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List of abbreviations 
 
ASA  - American Society of Anesthesiologists 
CI  - cardiac index 
CO  - cardiac output 
CVP  - central venous pressure 
E  - voltage difference 
ECG  - electrocardiography 
ETCO2 - end tidal carbon dioxide pressure 
HI  - Heather Index  
HR  - heart rate 
I  - electrical current 
IAP  - intra-abdominal pressure 
ICG  - impedance cardiography 
l  - inner distance between the voltage detecting electrodes  
LVET  - left ventricular ejection time 
MABP  - mean arterial blood pressure 
NIBP  - non invasive blood pressure 
PEEP  - positive end expiratory pressure 
Paw  - airway pressure 
PIP  - peak inspiratory airway pressure 
PP  - pneumoperitoneum 
PPV  - positive pressure ventilation 
SV  - stroke volume 
SVI  - stroke volume index 
SvO2  - mixed venous oxygen saturation 
ScvO2  - central venous oxygen saturation 
SVR  - systemic vascular resistance 
SVRI  - systemic vascular resistance index 
TEB  - thoracic electrical bioimpedance 
Z  - impedance/resistance 
Z0  - baseline thoracic impedance 
ρ  - resistivity the conducting material 
dZ/dTmax - maximum rate of change of impedance during systole 
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I. Introduction 
 
I.1. Background 

The evaluation of the haemodynamic state of the patient during anaesthesia and intensive care 

is essential. The primary goal of haemodynamic monitoring is to determine the adequacy of  

oxygen delivery, as the most important function of the circulation is to provide transport of 

oxygen and substrates to and from the tissues (1). Since oxygen transport is determined by  

the arterial perfusion pressure, arterial oxygen content and cardiac output, these parameters 

are called “vital signs”. While determination of blood pressure, heart rate, respiratory rate and 

oxygen saturation is readily available in most clinical settings, assessment of the true 

haemodynamic state from an analysis of these measurements alone is difficult (1). Cardiac 

output (CO) is considered the most important factor in oxygen delivery. The use of 

thermodilution (right heart catheterisation, pulse contour cardiac output) to measure cardiac 

output is the ‘gold standard‘ technique but it is invasive. The convergence of escalating 

concerns over the safety of invasive haemodynamic monitoring and the developments in 

microprocessors and signal analysis technology has culminated in a renewed interest in some 

of the noninvasive monitoring methods (2). One of them is impedance cardiography (ICG) 

has been used to measure CO for decades, and holds the promise of rapid and continuous 

measurement of cardiac output (3,4).  

I.2. Electrophysiologic principles of impedance cardiography 

Ohm’s Law states that the flow of an electrical current (I) is equal to a voltage drop (E) 

between the two ends of a circuit divided by the resistance or impedance (Z) to current flow 

(5) . 

I=E/Z  or  Z=E/I 

If the current remains constant, then changes in voltage across the circuit are equal to changes 

in the impedance to current flow. Furthermore, if the impedance (Z) is dependent upon the 
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cross sectional area (A), the length (L), and resistivity (ρ) of the conducting material, then 

changes in Z can be related to changes in volume (V) of the conductor by the expression: 

Z=ρ(L/A)  or  Z=ρ(L2/V) 

In this equation, V= A· L and resistivity (where ρ is a constant specific to the composition of 

the material) is measured in Ω cm. This supposition is the fundamental principle behind the 

concept of ICG (5). 

Kubicek and others investigated the possibility of measuring total blood flow within the aorta 

(representing cardiac output) by examining impedance changes across the thoracic cavity 

under the influence of a constant magnitude , high frequency measurement current and used 

the term “thoracic electrical bioimpedance” (TEB). In his original model, Kubicek used the 

simple assumption of the thorax as a cylinder of cross-sectional area (A) and length (L) that 

would serve as an electrically nonhomogeneous bulk conductor of some constant injected 

current circuit (3). The human thorax is composed of mostly muscle, lung, fat, skin, bone and 

air; all of which have very high resistivity (R=200-5000 Ωcm). By contrast, blood, with its 

electrolyte-rich fluid base, has a very low resistivity (plasma: R=65 Ωcm; whole blood: 

R=130 Ωcm), though it composes a much smaller portion of the total volume of the thorax (~ 

15%). However, since electrical currents tend to take the path of least resistance, it can be 

postulated that the majority of the current flowing through the thorax would travel up the 

blood-filled aorta and vena cava, since they would serve as natural conduits. Kubicek then 

considered that the changes in impedance observed to occur within this thorax conductor 

would also reflect changes in the volume within the great vessels. 

Using information derived from the changing impedance during the cardiac cycle (time 

dependent waveform), Kubicek estimated the stroke volume in a method similar to the pulse 

contour method. Since the area under the arterial pressure waveform accurately reflects stroke 

volume, this area can be estimated if the peak pressure change dP/dtmax is multiplied by the 
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total ejection time. The equation for peak flow can then be transformed into the Kubicek 

expression: 

SV=ρ · (l2 · Z0 
-2) · dZ · dtmax 

–2 · LVET 

 where SV=stroke volume (ml), ρ=resistivity of blood (Ωcm), l=inner distance between the 

voltage detecting electrodes (cm), Z0= baseline thoracic impedance (Ω), dZ · dtmax
–2 = 

maximum rate of change of impedance during systole (Ω/s) and LVET= left ventricular 

ejection time (ms) (3). 

 Although considerable efforts has been made to eliminate some of the assumptions of the 

Kubicek model (i.e. the thorax is truncated) mainly by Bernstein (4), most commercially 

available devices use a modified Kubicek equation. Regardless of which equation or model 

used, a reasonable estimation of the stroke volume can be ascertained if we are able to 

determine the two important variables of dZ · dtmax 
–2 and LVET. 

 

I.3. ICG setup, origins of the impedance signal and waveform 

Most modern ICG devices use a tetrapolar lead system of electrodes, separating the current 

pathway from the sensing pathway by at least 4 centimetres. One set of the external surface 

electrodes placed on the upper abdomen and the upper neck is the source of constant high-

frequency (50-100 kHz) low magnitude (0.2-0.5 mA) current that provides coverage of the 

thorax with a homogeneous electrical field. The voltage is sensed by two pairs of electrodes 

placed at the beginning of the thorax (the line of the root of the neck) and the end of the 

thorax (the xyphoid process level) (Figure 1.). As blood is pumped out of the heart and into 

the aorta during the cardiac cycle, the volume of this fluid in the thoracic conduit and 

therefore the impedance to flow of the current change dramatically with time. ICG technology 

converts the  
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Figure 1. Tetrapolar electrode configuration used during impedance cardiography.  
 

time-varying measurements of Z electrical resistance of the thorax into waveform from which 

a variety of parameters derived. The important parameters required to compute stroke volume 

and cardiac output are dZ/dt and LVET. While the ECG shows the electrical events of the 

heart, the ICG waveform is a fingerprint of the mechanical events of cardiac contraction 

(Figure 2.). The standard points of impedance waveform are: “A,” beginning of 

electromechanical systole; “B,” opening of aortic valve; “C,” maximal mechanical contraction 

(dZ/dtmax); “X,” closing of aortic valve; “Y,” closing of the pulmonary valve; and “O,” mitral 

valve opening (6). 

Z0 is the baseline impedance of the thoracic tissues, fluid and air, with an average normal 

value in man of around 25 Ω. As Z0 does not change acutely with time, ZR(t) (respiration) and 

ZH(t) (haemodynamic) determine the impedance waveform changes. The respiratory 

component ZR(t) typically induces a change about 1 Ω. The haemodynamic component is in 

the range of 0.1 to 0.2 Ω, which is only 0.3-0.5% of the total thoracic impedance. dZ/dtmax 

was initially measured directly from the slope of the simple impedance waveform, but this 

Inner, voltage 
detecting 
electrodes 

Outer, voltage generating electrodes 
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method proved to be too variable for routine clinical use. The first derivative of these 

impedance changes with respect to time (δZ/δt) were found to eliminate much of the 

variations in the baseline due to respirations and largely reflects ZH(t) only. This is explained 

by the fact that ZH(t) has a much higher frequency than ZR(t) (average heart rate of 70 beats · 

min-1, compared with a normal respiratory rate of 14 breaths · min-1). Using this derivative 

methodology, it has been determined that almost all of the impedance changes were derived 

from changes in the systemic thoracic aorta alone. Therefore, the rate of cardiovascular TEB 

changes (dZ/dt) (i.e. the first derivative of impedance) is an image of the aortic blood flow 

and its maximum value dZ/dtmax is proportional to the aortic blood peak flow (6). 

The impedance cardiograph ICG-M401 used in our studies is a unique device concerning its 

special software using electromechanical components (phono-head), beat to beat analysis 

when it is compared with an invasive technique that uses intermittent data collection with 

statistical correction (7, 8). Using ICG to measure stroke volume non-invasively on a beat to 

beat basis showing trends helps in clinical decision making (9, 10). The instrument (ICG-

M401) used in our study was tested by Pianosi who compared impedance measurements of 

CO with carbon dioxide rebreathing measurement of CO in healthy children and children with 

cystic fibrosis during exercise. He found that ICG provided reliable estimation of CO with 

good correlation of indirect Fick (CO2) method (11, 12). There is strong correlation between 

the results of ICG and of invasive methods (dye dilution, thermodilution), in adults (13) and 

paediatric patients under mechanical ventilation, in various clinical settings (14-16).  
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Figure 2. Graphic waveforms of two cardiac cycle processed by the ICG M-401. Upper trace is ECG, second is 
dZ/dt, third is phonocardiogram (PCG) and lower trace is thoracic electric bioimpedance (ICG). The calculated 
numeric value of dZ/dt (2.38 and 2.40) is shown for two individual heartbeats. The vertical lines are used to 
compute the preejection period (pep) and ventricular ejection time (vet). The standard points of impedance 
waveform: A: beginning of electromechanical systole; B: opening of aortic valve; C: maximal mechanical 
contraction (dZ/dtmax); X: closing of aortic valve; Y: closing of the pulmonic valve; and O: mitral valve opening. 
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II. Aims 
 
II.1. Haemodynamic changes related to pneumoperitoneum (PP) in children. 
 
Laparoscopy is widely used in paediatric surgery for the diagnosis and treatment of many 

surgical conditions such as varicocele, gastro-oesophageal reflux, testicular retention (17). 

However, proper haemodynamic monitoring during these operations is not easy. Data are 

limited of the intraoperative and postoperative changes related to pneumoperitoneum (PP) in 

children. Pulmonary artery catheter to measure cardiac output during laparoscopy is 

techniqually difficult and rarely used in this age of group. Transthoracic electric 

bioimpedance has been used to measure cardiac output for decades. The aim of the present 

study was to evaluate whether ICG is an applicable method to track the trends in 

cardiovascular parameters during laparoscopy in children.   

 

II.2. Trendelenburg positioning and anaesthesia induction with propofol in children. 

The induction of general anaesthesia with propofol and fentanyl is safe and widely used in 

paediatric practice, however is often associated with a decrease in blood pressure and cardiac 

output (18, 19). While this decrease in cardiac performance is rarely clinically important in 

healthy individuals, this may not be the case in patients in whom hypotension may critically 

reduce tissue perfusion (hypovolaemia, shock states). Trendelenburg positioning is often the 

first clinical step to treat heamodynamically unstable patients when hypovolaemia is 

suspected. The aim of this manoeuvre is to increase central blood volume, and thereby cardiac 

preload, by autotransfusion. However, the effects of the Trendelenburg position on cardiac 

performance have been studied with controversial results (20-22), data are limited with 

respect to the cardiovascular effects related to head-down tilt in children (23). The use of 

thermodilution (right heart catheterisation, pulse contour cardiac output) to measure cardiac 

output in these patients is too invasive. The objective of our study was to determine with the 
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use of impedance cardiography whether Trendelenburg positioning would prevent or 

attenuate the decrease in blood pressure and cardiac output caused by intravenous induction 

of anaesthesia with propofol and fentanyl in children.   

 

II.3. Haemodynamic effects of positive pressure ventilation in children. 

Continuous mechanical ventilation with positive end expiratory pressure (PEEP) is part of the 

routine management of gas exchange disturbances in intensive care. The haemodynamic 

effects of positive pressure ventilation (PPV) have been studied in animal models and in 

several clinical settings. It has been widely accepted that increases in airway pressure (Paw) 

induced by PPV can decrease cardiac output (24-26). The primary mechanism responsible for 

this effect is presumed to be a decrease in right ventricular filling due to a decrease in pressure 

gradient for the systemic venous return. Data are limited with respect to the haemodynamic 

changes related to PEEP in children (27, 28), especially with normal, or improving lung 

function. Cardiac output strongly determines oxygen supply to the tissues. Monitoring mixed 

venous oxygen saturation (SvO2) via right heart catheterisation is widely used to monitor the 

balance between oxygen supply and demand in adult patients. Central venous catheters are 

more routinely used in paediatric intensive care, with a lower less risk of complications. 

Central venous oxygen saturation (ScvO2) correlates well with SvO2 and is easily monitored 

(29). 

The objective of our study was to evaluate the relationship between a) CO and Paw with the 

use of impedance cardiography, and b) CO and ScvO2 in ventilated paediatric patients without 

pulmonary disease. 
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III. Materials and methods 
 
Impedance cardiography was performed in all of the studies (with 12 electrodes and a phono 

head) using ICG-M401 impedance cardiograph (Askit Ltd, Budapest, Hungary). The ICG-

M401 uses a tertrapolar lead system with paired inner -voltage detecting- electrodes placed on 

either side in the supraclavicular fossa just above the level of the suprasternal notch, and 

along the midaxillary line at the level of the xyphoid. The outer -voltage generating-electrodes 

are placed 4 cm cephalad and caudad, respectively (Figure 1). Leads for the electrocardiogram 

were placed on the right and left pectoral areas and on the right and left lower quadrants of the 

abdomen. Finally a microphone was attached at a site above the heart where the second heart 

sound was loudest in order to record phonocardiogram. Stroke volume was calculated as 

follows, using ICG:  

SV=ρ · (l2 · Z0 
-2) · dZ · dtmax 

–2 · LVET 

 where SV=stroke volume (ml), ρ=resistivity of blood (Ωcm), l=inner distance between the 

voltage detecting electrodes (cm), Z0= baseline thoracic impedance (Ω), dZ/dTmax= maximum 

rate of change of impedance during systole (Ω/s) and LVET= left ventricular ejection time 

(ms). Stroke volume index (SVI) and cardiac index (CI) were calculated using the built-in 

software of the ICG-M401. Three 8-second impedance measurements were made during the 

last minute of each period, and averaged to provide a single value for SV. 

 
 
III.1. Study design of haemodynamic changes related to PP in children. 
 
After approval of the Hospital Ethics Committee and obtaining parental consent, 30 ASA I  

boys scheduled for elective laparoscopic varicocelectomy were enrolled in the study; patients’ 

characteristics were (mean±SD):age 13±2.3 years, weight 46.6±14.8 kg. Children had been 

fasting for 6 hours before surgery and a premedication of 0.3-0.5 mg·kg-1 oral midazolam 60 
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minutes prior to induction of anaesthesia was given. In the operating theatre following the 

standard monitoring devices (ECG, Pulse oxymetry, NIBP), the 12 electrodes and the phono 

head of the impedance cardiograph were attached. The ICG was then used in continuous 

monitoring mode. Anaesthesia was induced with midazolam (0.1 mg·kg-1): propofol (2 mg·kg-

1): fentanyl (2 µg·kg-1 ) and  vecuronium (0.1 mg·kg-1) was used to facilitate intubation. 

Anaesthesia was maintained by continuous propofol infusion. Mechanical ventilation was 

started using volume controlled mode with expired tidal volume of 8-10 mg·kg-1 to achieve 

end tidal CO2 pressure (ETCO2) of 4-5.2 kPa (30 to 40 mmHg). PEEP was not administered. 

The ratio of inspiratory time to expiratory time was 1:2. During pneumoperitoneum ETCO2 

higher than 5.8 kPa (45 mmHg) was considered as hypercapnia and minute ventilation was 

then increased to achieve the desired range of ETCO2. Pneumoperitoneum was created as 

follows: after a small incision below the umbilicus the Veress’ needle was inserted into the 

peritoneal cavity, and the abdomen was insufflated with CO2 to the desired intra-abdominal 

pressure (IAP) of 12-13 mmHg and this was maintained automatically. Two other trocars 

were inserted under laparoscopic guidance to locate and clip the dilated testicular vein(s). 

During surgery, patients were laying in a 15˚ head-down position. No further opioids after the 

initial dose of 2µg·kg-1 fentanyl were required. The values of heart rate (HR), mean arterial 

blood pressure (MABP), ETCO2, peak inspiratory airway pressure (PIP), stroke volume (SV), 

stroke volume index (SVI), CO, cardiac index (CI), systemic vascular resistance (SVR) and 

systemic vascular resistance index (SVRI) were recorded every minute. The course of 

anaesthesia was divided into 4 periods (T1-4):T1, before induction; T2, between induction 

and incision; T3, during insufflation; T4, after desufflation of PP until awake. The mean 

values of PIP, CI, SVI, MABP, HR and SVRI of the four periods were compared using paired 

T-test. 
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III.2. Study design of Trendelenburg positioning and anaesthesia induction with 

propofol in children. 

After approval of the Hospital Ethics Committee and obtaining informed parental consent 

thirty ASA I children of both sexes scheduled for elective minor orthopaedic surgery were 

enrolled in the study. Patients were fasted for 6 hours before surgery and premedication of 

0.3-0.5 mg·kg-1 oral midazolam about 1 hour prior to induction of anaesthesia was given. In 

the operating room standard monitoring devices and the electrodes and phono head of the 

impedance cardiograph were attached. A 20 or 22-gauge cannula was inserted into a vein. 

Anaesthesia was induced with fentanyl (1.5 µg·kg-1) and propofol (3 mg·kg-1) and the 

appropriate size laryngeal mask airway (LMA) was inserted. Mechanical ventilation was 

started using the pressure control mode with 70% nitrous oxide in oxygen to achieve ETCO2 

of 4.3-5.2 kPa (35-40 Hgmm). Peak airway pressure ranged from 12-to 14 cmH2O. During the 

study period, ventilatory settings were kept constant in each group and anaesthesia was 

maintained with continuous propofol infusion (8 mg · kg-1 · h-1). Impedance cardiography  was 

performed as mentioned above (III). Beside the haemodynamic variables of SVI and CI the 

Heather Index (HI) was measured, which represents a direct reflection of acceleration 

expressed as Ω·s-2 for aortic ejection and thus contractility (30). Heather Index (Ω·s-2) as the 

ratio of dZ/dTmax to RZ, where RZ(ms) is the interval between the peak of ECG R wave and 

the peak of dZ/dT wave, stroke volume index (SVI) and cardiac index (CI) were calculated 

using the built-in software of the ICG-M401. Three 8-second impedance measurements based 

on all cardiac cycles were made and averaged to provide a single value for SV and HI. 

The study protocol was as follows: After baseline measurements in awake patients 

anaesthesia was induced. Patients were allocated to one of two positions using computer 

generated numbers: 20° head-down tilt (head-down group, HDG, n=15) or supine (supine 

group, SG, n=15). Patients’ characteristics were [median (range)]: HDG; age 12 (7-16) years, 
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weight 42 (32-70) kg; SG; age 12 (7-16) years, weight 39 (26-76) kg. HDG patients were 

tilted into Trendelenburg position for 5 min, 30 s after LMA insertion. The SG remained in 

the supine position. During the study period no intravenous fluids or muscle relaxants were 

given and no movement or surgical stimulations was permitted. During the course of 

anaesthesia in each group, the values of HR, MABP, ETCO2, SVI, CI, SVRI and HI were 

recorded before induction (B) and  three  (A3) five (A5) and eight (A8) minutes after LMA 

insertion. Surgery was started after the last recording (A8).  

Statistical analysis: The first period (B) was used as the baseline. Analysis of variance 

(ANOVA) for repeated measures was used to compare time effects. Posthoc paired samples t-

tests with Bonferroni correction were performed for the haemodynamic variables (HR, 

MABP, CI, SVI, SVRI, HI) to determine if variables obtained at A3, A5, and A8 were 

significantly different from those obtained at B and from each other. Independent samples t-

test was used to evaluate differences between groups at each levels. A p-level<0.05 was 

regarded as statistically significant. 

 

III.3. Study design of haemodynamic effects of positive pressure ventilation in children. 

After approval of the Hospital Ethics Committee and obtaining informed parental consent 

twelve children requiring mechanical ventilation in the Paediatric Intensive Care Unit were 

enrolled in the study. The median weight of the patients was 13 kg (range 9-16 kg), the 

median age was 41 months (range 7-65 months). None of the patients had pulmonary 

diseases. Four of them underwent head-neck surgery, three laparotomy, one surgery for 

tracheal stenosis, and four children were treated with complicated febrile convulsion. 

Haemoglobin and hematocrit values were normal in all patients. The ventilator used was a 

Siemens-Servo 300A (Siemens-Elema, Sweden) working in pressure-control (PCV) mode 

with the tidal volume (TV) of 6-8 ml·kg-1 to achieve an end-tidal CO2 pressure of 4.3-5.2 kPa 
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(35-40 mmHg).  Baseline PEEP was set to 5 cmH2O. All patients were sedated intravenously 

with i.v. midazolam (0.1-0.2 mg · kg-1 · h-1) and fentanyl (1-2 µg · kg-1 · h-1). ECG, periferial 

oxygen saturation, MABP, ETCO2 and central venous pressure (CVP) were monitored using a 

Datex-Ohmeda patient monitor (model S/5 Helsinki, Finland). All patients had a central 

venous catheter via the subclavian approach as a routine part of their management. The 

locations of cathetertips were in the lower part of the superior vena cava as confirmed by 

chest X-ray. Impedance cardiography was performed using ICG-M401 impedance 

cardiograph. 

The study protocol was as follows: neuromuscular blockade was achieved by vecuronium 0.1 

mg · kg-1 i.v. in the anaesthetized children.  After a 5 min resting period with PEEP 5 cmH2O 

(Pb5) with stable ventilatory and circulatory condition the following end-expiratory pressures 

were applied for 5 mins consecutively: PEEP 10 cmH2O (Pi10); PEEP 15 cmH2O (Pi15); 

PEEP10 cmH2O (Pd10) and PEEP 5 cmH2O (Pd5). The respiratory rate was adjusted [18 (2.5) 

at Pb5, 19 (2.7) at Pi10, 21 (3.0) at Pi15, 18 (2.7) at Pd10 and 17 (1.9) at Pd5 breaths·min-1, 

respectively]  to obtain an ETCO2 between 35 and 40 mmHg. Thus, the minute ventilation 

was maintained constant for each patient. Levels of PEEP and Paw were registered from the 

ventilator. The values of HR, MABP, ETCO2, CVP, Paw, CI and SVI were recorded at the end 

of each time period. Central venous oxygen saturations were measured from venous sample 

with a blood-gas analyser (Stat Profile-pHOx-Plus, Nova Biomedical Co, Waltham, USA) at 

the end of each time period. All data are presented as mean (SD).  

Statistical analysis: The first period (Pb5) was used as the baseline. Analysis of variance 

(ANOVA) for repeated measures was used to compare time effects. Posthoc paired samples t-

tests with Bonferroni correction were performed for the haemodynamic variables (HR, 

MABP, CI, SVI), Paw  and ScvO2  to determine if variables obtained at Pi10, Pi15, Pd10 and Pd5 

were significantly different from those obtained at Pb5 and from each other. A p-level< 0.05 
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was regarded as statistically significant. The SPSS software, (version 12 for Windows, SPSS 

Inc., Chicago, IL, USA) was used for all statistical analyses. 

 

IV. Results 

 

IV.1. Results of haemodynamic changes related to PP in children. 

Results are reported as mean ± standard deviation (SD). The average IAP was 12.4±2.1 

mmHg. The average insufflation time was 16±4.5 min. After the induction of anaesthesia HR, 

MABP and CI decreased, the SVI remained unaffected. The decrease in CI was 11%, caused 

mainly by the decrease in HR. The insufflation resulted in a significant decrease in stroke 

volume and a further reduction in CI. Total reduction in CI was 25%. Following PP HR did 

not change. The MABP and the SVR increased significantly (Table 1). After desufflation the 

CI, SVI increased and the SVRI decreased significantly, but only the SVI returned to the 

baseline values. As a result of decreased thoracic compliance PIP elevated significantly 

during PP. No significant changes of ETCO2 were noted during surgery (Table 2). 

 

Heamodynamic 
changes 

T1 
Before induction 

T2 
Induct.-incision 

T3 
Insufflation 

T4 
After 
desufflation 

HR, beat min-1      97.7±16.6     82.4±15.5*      80.6±13.3     80.2±13.7 
MABP, mmHg      79.5±10.6     64.3±5.7*      79.0±9.4**     78.6±9.4 
CI, l min-1 m-2        3.0±0.5       2.7±0.5*        2.2±0.5**       2.7±0.8*** 
SVI, ml m-2       33.6±7.6      32.8±5.2      27.4±4.8**     33.3±8.1*** 
SVRI,  
dyns sec-1cm-5m-2 

     2194±505     2100±486     2970±783**    2512±821*** 

*p<0.001 as compared with T1 **p<0.001 as compared with T2 ***p<0.001 as compared with T3 
 
Table 1. The average results (mean±SD) of the measured (HR, MABP) and calculated (CI, 
SVI, SVRI) values of the four periods. 
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 T1 T2 T3 T4 

 
PIP (cmH2O)  19,8±2.6 23.1±3.0*  
ETCO2 (mmHg)  33.3±3.7 35.5±7.6  

 
*p<0.01 as compared with T2 
 
 
Table 2. Respiratory changes during anaesthesia 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.The values of CO (○) and SVR (.) in a patient during laparoscopy. 
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IV.2. Results of Trendelenburg positioning and anaesthesia induction with propofol in 

children 

The changes in haemodynamic parameters are shown in Figs 4 and 5, and Table 3. Baseline 

haemodynamic variables were not significantly different between the groups. 

After induction of anaesthesia, a significant (p<0.05) decrease in HR (32% in HDG and 16% 

in SG at A3), MABP (25% HDG and 23% SG at A3) and CI (24% HDG and 16% SG at A3) 

were recorded in each group compared with baseline (B). The reduction in HR was more 

pronounced in the HDG at A3 [66(13) vs. 78(17) beat · min-1 respectively, p=0.039].  The 

differences in CI and MABP between the groups were not significant. SVI did not change in 

the supine group while statistically but not clinically significant SVI elevation was observed 

in the HDG at A3 as compared to the baseline [38.8(5.4) at B vs 42.9(6.4) ml · m-2 at A3 

p=0.021]. No significant differences in SVRI were found between and within the groups, 

while induction resulted in a significant decrease in HI in each group (Table 3, Figs 4 and 5). 

After induction, the end-tidal CO2 concentrations in the HDG were higher than those is SG, 

and the differences were significant at A3 and A5 but not at A8 (Table 3). 
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Table 3. 
Measured (HR, MABP) and calculated (SVI, CI, SVRI, HI) values of haemodynamic changes, and ETCO2  of the four periods [mean(SD)]. 
 

 

 

                        
                                                      Before Induction                  3 min after LMA                         5 min after LMA              8 min after LMA 
                                                             B                                           A3                                                                       A5                                                  A8 

 
                                             HDG                   SG               HDG                SG                 HDG               SG                  HDG              SG 
 
HR(beat min-1)                   97(11)                93(15)           66(13)*,†          78(17)*           67(13)*          75(16)*           68(13)*         75(17)* 
MABP (mmHg)                 82(7.5)             87.6(7.6)          63.1(7)*         65.3(8.3)*      62.6(5.9)*      64.3(7.9)*         63 (6.6)*       64.3(7.9)* 
CI(l min-1 m-2)                   3.7(0.5)              3.6(0.7)          2.8(0.4)*         3.0(0.5)*         2.9(0.5)*       3.0(0.5)*           2.7(0.5)*       3.0(0.5)* 
SVI (ml m-2)                     38.8(5.4)           38.5(5.4)        42.9(6.4)*         40.6(5.3)        42.4(5.3)        41.2(6.9)            40(6.2)        41.1(5.3) 
SVRI(dyn s-1 cm-5 m-2)    1769(275)         2002(303)       1836(298)       1785(340)       1826(309)     1750(310)         1887(282)     1773(326) 
HI (Ω s -2)                             25(6)                 23(7)             18(5)*             19(5)*             18(4)*            19(5)*               16(5)*           18(6)* 
ETCO2 (kPa)                                                                      5.6(0.5)†          4.8(0.5)           5.8(0.4)†         4.7(0.4)             5.4(0.4)         4.7(0.5) 
 
                                            
*p<0.05 vs BI (baseline); †p<0.05 vs SG 
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Figure 4.Changes in HR, CI and MABP after induction of anaesthesia in the two groups. 
Data are mean (SD).All values are significantly decreased at A3, A5 and A8 as compared to 
baseline (B) (*p<0.05 vs B). In the HDG at A3 HR is significantly lower compared to the SG 
(†p<0.05).  
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Figure 5. Values of SVI , HI and SVRI of the four time periods. Data are mean (SD). In HDG 
SVI statistically significantly increased at A3 as compared to B (*p<0.05 vs B). The values of 
HI significantly decreased after propofol administration in each group (†p<0.01 vs B). SVRI 
values remained unchanged. 
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IV.3. Results of haemodynamic effects of positive pressure ventilation in children. 

 
Increasing the Paw did not result in significant changes in SVI and CI at Pi10 and Pi15 compared 

to Pb5 as a baseline. PEEP reduction (Pd5) resulted in a statistically significant increase in SVI 

as compared to Pi15 [26(5.1) at Pi15 vs 30.3(4.2) ml · m-2 at Pd5]. The increase in CI was 

significant at Pd5 [2.8(0.6) at Pi15 vs 3.2(0.5) l · min · m-2 at Pd5]. CVP increased significantly 

after PEEP elevation [7.6(1.6) at Pb5 vs 8.8(1.5) at Pi10 than 11(1.7) mmHg at Pi15] and 

returned to the baseline when PEEP decreased. CI, HR, MAP and ETCO2 did not change 

significantly. CO, HR, MAP and ETCO2 did not change significantly. The values of ScvO2 

decreased non-significantly after PEEP elevation (Table 4.). 

 
 

 

Table 4. 
The measured (HR, CVP, MABP) and calculated (SVI, CI) values of haemodynamic changes, 
respiratory changes (Paw and ETCO2) and values of ScvO2 of the five periods. 
 

 

Haemodynamic                 Pb5                Pi10                Pi15              Pd10               Pd5 
changes and ScvO2            PEEP:5             PEEP:10            PEEP:15          PEEP:10           PEEP:5 

 
HR(beat·min-1)                  106±14           105±14            107±14          104±12          105±11 
CI(l·min·m-2)                      2.8±0.6           2.8±0.5            2.8±0.6          3.0±0.4          3.2±0.5* 
SVI (ml·min·m-2)              26.5±5.3         26.4±4.2          26.0±5.1        28.9±4.2        30.3±4.2* 
CVP (mmHg)                     7.6±1.6           8.8±1.5          11.0±1.7**      9.6±1.7          8.4±1.3 
MABP (mmHg)                   61±4.6         59.5±3.6          62.3±4.5        63.3±3.4        60.1±3.3 
Paw(cmH2O)                        8.8±1.6         14.3±1.0          19.4±1.4**    14.1±1.2          9.5±1.3 
ETCO2 (mmHg)                36.8±2.6         35.7±3.3          36.9±4.1       35.7±4.4         37.0±3.2 
ScvO2 (%)                          76.5±3.6         74.6±4.7              73.5±5.1        74.5±5.5        74.9±5.0 
                                            
*p<0.05 compared to Ti15; **p<0.01 compared to Tb5,Ti10,Td10 and Td5 
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V. Discussion 

V.1 Discussion on haemodynamic changes related to PP in children. 

This study demonstrates that the cardiovascular effects of carbon dioxide peritoneal 

insufflation can be measured using ICG in children during laparoscopic varicocelectomy.  We 

found significant decrease in CI after induction of anaesthesia, partly the result of the decrease 

in heart rate as SVI did not greatly change (Table 1.). However during PP a significant 

reduction in SVI and CI and increase in SVRI and MABP was observed. Our results are 

similar to those reported using different techniques in adults. Using thermodilution method, 

claimed to be the gold standard in estimating CO, authors observed a significant reduction in 

CO, and SV during peritoneal insufflation (22, 31, 32). Another popular technique is 

oesophagus Doppler monitor (ODM), which is a semi-invasive method using an orally 

introduced Doppler head to measure aortic blood flow. Using ODM the results are similar to 

those measured by thermodilution (33, 34, 35). The results using transoesophageal 

echocardiography is controversial. De Agustin found minimal increase in CI in children (36), 

while Portera (32) and Cunningham (37) demonstrated no significant changes in left 

ventricular ejection fraction and left ventricular function throughout laparoscopy in adults. 

Studies in adults using impedance cardiography (38, 39) to monitor CI in patients undergoing 

laparoscopic surgery found significant decrease in stroke volume and cardiac output, similar 

to those measured by invasive techniques. On the other hand little data can be found on 

haemodynamic measurements in children. Using standard monitoring devices Tobias found 

minimal disturbance in cardiorespiratory function while examining fifty-five paediatric 

patients undergoing elective laparoscopy (40). Sfez examined 25 children scheduled for 

elective laparoscopic fundoplication. He reports no major cardiovascular or respiratory 
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changes intraoperatively (41). In our study the procedure was tolerated well by all the 

patients. No significant episodes of hyper-, or hypotension was observed. There were minimal 

changes in respiratory function, manifested by an increase in PIP required to achieve the 

desired ETCO2 level. Despite the fact that laparoscopy seems to be a safe and well tolerated 

technique in children, an accurate method is required to monitor haemodynamic changes 

during PP even in healthy patients (prolonged insufflation, etc.). Impedance cardiography, 

measuring the pulsatile change in resistance to microcurrents to calculate stroke volume, 

especially useful in children. Being non-invasive it can be widely used under various 

circumstances (in the OR, ICU, ambulance service). The use of dermal electrodes does not 

cause discomfort to the patient, and has the potential for prolonged use in the same patient, 

but it can not be used during open chest procedures and chest wall surgery. It is a truly beat to 

beat measurement, giving continuous information about cardiac performance. Although ICG 

has been compared with several other techniques, where correlation was good (11, 12, 14) or 

relatively poor, especially in critically ill (42, 43), ICG-M401 is a unique device concerning 

its special software using electromechanical components (phono-head), beat to beat analysis 

when it is compared with an invasive technique that uses intermittent data collection with 

statistical correction. Using ICG to measure stroke volume non-invasively on a beat to beat 

basis showing trends helps in clinical decision making (44) ( Figure 3). The instrument (ICG-

M401) used in our study was tested by Pianosi who compared impedance measurements of 

CO with carbon dioxide rebreathig measurement of CO in healthy children and children with 

cystic fibrosis during exercise. He found that ICG provided reliable estimation of CO with 

good correlation of indirect Fick (CO2) method (11, 12). 

Pneumoperitoneum has multiple effects: it mechanically compresses the abdominal caval vein 

resulting in preload reduction (45) and on the other hand several studies suggest the release of 

humoral factors such as catecholamines and vasopressin behind the SVR elevation, partly 
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caused by intraoperative hypercapnia (46, 47). During laparoscopy the position of the 

diaphragm is influenced by both the head-down position and PP. We suspect that the 

increased minute ventilation necessary for CO2 elimination counteracts the former effects, 

thus estimation of SV using unchanged electrode position during PP is reliable. We found 

decreased SVRI after desufflation of PP (Table 1), but remained elevated as compared with 

the values of T1. We suspect that moderately elevated SVRI after desufflation is partly the 

result of humoral factor release caused by insufflation. The increase in minute ventilation to 

avoid hypercapnia associated with a decrease in thoracic compliance resulted in significant 

PIP elevation. Some reports suggest that during mechanical ventilation in patients with PP the 

transmural right atrial pressure (TRAP, i.e., the pressure within the right atria minus the 

extracardiac pressure) should be used rather than directly measured central venous pressure 

(CVP) as an indicator of venous return to the heart. These studies found that TRAP does not 

change significantly as compared to that measured before insufflation (31, 48). The 

observation of a significant decrease of SV, despite the unchanged TRAP can be the result of 

elevated SVRI. We found remarkable increase in SVRI, but only a clinically insignificant 

change in PIP. Thus, we think that the reduction in CI in our study was minimally influenced 

by the unavoidable elevation of PIP to maintain normocapnia during PP. The usual 

cardiovascular monitoring techniques during anaesthesia (blood pressure, heart rate, pulse 

oximetry, capnography) give no accurate information on the changes in SVR and CO. We 

found similar MABP values before induction of anaesthesia and during insufflation while 

cardiac index decreased by 25% at the same time.  
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V.2. Discussion on Trendelenburg positioning and induction of anaesthesia with 

propofol in children. 

After intravenous induction of anaesthesia using propofol and fentanyl, a 20° Trendelenburg 

positioning compared with supine did not clinically attenuate haemodynamic changes. 

This study used non-invasive impedance cardiography to determine stroke volume, cardiac 

output and myocardial contractility. We could not find any reports describing the use of ICG 

to monitor on the effects of Trendelenburg positioning on SVI and CI in children. In 

paediatric intensive care patients good correlation was found between ICG and dye dilution 

(14), thermodilution (15) and the direct Fick method (16) in the measurement of cardiac 

output. The ICG-M401 has been validated for comparing impedance measurements of cardiac 

output (CO) with carbon dioxide rebreathing measurement of CO in healthy children (11) and 

children with cystic fibrosis during exercise in the supine position (12). ICG provided reliable 

estimation of CO and a good correlation with the indirect Fick (CO2) method. 

A decrease in arterial pressure after induction of anaesthesia with propofol is well recognized, 

and is one of its most frequently criticized characteristics in both children and adults (18, 19). 

We found significant decrease in CI in both groups (24% in HDG and 16% in SG) after 

induction of anaesthesia, probably as a result of the decrease in heart rates as SVI did not 

greatly change (Table 3, Figures 4, 5). Our results are similar to those reported by Aun et al, 

they found a significant (15%) reduction in cardiac index using two-dimensional 

echocardiography and pulse Doppler after propofol induction in children (19). However the 

mechanism of propofol induced hypotension has yet to be elucidated. Many studies have 

demonstrated substantially reduced systemic vascular resistance, reduced sympathetic nervous 

system activity resulting in venodilatation and thus decreasing venous return (19, 49). Some 

studies found that propofol causes a significant reduction in myocardial contractility (50). In 

our study no clinically important changes in SVRI were observed after induction while the 
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significant decrease in HI suggests direct myocardial depression. This reduced myocardial 

contractility may have contributed to CI decrease in our patients rather than the decreased 

systemic vascular resistance. 

Fentanyl was used to supplement induction of anaesthesia with propofol. In combination with 

propofol there is some evidence that the addition of low-dose fentanyl may cause a slower 

heart rate when compared with those patients who have received propofol only for induction 

(51). Similarly to nitrous oxide the haemodynamic effects of fentanyl would also apply to 

both groups equally in our study. 

The Trendelenburg position has been used for decades as a first-step manoeuvre to treat 

haemodynamic instability as a consequence of reduced preload. The extent of the resulting 

preload increase, the autotransfusion effect and the desired cardiac output increase has been 

investigated using several different techniques. However the results have been conflicting. 

Terai et al. examined healthy volunteers using two-dimensional echocardiograms. They found 

a 16% increase in CO followed by the increase in left ventricular end-diastolic volume 

(LEDV) at 1 minute after head-down tilting, although these changes disappeared after 10 

minutes of tilting (52). Reuter et al. used transpulmonary thermodilution technique to measure 

SVI, CI and volumetric preload parameters (intrathoracic blood volume index) during 

Trendelenburg position in postoperative cardiac patients. They found only slight increase of 

preload volume without improving cardiac function (21). Data are limited with respect to the 

haemodynamic effect of head-down tilt in children and adolescents. Our results are in line 

with those reported using different techniques mainly in adults (21, 22). We found statistically 

significant elevation in SVI in the head-down group at A3 as compared with B. The only 

clinically significant difference between the two groups was found in HR which decreased 

more in the HDG than in the SG at A3. The possible explanation is that carotid and aortic 

baroreceptors respond to an increase in hydrostatic pressure with systemic vasodilation and 
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bradycardia (53). In our study the slight increase in preload volume did not result in CI 

elevation because of the marked decrease in HR during head-down tilt. 

As a consequence of pressure-controlled ventilation, a significant increase in ETCO2 was 

observed in the HDG after induction of anaesthesia at A3 and A5. We used pressure-controlled 

ventilation to keep Paw constant after a change in body position to avoid the possible negative 

haemodynamic effects of volume controlled ventilation when lung compliance decreased. As 

a consequence, CO2 elimination was diminished in the HDG, but the moderate hypercarbia 

probably did not affect the haemodynamic response to head-down tilt. 

One important limitation of this study is that the ICG-M401 instrument has not been validated 

in head-down tilt. Although body posture may alter the volume of electrically participating 

thoracic tissue, agreement was found between the results of ICG measured SV by other 

instruments and of standard techniques in tilted positions (54). 

 

  

 V.3. Discussion on the haemodynamic effects of positive pressure ventilation in 

children. 

High PEEP levels in ventilated children without pulmonary pathology did not result in 

significant haemodynamic changes. Mechanical ventilation strategies using PEEP for optimal 

alveolar recruitment remain the mainstay for managing respiratory failure in children.  

Although the haemodynamic effects of mechanical ventilation and ventilatory manoeuvres 

like PEEP have been studied extensively, we could not find any reports describing the use of 

ICG to monitor the effects of IPPV and PEEP on SVI and CI in children. The accuracy and 

reliability of ICG in adults with no primary pulmonary pathology under mechanical 

intermittent positive-pressure ventilation with PEEP are reported to be good (13), and in 

paediatric intensive care patients good correlation was found between ICG and dye dilution, 
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thermodilution and the direct Fick method (14, 15, 16). Impedance cardiography, measuring 

the pulsatile change in resistance to microcurrents to calculate stroke volume is especially 

useful in children. Being non-invasive it can be widely used under various circumstances (in 

the OR, ICU, ambulance service). 

 We found no significant decrease in SVI, CI and ScvO2 after PEEP elevation. Our results are 

not in line with those reported using different techniques in children and infants. Gullberg et 

al. used Doppler technique to measure blood flow velocity in the ascending aorta and thus 

SVI (55). They found a significant (12.6%) decrease in CI  in otherwise healthy infants when 

Paw was increased by increasing PEEP to the maximum of 6 cmH2O. Shekerdemian et al. used 

the direct Fick method to calculate CI during intermittent positive pressure ventilation 

followed by negative pressure ventilation postoperatively in infants and children requiring 

open heart surgery (56). They found that negative pressure ventilation has heamodynamic 

advantages over conventional IPPV. Our findings suggest that normovolaemic children with 

normal lung compliance can compensate the negative effects of elevated PEEP on venous 

return. The PEEP-induced increase in intrathoracic pressure might have been blunted by the 

high lung elastance, resulting in relatively low pericardial pressures. Oesophageal pressure 

changes as an indicator of transmission of intrapulmonary pressures to the mediastinal area 

were found to be minimal in an animal model (57). We did not measure the intra-abdominal 

pressure, but the unchanged SVI and CI after Paw elevation can be the result of an in-phase-

associated pressurisation of the abdominal compartment with compression of the liver and 

squeezing of the lungs as reported in adults (58). The circulation is a closed-loop, 

autoregulated circuit, which attempts to maintain the perfusion pressure of the organs and 

blood flow by altering the autonomic tone. Several studies have suggested that humoral 

factors such as cathecolamines and vasopressin are released during IPPV with PEEP (59, 60). 

We measured SVI 5 minutes after Paw was altered. It is difficult to differentiate between 



 31

primary and secondary effects of increased PEEP leading to a new haemodynamic steady-

state. The altered autonomic tone probably contributed to the fact,  that CI remained stable at 

Pi15 and that SVI and CI increased significantly at Td5 when airway pressure returned to 

normal. 

We measured ScvO2 to determine the changes in the balance of O2 supply/demand. Although 

mixed venous oxygen saturation (SvO2) as a gold standard indicates the accuracy of the tissue 

oxygenation, several reports have shown that SvO2 and ScvO2 are closely related and 

interchangeable in various clinical settings (61, 62, 63). Oxygen demand remained unchanged 

during the study. The constant values of ScvO2 are in line with the lack of significant changes 

in CO as measured by ICG. 

 

VI. Conclusions 

 

VI.1. Conclusions of haemodynamic changes related to PP in children. 

Our findings suggest, that significant haemodynamic changes occurring in healthy children 

caused by peritoneal insufflation can be monitored by impedance cardiography. Our patients 

tolerated the cardiovascular effects of these short peritoneal insufflations well. Further 

investigations are needed to examine the circulatory effect of PP in younger children and the 

effect of prolonged insufflation on haemodynamic changes. Proper monitoring is essential for 

children with impaired cardiac function undergoing laparoscopy. In these cases impedance 

cardiography can be a useful method to monitor trends in cardiac function. Comparison of 

ICG monitoring to thermodilutions techniques is warranted in the future. 
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VI.2. Conclusions of Trendelenburg positioning and anaesthesia induction with propofol 

in children. 

Using ICG to determinate cardiac output, we found that (a) reduced myocardial contractility 

is responsible for the decrease in cardiac output following propofol-fentanyl induction of 

anaesthesia, and (b) a 20° head-down tilt does not prevent a decrease in cardiac output after 

induction of anaeshesia using a combination of propofol and fentanyl in healthy children. 

 

VI.3. Conclusions of haemodynamic changes of positive pressure ventilation in children. 

Using ICG to determine cardiac output, we found that short-term PEEP elevation from 5 up to 

15 cmH2O does not cause a significant decrease in CI in ventilated normovolaemic children 

without lung injury. The unchanged values of ScvO2 indicate that changes in Paw did not 

influence the balance of oxygen supply and demand. 
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