criteria were emergency surgery, previous cardiac surgery, age more 
than 2 years, patient on mechanical ventilaton or vasoactive medication, and presence of arrhythmias or pace-
maker. Based on the anesthetic induction agent to be used, the patients were divided into three groups of 20 each 
using computer generated random number table: group E (etomidate), group K (ketamine) and group S (se-
voflurane). Preoperative work up included haematological investigations (complete blood count, renal function 
tests, serum electrolytes), chest radiograph, electrocardiogram and transthorcic echocardiography. Patients were 
required to fast for 2 hours for clear fluids, 4 hours for breast or formula milk and 6 hours for solids. All cardiac 
medications were continued till the morning of surgery. Patients weighing more than 5 kg were premedicated 
with syrup phenargan 0.5 mg/kg orally 30 minutes before induction of general anesthesia. In the operating room, 
monitoring was established with 5-lead electrocardiography (ECG), pulse oximetry, noninvasive blood pressure, 
bispectral index monitor (BISTM monitoring system, Aspect Medical Systems Inc., Newton, MA, USA) and 
noninvasive CO monitor (ICON®Osypka Medical GmBH, Berlin, Germany). Baseline readings of the following 
hemodynamic parameters were taken: HR, systolic/diastolic/mean blood pressure, stroke volume (SV), stroke 
index (SI), CO, cardiac index (CI), index of contractility (ICON), variation of the index of contractility (VIC), 
stroke volume variation (SVV), transthoracic fluid content (TFC), systemic arterial saturation (SaO2), arterial 
oxygen content (CaO2), oxygen delivery (DO2) and oxygen delivery index (DO2I). A 22/24 gauge i.v. cannula 
was inserted in the groups E and K. Anesthesia was induced with either 0.2 - 0.3 mg/kg etomidate (i.v.) (group E), 
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1.5 - 2.5 mg/kg ketamine (i.v.) (group K) or sevoflurane (upto 8%) (group S) ensuring loss of eyelash reflex and 
BIS value <50. Ventilation was assisted with oxygen:air mixture (50:50). The readings of various hemodynamic 
parameters were noted again. Thereafter, 2 µg/kg fentanyl (i.v.) and 1.0 mg/kg rocuronium (i.v.) were adminis-
tered. After tracheal intubation, an arterial cannula and a triple lumen central venous catheter were inserted. An-
esthesia was maintained with fentanyl, midazolam, vecuronium and sevoflurane. The conduct of anesthesia, 
surgery and cardiopulmonary bypass was according to standard institutional protocol. 

The principles and method of estimation of CO using EV by ICON® are as follows: ECG electrodes are 
placed one each over the forehead, left side of the neck, left mid-axillary line at the level of xiphoid process and 
left thigh. A small alternate electrical current flows through the thorax from the outer ECG electrodes and the 
resulting voltage is measured by the inner electrodes. The ratio of applied current and measured voltage equals 
the conductivity. ICON® determines beat-to-beat parameters characterizing the performance of the heart includ-
ing SV and CO, based on the principle of EV. The model ascribes the changes in thoracic bioimpedance to the 
change in orientation of the erythrocytes in the aorta. As red blood cells are aligned during systole and mis-
aligned during diastole, the conductivity is higher and voltage lower during systole, whereas the conductivity is 
lower and voltage higher during diastole. The mean velocity index empirically derived from a peak amplitude 
measurement is assumed to be an index of peak aortic acceleration of blood flow. EV by ICON uses an algo-
rithm which estimates SV in millilitres based on the mean velocity index, the flow time and the body mass. SV 
multiplied by HR yields CO in millilitres per minute. The other calculations used are: 

( ) ( )
0

dZ t dt
ICON Index of Contractility

Z
= , where Z is the impedance 

( ) standard deviation ICONVIC Variation of the Index of Contractility 100
mean ICON

= ×  

( ) standard deviation SVSVV Stroke Volume Variation 100.
mean SV

= ×  

Statistical Analysis 
Statistical package SPSS 15.0 for windows (SPSS Inc, Chicago, IL) was used for statistical analysis. The power 
of the study was 90%. All values were expressed as frequency (n) or mean ± 1 standard deviation. Qualitative 
data was analyzed by Chi-square test. Quantitative data was analyzed by paired t-test. All changes in hemody-
namic parameters before and after induction of anesthesia were analyzed with ANOVA. A P value of ≤ 0.05 
was considered significant. 

3. Results 
A total of 60 patients randomized into 3 equal groups were included in the study. The mean age of children in 
the groups K, E and S was 8.1, 10.4 and 13.7 months, respectively (P = 0.08). The mean weight of children in 
the groups K, E and S was 5.1, 5.9 and 6.6 kg, respectively (P = 0.12). The height, body surface area and gender 
distribution was similar, with boys outnumbering girls. The children were on identical medications preopera-
tively, those with increased pulmonary blood flow received furosemide and digoxin, and those with decreased 
pulmonary blood flow received propranolol (Table 1). 

The majority of children had cyanotic CHD (70%) with increased pulmonary blood flow (83.3%) (Table 2). 
The most frequent diagnosis was transposition of great arteries followed by ventricular septal defect, and double 
outlet right ventricle (Table 3). 

All the baseline hemodynamic variables were comparable in the three groups (Table 4). The baseline HR and 
mean arterial pressure (MAP) were similar in all groups: 159 bpm and 76 mmHg (group K), 154 bpm and 75 
mmHg (group E), 161 bpm and 80 mmHg (group S). The HR decreased in all groups, least in group E (P ≤ 0.01) 
but the MAP decreased only in group S (P ≤ 0.001) (Figure 1 and Figure 2). The decrease in MAP from 80 ± 
16.3 mmHg to 64 ± 15.1 mmHg in group S was greater than 20% from baseline. In group S, the SV improved 
from 9 ± 3.2 ml to 10 ± 3.2 ml (P ≤ 0.05) and the SVV decreased from 25% ± 6.4% to 13% ± 6.2% (P ≤ 0.001) 
(Figure 3). The SI and SaO2 improved in all groups (P ≤ 0.01) (Figure 4). The CI and ICON were unchanged 
(Figure 5 and Figure 6). VIC remained unchanged in group E (27% ± 12.1% to 26% ± 9.4% after in-  
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Table 1. Demographic characteristics.                                                                        

Variable GROUP K (n = 20) GROUP E (n = 20) GROUP S (n = 20) P value 
Age (months) (mean ± S.D.) 8.1 ± 7.07 10.4 ± 8.22 13.7 ± 8.08 0.08 

Sex (M/F) (n) 16/4 16/4 11/9 0.13 
Height (cm) (mean ± S.D.) 64.0 ± 14.28 67.7 ± 11.68 70.1 ± 9.45 0.28 
Weight (kg) (mean ± S.D.) 5.1 ± 2.33 5.9 ± 2.44 6.6 ± 2.25 0.12 
BSA (m2) (mean ± S.D.) 0.29 ± 0.096 0.32 ± 0.109 0.35 ± 0.082 0.13 
Preoperative treatment: 

Propranolol (n) 5 2 2 0.30 
Furosemide (n) 14 16 19 0.21 

Digoxin (n) 8 11 13 0.41 
Antibiotics (n) 4 5 1 0.28 

BSA: Body surface area. 
 
Table 2. Characteristics of congenital heart disease.                                                              

Variable GROUP K (n = 20) GROUP E (n = 20) GROUP S (n = 20) P value 
Acyanotic/Cyanotic (A/C) (n) 5/15 7/13 6/14 0.12 

Qp/Qs > 1 (n) 14/6 17/3 19/1 0.13 
Left ventricular dysfunction (n) 1 1 1 0.50 

Right ventricular dysfunction (n) 3 1 1 0.15 

Qp/Qs: pulmonary blood flow/systemic blood flow. 
 
Table 3. Diagnosis.                                                                                       

Diagnosis n = 60 
Aortopulmonary window 1 

Atrial septal defect + Coarctation of aorta 1 
Atrial septal defect + Ventricular septal defect 2 

Atrial septal defect + Ventricular septal defect + Patent ductus arteriosus 1 
Double outlet right ventricle 8 

d-Transposition of great arteries 22 
Endocardial cushion defect 1 

Partial anomalous pulmonary venous drainage 1 
Patent ductus arteriosus 1 

Total anomalous pulmonary venous drainage 3 
Tetralogy of Fallot 5 
Tricuspid atresia 4 

Ventricular septal defect 10 
 

 
*P ≤ 0.01 for all three groups. 

Figure 1. Change in heart rate after induction.          
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#P ≤ 0.001 for group S. 

Figure 2. Change in mean arterial pressure after induction.   
 

 
#P ≤ 0.001 for group S. 

Figure 3. Change in stroke volume variation after induction.  
 

 
#P ≤ 0.001 for all three groups. 

Figure 4. Change in stroke index after induction.           
 

 
Figure 5. Change in cardiac index after induction.          
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Figure 6. Change in index of contractility after induction.    

 
Table 4. Comparison of haemodynamic variables before and after induction of anaesthesia.                              

Variable 
(mean ± SD) 

GROUP K (n = 20) GROUP E (n = 20) GROUP S (n = 20) 

Before After Before After Before After 

HR (bpm) 159 ± 28.0 139 ± 20.5c 154 ± 26.0 143 ± 23.7b 161 ± 14.0 137 ± 16.0c 

Systolic BP (mmHg) 100 ± 18.6 105 ± 15.5 106 ± 15.0 101 ± 15.0 103 ± 18.7 95 ± 15.6a 

Diastolic BP (mmHg) 68 ± 17.0 66 ± 13.6 67 ± 13.3 64 ± 11.7 72 ± 16.6 55 ± 15.6c 

Mean BP (mmHg) 76 ± 16.8 75 ± 13.0 75 ± 12.3 73 ± 11.2 80 ± 16.3 64 ± 15.1c 

SV (ml) 7 ± 3.6 8 ± 4.7 10 ± 5.7 10 ± 5.1 9 ± 3.2 10 ± 3.2a 

SI (ml/m2) 23.2 ± 6.37 26.8 ± 6.32c 28.4 ± 8.49 29.5 ± 7.37c 27.0 ± 4.36 30.4 ± 5.6c 

CO (L/min) 1.1 ± 0.40 1.1 ± 0.52 1.4 ± 0.60 1.3 ± 0.50 1.5 ± 0.49 1.4 ± 0.43 

CI (L/min/m2) 3.7 ± 1.36 3.7 ± 1.03 4.3 ± 0.91 4.1 ± 0.95 4.2 ± 0.57 4.0 ± 0.70 

ICON 105 ± 26.7 107 ± 34.4 120 ± 41.8 118 ± 37.1 119 ± 23.2 103 ± 25.4 

VIC (%) 32 ± 10.8 22 ± 12.0b 27 ± 12.1 26 ± 9.4 30 ± 9.0 17 ± 10.0c 

SVV (%) 23 ± 7.8 17 ± 7.0 21 ± 8.1 21 ± 7.8 25 ± 6.4 13 ± 6.2c 

TFC (Ω−1) 20 ± 3.4 20 ± 3.7 22 ± 3.1 21 ± 3.4a 22 ± 4.5 21 ± 4.6a 

SaO2 (%) 79 ± 16.8 85 ± 14.8b 86 ± 12.7 91 ± 11.4c 87 ± 17.9 92 ± 16.8c 

CaO2 (ml) 15 ± 3.2 16 ± 2.9 15 ± 1.7 16 ± 2.1b 14 ± 2.6 14 ± 2.6 

DO2 (mL) 156 ± 70.6 167 ± 81.9 209 ± 100.1 212 ± 89.7 202 ± 84.4 205 ± 80.0 

DO2I (ml/m2) 547.9 ± 212.95 559.6 ± 130.60 630.9 ± 158.93 643.5 ± 147.23 575.6 ± 147.26 580.7 ± 142.27 
aP ≤ 0.05, bP ≤ 0.01, cP ≤ 0.001 for within group comparisons. P insignificant for intergroup comparisons at baseline. BP: blood pressure, CaO2: ar-
terial oxygen content, CI: cardiac index, CO: cardiac output, DO2: oxygen delivery, DO2I: oxygen delivery index, HR: heart rate, ICON: index of 
contractility, SaO2: arterial oxygen saturation, SI: stroke index, SV: stroke volume, SVV: stroke volume variation, TFC: transthoracic fluid content, 
VIC: variation of index of contractility. 
 
duction), unlike group K (32% ± 10.8% to 22% ± 12.0%, P ≤ 0.01) and group S (30% ± 9.0% to 17% ± 10.0%, 
P ≤ 0.001). The TFC reduced in groups E and S, but did not change in group K (P ≤ 0.05). There was an in-
crease in the CaO2 value in group E (P ≤ 0.01), whereas DO2 was unchanged in all groups. 

No untoward event occurred during induction of anesthesia in the present series of patients. 

4. Discussion 
There exist a few studies in the literature on the hemodynamic effects of anesthetic induction agents in children 
with CHD [1]-[10]. Ketamine (2 mg/kg i.v.) has been shown to cause minor increases in HR, pulmonary artery 
pressure (PAP) and PVR, whereas no significant changes in MAP, systemic vascular resistance (SVR), shunting, 
or arterial oxygen or carbon dioxide tensions in children with CHD undergoing cardiac catheterization [1]. 
Ketamine infusion (50 - 75 µg/kg/min) increased MAP but did not alter PAP, SVR or PVR in children with 
CHD during cardiac catheterization [2]. Ketamine sedation in acyanotic children undergoing cardiac catheteri-
zation was found to increase oxygen consumption, HR, CO, PAP and PVR [3]. In a study on the comparison of 
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sevoflurane and ketamine for anesthetic induction in children with CHD, HR and SaO2 were similar, though 
MAP was lower in the group that received sevoflurane. Ketamine appeared to be a better alternative for induc-
tion in such patients as it permitted preservation of hemodynamic stability with minimal side effects [4]. A study 
determining the combined effect of ketamine (1 mg/kg) and etomidate (0.3 mg/kg) during cardiac catheteriza-
tion in children with congenital cardiac shunts revealed no hemodynamic changes in the group with a 
right-to-left shunt. In cases of left-to-right shunt, there was a decrease in HR, MAP, SVR and pulmonary blood 
flow; whereas an increase in right atrial pressure, PAP, pulmonary artery wedge pressure and systemic blood 
flow [5]. In a study on children undergoing cardiac surgery, sevoflurane (1 - 1.5 MAC) was shown to reduce 
MAP but maintain HR, SI and CI [6]. Etomidate has a safe hemodynamic profile, attributable to its lack of ef-
fect on the sympathetic nervous system and on baroreceptor function [7]. An induction dose of etomidate results 
in stable hemodynamics with almost no change in HR, MAP, PAP, pulmonary capillary wedge pressure, central 
venous pressure, SV, CI, PVR and SVR in cardiac patients [8]. Etomidate has been reported to be safe in chil-
dren with CHD due to lack of clinically significant hemodynamic changes [9]. A study of etomidate showed that 
induction with 0.3 mg/kg produced minimal changes in hemodynamics or shunt fraction in pediatric patients 
with intracardiac shunt lesions [10]. 

EV is a noninvasive method of continuous CO monitoring based on measurement of thoracic electrical bio-
impedance. It has been validated in neonates [12], children [13] and adults [14] [15]. In two prospective studies 
comparing left ventricular output by EV and echocardiography in neonates and infants, EV was as accurate as 
echocardiography [12] [13]. EV was found to be a reliable technique for monitoring heart function in children 
after cardiac surgery and was better used to monitor changes in heart function rather than calculate absolute 
values [16]. EV and Doppler transthoracic echocardiography were found to be interchangeable for estimating 
SV after cardiac surgery in infants [17]. EV emerged as a promising technique for measuring CO during catheter 
interventions in patients with cavo-pulmonary circulations [18]. Two conflicting studies appeared together in 
2008 regarding the reliability of EV in measuring CO in infants and children with CHD undergoing cardiac 
catheterization. Norozi et al. reported good agreement of CO measurements obtained by EV and those derived 
from the direct Fick-oxygen principle [13]. On the contrary, Tomaske et al. reported that electrical velocimetry 
did not provide reliable CO values when compared with thermodilution technique [19].  

In the present study, the baseline HR was rather high in all groups: 159 ± 28.0 bpm (group K), 154 ± 26.0 
bpm (group E) and 161 ± 14.0 bpm (group S). This observation points towards inadequate suppression of anxi-
ety even after premedication. The premedication dose was probably inadequate: syrup phenargan 0.5 mg/kg 
orally 30 minutes before induction in children weighing more than 5 kg, wheras it was omitted altogether in 
children weighing less than 5 kg. The HR decreased after induction of anesthesia in all groups: 139 ± 20.5 bpm 
(group K), 143 ± 23.7 bpm (group E) and 137 ± 16.0 bpm (group S), due to the abolition of the sympathetic 
drive (P ≤ 0.01). 

The systolic, diastolic and mean BP decreased in group S, with the decrease in MAP from 80 ± 16.3 mmHg to 
64 ± 15.1 mmHg being more than 20% of baseline, P ≤ 0.001. This decrease can be attributed to fall in SVR & 
myocardial depression. SVR was not measured in the present study as it was not feasible to insert the central 
venous line before induction of anesthesia in these small children. ICON values, a parameter of myocardial con-
tractility, reduced from 119 ± 23.2 to 103 ± 25.4 after induction in group S. Whereas, it was the same in the 
other two groups (105 ± 26.7 to 107 ± 34.4 in group K, and 120 ± 41.8 to 118 ± 37.1 in group E, P insignifi-
cant). 

Etomidate caused least variation in myocardial contractility as reflected by the VIC. It remained unchanged 
(27% ± 12.1% to 26% ± 9.4% after induction) in group E, unlike group K (32% ± 10.8% to 22% ± 12.0%) and 
group S (30% ± 9.0% to 17% ± 10.0%). 

The reduction in SVV, 25% ± 6.4% to 13% ± 6.2% (P ≤ 0.001) with sevoflurane is explained by the fact that 
the fall in SVR that occurs with sevoflurane increases the systemic blood flow in relation to the pulmonary 
blood flow, thus increasing the preload & SV. The SV improved from 9 ± 3.2 ml to 10 ± 3.2 ml with sevoflu-
rane (P ≤ 0.05). The diversion of blood flow from pulmonary circulation to the systemic circulation also ex-
plains the decrease in TFC values from 22 ± 4.5 to 21 ± 4.6 Ω−1 in group S. 

SI improved in all the groups: 23.2 ± 6.37 ml/m2 to 26.8 ± 6.32 ml/m2 in group K, 28.4 ± 8.49 ml/m2 to 29.5 ± 
7.37 ml/m2 in group E and 27.0 ± 4.36 ml/m2 to 30.4 ± 5.6 ml/m2 in group S (P ≤ 0.001). But, CI was unchanged 
in all the groups: 3.7 ± 1.36 L/min/m2 to 3.7 ± 1.03 L/min/m2 in group K, 4.3 ± 0.91 L/min/m2 to 4.1 ± 0.95 
L/min/m2 in group E 4.2 ± 0.57 L/min/m2 to 4.0 ± 0.70 L/min/m2 in group S. This occurred secondary to an in-
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crease in preload due to simultaneous fall in HR. 
The systemic arterial saturation improved in all patients as the ventilation was assisted with 50% oxygen: 

79% ± 16.8% to 85% ± 14.8% in group K, 86% ± 12.7% to 91% ± 11.4% in group E and 87% ± 17.9% to 92% 
± 16.8% in group S (P ≤ 0.01). 

The marginal increase in CaO2 value from 15 ± 1.7 ml/dL to 16 ± 2.1 ml/dL (P ≤ 0.01) in group E reflected a 
reduction in myocardial oxygen demand secondary to its cardiostable actions. DO2 (product of arterial oxygen 
content and CO) was unchanged in all patients as there was no significant change in CO. 

To summarize, etomidate caused the least hemodynamic perturbations in the present series of patients. On the 
other hand, sevoflurane caused the widest fluctuations in hemodynamics. Ketamine caused hemodynamic ef-
fects intermediate between etomidate and sevoflurane. 

5. Limitations of the Study 
The study sample did not include the entire spectrum of CHD as the majority of children had cyanotic CHD 
(70%) with increased pulmonary blood flow (83.3%). Inclusion of older children and those with acyanotic CHD, 
reduced pulmonary blood flow conditions and obstructive lesions would have provided a comprehensive over-
view of the hemodynamic effects of the anesthetic induction drugs in the different subgroups of CHD. Moreover, 
inclusion of thiopentone and propofol as the other induction agents would have truly completed the study. 

6. Conclusion 
Etomidate appeared to provide the most stable conditions for induction of anesthesia in children undergoing 
cardiac surgery. Ketamine provided intermediate induction conditions for the same purpose. The present study 
reiterates that sevoflurane is not the ideal induction agent for children with CHD as it overloads the systemic 
circulation at the cost of the pulmonary circulation. 
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