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ABSTRACT 

Cardiovascular effects of increased intra-abdominal pressure in pigs with or without coexist-

ent sepsis  

Grosomanidis V, Veroniki F, Fyntanidou B, Tsiapakidou S, Kyparissa M, Kazakos G, 

Lolakos K, Kotzampassi K  

Increased IAP often coexists with sepsis in severely ill patients in the ICU, under mechanical 

ventilation and pharmaceutical support of the circulation with inotropes and vasoactive drugs. Both 

conditions have an unfavorable effect on the cardiovascular system. The purpose of this 

experimental study was to record the effect of increased intra-abdominal pressure on the 

cardiovascular system of pigs, with or without additional sepsis. Sixteen male pigs were randomly 

assigned in two groups A and B. In both groups, after induction to anesthesia and mechanical 

ventilation, the intra-abdominal pressure was increased to 25mmHg by helium insufflation in the 

peritoneal cavity, and that level of IAP was preserved until the end of the experiment. In Group A 

no other intervention apart from the increase in IAP was made, whereas in Group B, 60 minutes 

after the increase in IAP, 100μg/kg LPS were 

administered. Data were recorded after 

induction of anesthesia and initiation of 

mechanical ventilation (baseline 

measurement/measurement 0) and thereafter 

every 20 min after intra-abdominal pressure 

increase. The last measurement (measurement 

9) was obtained immediately before release of 

pneumoperitoneum. Parameters measured or 

calculated included HR, BP(s,d,m), RVPs, 
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PAP(s,d,m), PΑWP, CO, SV, SVR, PVR, SvO2, ETCO2. HR increased statistically significantly 

only in Group B, 60 minutes after the administration of LPS. BP (s, d, m) presented a significant 

change only in Group B, an initial increase immediately after LPS administration, followed by a 

decrease. CVP, RVPs and PAP (s, d, m) increased in both groups after IAP increase, whereas they 

presented an additional increase in Group B, after LPS administration. PΑWP changed only in 

Group B, after LPS administration. CO and SV were dramatically reduced in Group B, immediately 

after LPS administration, but gradually recovered their initial values until the end of the experiment. 

SVR changed only in Group B. They increased after LPS administration and then they gradually 

decreased. PVR increased dramatically after LPS administration and, despite gradual decrease they 

remained at high values until the end of the experiment. SvO2 decreased in Group B after LPS 

administration but gradually recovered its initial values. At the conditions of this particular 

experiment, the increase in intra-abdominal pressure was well tolerated by the laboratory animals. 

On the contrary, sepsis induction by LPS administration had an unfavorable effect on the 

cardiovascular system. 

INTRODUCTION  

Patients with intra-abdominal hypertension and 

abdominal compartment syndrome and patients 

with sepsis are considered severely ill and 

should be hospitalized in the Intensive Care 

Unit, in order to survive, since they are in need 

for mechanical ventilatory support and circula-

tory support with inotropic and vasoactive 

drugs. Sepsis itself is a cause of ICU admission, 

but it may also occur during ICU stay. 

Septic patients often present with abdominal 

hypertension, but on the other hand the increase 

of intraperitoneal pressure could also predis-

pose to sepsis. The combination of sepsis with 

abdominal hypertension is not rare in critically 

ill patients in the ICU. 

Sepsis and abdominal hypertension on their 

own have unfavorable consequences in many 

organs and systems. Their effect on the circula-

tory system is considered a fact and often de-

termines the prognosis. 

The purpose of this experimental study was to 

evaluate the effects of abdominal hypertension 

alone, or in combination with sepsis, on the cir-

culatory system of pigs. 

Abdominal pressure-abdominal  

hypertension-abdominal compartment  

syndrome 

According to the World Society of the Ab-

dominal Compartment Syndrome (WSACS) 

Intra-abdominal hypertension - IAH is consid-

ered the increase of Ιntra-Αbdominal Pressure - 
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ΙAP over 12mmHg. According to the level of 

IAP, Intra-Abdominal Hypertension is ranked 

in categories I – IV. Class Ι – IAP: 12 – 

15mmHg, Class II – IAP: 16 – 20mmHg, Class 

III – IAP: 21 – 25mmHg and Class IV – IAP: 

>25mmHg. An increase in IAP of more than 

20mmHg with a single organ deficiency is con-

sidered Abdominal Compartment Syndrome
1-3

.  

Sepsis 

Sepsis is defined as a life threatening organ dys-

function which is the result of the body’s reac-

tion to inflammation
4-7

. Septic shock is the clin-

ical condition which is characterized by circula-

tory and cellular/metabolic dysfunction and re-

sults to greater mortality. The term sepsis exist-

ed in the ancient Greek literature and was used 

by Galinos in his writings, where he described 

the clinical signs of inflammation. 

The first modern definition of sepsis was pub-

lished in 1992 and was the result of a consensus 

conference of the American College of Chest 

Physicians and the Society of Critical Care 

Medicine in 1991. During that consensus the 

term Systemic Inflammatory Response Syn-

drome (SIRS) was introduced to describe the 

body’s primary response to injury, which may 

be infective or non-infective
8
. At that consensus 

it was assumed that SIRS is triggered by local 

or systemic inflammation, like trauma, burn, 

surgical operation or pathologic conditions like 

acute pancreatitis. Since then, guidelines are 

being published every several years for the 

timely recognition and treatment of sepsis
4-6,9,10

. 

Today sepsis is recognized as an important 

health issue, which affects millions of people 

around the world and is associated with great 

costs and high mortality rates
4,11-14

.  

The effects of intra-abdominal pressure on 

the circulatory system 

IAP has unfavorable effects on all organs and 

systems inside and outside the peritoneal cavity. 

The circulatory system is the main system 

which is affected by the increase of intra-

abdominal pressure. In the early years it was 

believed that after IAP increase, death occurs 

due to respiratory failure. The inability to me-

chanically support patients’ breathing contrib-

uted to that false belief. Emerson was the first 

to prove in 1911, in an experimental study on 

cats, dogs and rabbits, that collapse of the circu-

latory system is responsible for the death of pa-

tients with an increase of intra-abdominal pres-

sure and he reversed the existing at time belief 

that respiratory failure is the reason for patients’ 

death 
15

.  

This negative effect of intra-abdominal pressure 

on the circulatory system becomes visible even 

at levels as low as 10-15mmHg
16-17

. The in-

crease of intra-abdominal pressure affects nega-

tively preload, afterload, systemic and pulmo-

nary vascular resistances, stroke volume and 

cardiac output
18-20

.  

The cephalic shift of the diaphragm due to the 

increase of intra-abdominal pressure results in 
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an increase in intra-thoracic pressure. Clinical 

and experimental studies have shown that 20-

80% of IAP is transmitted to the thorax
21

.  

Intra-thoracic pressure increase results to ve-

nous return decrease, whose magnitude depends 

on the level of pressure, the volume status and 

the application of mechanical ventilation. Intra-

abdominal and intra-thoracic pressure increase 

causes compression of superior vena cava, infe-

rior vena cava and portal vein, resulting in re-

duction of venous return, preload and cardiac 

output
22

. The preload reduction is the main ef-

fect of the intra-abdominal pressure increase 

and its magnitude depends on the pressure lev-

el. 

The second main parameter affected by the in-

crease in intra-abdominal pressure is afterload, 

which increases. This increase is attributed to 

the increase in systemic vascular resistances, 

mainly because of the compression of large 

vessels within the abdomen and the thorax
17-23

.  

After experimental and clinical studies it be-

came known that IAH and ACS directly affect 

the heart’s contractility, due to the increase in 

intra-thoracic pressure caused by the cephalic 

diaphragm shift
24-25

. Both ventricular compli-

ance and end-diastolic volume are reduced, 

while the Frank-Starling curve is shifted to the 

right. Liu et al described histological and mor-

phological damage in an experimental model of 

IAH
26

, while Huetteman et al recorded disturb-

ances in the movement of the interventricular 

septum during pneumoperitoneum in 8 pediatric 

patients, who underwent laparoscopic hernia 

repair
27

.  

The effects of sepsis on the circulatory  

system 

The clinical effects of sepsis on the circulatory 

system become apparent even at its early stages 

and play a key role in patients’ final outcome
28-

29
.  

Physicians in the Intensive Care Units are for 

many years aware of the fact that, even though 

some patients with sepsis develop multi-organ 

failure, most of them die in the early stages of 

the disease due to persistent hypotension and 

circulatory collapse because of the septic shock. 

Technological evolution, by the use of the pul-

monary artery catheter and recently by the rou-

tine use of echocardiography when managing 

hemodynamically unstable ICU patients, ena-

bled better understanding of pathophysiological 

mechanisms and therefore better treatment. 

At first, two different types of shock were de-

scribed, each with a different cardiovascular 

profile. Clinical manifestations of the most typ-

ical type of septic shock are warm periphery, 

dry skin and galloping rhythm, which led to the 

name “warm shock”. Hemodynamic manifesta-

tions include reduced systemic vascular re-

sistances, tachycardia with normal stroke vol-

ume and therefore it is considered a hyper-

dynamic shock. 
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On the other hand, clinical manifestations of 

cold shock are signs of circulatory insufficien-

cy, wet and cold skin, threading pulse and hy-

potension and this is considered a hypo-

dynamic shock
30

.  

It was believed that all patients were in a hyper-

dynamic state at the beginning of sepsis, while 

on the course of the disease either they recov-

ered or they ended up in a state of shock before 

they died. Those beliefs were based on certain 

clinical reports which supported that, in most 

cases of septic shock this is combined with low 

cardiac output and increased systemic vascular 

resistances
31-32

. 

Clinical and experimental studies have proven 

that the hyper-dynamic state depends on the 

volume status of each patient, whereas in case 

of existing hypotension and low cardiac output 

the condition may be reversed with aggressive 

fluid administration
33-35

.  

Despite understanding of many pathophysiolog-

ical mechanisms, a commonly accepted defini-

tion of this unfavorable effect of sepsis on myo-

cardium and the circulatory system does not 

exist. The term cardiomyopathy is often used to 

describe the global (systolic and diastolic) but 

reversible dysfunction of the left and right ven-

tricle
36-37

.  

The effects of mechanical ventilation on the 

circulatory system 

The observation that both spontaneous breath-

ing and positive pressure mechanical ventilation 

may affect the respiratory system dates quite 

back. The basic principles of heart-lung interac-

tions are the following: a. spontaneous respira-

tion requires energy, b. during inspiration, pul-

monary volumes are increased above functional 

residual capacity, therefore certain hemody-

namic consequences may be attributed to the 

changes in pulmonary volumes and the chest 

wall expansion, and c. spontaneous breathing 

reduces intrathoracic pressure while positive 

pressure ventilation increases it. Therefore, the 

difference between spontaneous breathing and 

positive pressure ventilation mainly reflects the 

difference between the changes in intrathoracic 

pressure (ITP) and the energy required for 

them. The changes in ITP may affect cardiac 

output by altering the pressure gradient both for 

the venous return from the periphery to the right 

ventricle and for the pumping of blood from the 

left ventricle to the aorta. ITP increase reduces 

the pressure gradient while its reduction has the 

opposite consequences. This effect is related to 

the time when the ITP change occurs and the 

pre-existing status of the cardiovascular system. 

Pinsky et al, based on the results of repeated 

clinical and experimental studies, believe that in 

clinical conditions, where the contractility of 

the left ventricle is reduced, ITP increase results 

in cardiac output increase
38-42

.  

Under normal conditions, during spontaneous 

breathing, ITP becomes negative during inspira-

tion, whereas it tends to become positive during 
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expiration. However, during mechanical venti-

lation, ITP becomes more positive during inspi-

ration and then is reduced during expiration, but 

it never becomes negative. Pulmonary volumes 

change accordingly. During a respiratory cycle 

of several seconds duration, a certain number of 

cardiac cycles take place. 

Some of them coincide with the phase of inspi-

ration while others with the phase of expiration. 

Due to the short duration of each cardiac cycle 

it is impossible for two consecutive cardiac cy-

cles to take place under the same conditions of 

intrathoracic pressure. 

Since venous return and pumping of blood from 

the left ventricle do not occur at the same time 

during the cardiac cycle, we could differentiate 

between the effects of intrathoracic pressure on 

the venous return and on the pumping of the left 

ventricle. In every cardiac cycle, the effect of 

ventilation is different, depending on the phase 

of the respiratory cycle (inspiration-expiration) 

when the cardiac cycle takes place. The maxi-

mum reinforcement of the pump function of the 

left ventricle occurs when the increase in ITP 

takes place in the phase of systole, especially in 

patients with impaired contractility, a favorable 

effect which is applied in the treatment of pa-

tients with acute pulmonary edema
43

. On the 

contrary, maximum reduction in venous return 

occurs when the increase in ITP takes place 

during the phase of diastole, especially in pa-

tients with reduced intravascular volume. ITP 

reduction during spontaneous breathing inspira-

tion increases venous return and the right heart 

receives more blood, which is pumped out to 

the pulmonary circulation, whose capacity has 

increased due to the increase in pulmonary vol-

umes
44

. The left ventricle is filled with a smaller 

amount of blood because its venous return is 

reduced due to the overfilled right heart, which 

shifts the interventricular septum backwards 

and downwards, thus limiting the available 

space for the expansion of the left ventricle. 

Moreover, the intrathoracic part of the aorta, 

which actively participates in the pumping of 

blood, presents an increase in its overall re-

sistance and a reduction in its contractility, due 

to the negative pressure in the inspiration phase. 

These result in aorta transmural pressure in-

crease and increased work of the left ventricle 

in order to pump out blood to the periphery. 

Clinical conditions with large negative changes 

in ITP, like patients with airway obstruction 

(during recovery from general anesthesia) or 

patients fighting the ventilator (during weaning 

from mechanical ventilation) could possibly 

lead to acute pulmonary edema and death, even 

in patients with normal cardiac function
45

.  

MATERIAL AND METHODS  

The experiments took place at the experimental 

operating room of AHEPA University Hospital 

after obtaining permission from the Head of 

Veterinary Department of Thessaloniki. The 

study included 16 male Landrace pigs, 3 



The Greek E-Journal of Perioperative Medicine 2018; 17(a): 37-60 (ISSN 1109-6888) www. e-journal.gr/ 
Ελληνικό Περιοδικό Περιεγχειρητικής Ιατρικής 2018;17(a): 37-60 (ISSN 1109-6888)www.e-journal.gr/ 

43 

 

©2018 Society of Anesthesiology and Intensive Medicine of Northern Greece  

©2018 Εταιρεία Αναισθησιολογίας και Εντατικής Ιατρικής Βορείου Ελλάδος 

 

 

months old and of 25Kg weight. The pigs were 

divided into two groups of 8: Group A (Con-

trol Group) and Group B (Sepsis Group). 

Anesthesia was induced with intravenous thio-

pental 10mg/kg BW, fentanyl 5μg/Kg BW and 

vecuronium 0.3μg/Kg, while anesthesia was 

maintained with continuous intravenous infu-

sion of midazolam at a dose of 1-2mg/kg/hr and 

vecuronium at a dose of 2mg/kg/hr. Incremental 

administration of anesthetic agents and muscle 

relaxants was administered as needed. During 

the painful stages of surgical preparation and 

vascular catheters insertion additional fentanyl 

(0.1-0.2mg) was administered. The airway was 

secured with surgical tracheostomy and me-

chanical ventilation was applied with an ICU 

ventilator (Ceasar Ventilator, Taema-Air 

Liquide). 

During all phases of the study, animals were 

mechanically ventilated under general anesthe-

sia and paralysis. Mechanical ventilation set-

tings were: Tidal Volume (Vt): 10-12ml/kg BW 

and respiratory rate (RR): 10-14/min, aiming at 

normocapnia (ETCO2: 35-45mmHg). 

Monitoring included 3-lead ECG recording, 

direct measurement of systemic arterial pres-

sure through the femoral artery and central 

pressure measurements through the pulmonary 

artery catheter, with continuous measurement of 

cardiac output and mixed venous oxygen satu-

ration (OptiQ | Pulmonary Artery SvO2 / CCO 

Catheter). 

After anesthesia induction, application of me-

chanical ventilation and appropriate monitoring, 

and standard measurements recording, intra-

peritoneal pressure was increased by helium 

insufflation into the peritoneal cavity via lapa-

roscopic surgery equipment. Helium was cho-

sen for application of pneumoperitoneum in 

order to avoid the effects of CO2 on the circula-

tory system and mainly on the pulmonary circu-

lation. In Group A, apart from the increase of 

intra-abdominal pressure no other intervention 

was performed, whereas in Group B, 60 

minutes after increase of intra-abdominal pres-

sure sepsis was induced. The induction of sepsis 

was performed by the administration of endo-

toxin (Lipopolysaccharides-LPS) through the 

pulmonary artery catheter into the right atrium 

at a dose of 100μg/Kg within 20 minutes, by the 

use of an electronic infusion pump. Hemody-

namic stability, which was assessed by hemo-

dynamic measurements obtained at regular time 

points, was maintained by administration of 

crystalloid solution Ringer Lactate. No ino-

tropic or vasoactive agents were administered in 

order not to interfere with the study protocol, 

whereas intravenous fluid administration was 

restricted to crystalloids aiming to maintain vi-

ability of the laboratory animals throughout the 

experiment. Data were recorded after induction 

of anesthesia and initiation of mechanical venti-

lation (baseline measurement/measurement 0) 

and thereafter every 20min after intraperitoneal 
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pressure increase. The last measurement (meas-

urement 9) was obtained immediately after re-

lease of pneumoperitoneum. 

The timetable of recordings and the conditions 

at which each measurement was obtained are 

depicted in Table 1. 

Table 1. Conditions of the experiment at each time point of data recording 

Phases of 

measurements 

Time intervals after initial 

measurement(min) 

CONDITIONS OF THE EXPERIMENT 

  GROUP A GROUP B 

0 0 Initial IAP = 0 Initial IAP = 0 

1 20 IAP = 25 mmHg IAP = 25 mmHg 

2 40 IAP = 25 mmHg IAP = 25 mmHg 

3 60 IAP = 25 mmHg IAP = 25 mmHg 

   Infusion  LPS 

4 80 IAP = 25 mmHg SEPSIS - IAP = 25 mmHg 

5 100 IAP = 25 mmHg SEPSIS - IAP = 25 mmHg 

6 120 IAP = 25 mmHg SEPSIS - IAP = 25 mmHg 

7 140 IAP = 25 mmHg SEPSIS - IAP = 25 mmHg 

8 160 IAP = 25 mmHg SEPSIS - IAP = 25 mmHg 

9 180 Release of pneumoperitoneum Release of pneumoperitoneum 

Parameters measured or calculated included: 

 Heart rate  - HR 

 Systolic arterial pressure  - BPs 

 Diastolic arterial pressure – BPd  

 Mean arterial pressure - BPm 

 Right ventricle systolic pressure- RVPs 

 Systolic pulmonary artery pressure 

PAPs 

 Diastolic pulmonary artery pressure- 

PAPd 

 Mean pulmonary artery pressure-PAPm 

 Pulmonary artery wedge pressure- 

PAWP 

 Cardiac output - CO 

 Stroke volume - SV 

 Systemic vascular resistances - SVR 

 Pulmonary vascular resistances - PVR 

 Mixed venous oxygen saturation – 

SvO2 

 End-tidal carbon dioxide - ETCO2 

After the end of the experiment, euthanasia was 

performed to the laboratory animals by intrave-

nous administration of 500mg thiopental and 

20ml KCl 10%.  

The statistical program SPSS 22 was applied 

for statistical processing of the measurements. 

Normal distribution was assessed by Colmo-

gorof-Smirnof testing. ANOVA test for repeat-

ed measurements was used to compare values 

between groups and between measurements. 
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RESULTS  

Heart rate did not change significantly after the 

increase of intra-abdominal pressure in any of 

the groups, but it presented a statistically signif-

icant increase in Group B (compared both to 

initial measurement in Group B and in Group 

A) after administration of the LPS, an effect  

 

which remained throughout the experiment. 

Statistically significant differences between 

groups were recorded at phase 6 of the meas-

urement (p<0.05), phase 7 (p<0.01), phase 8 

(p<0.001) and 9 (p<0.01) (Table 2). 

 

Table 2. HR and BP (Systolic, Diastolic and Mean) changes during study 

Phases of 

measurements 

HR 

Mean ± SD 

b/min 

BP systolic 

Mean ± SD 

mmHg 

BP diastolic 

Mean ± SD 

mmHg 

BP mean 

Mean ± SD 

mmHg 

 GROUP GROUP GROUP GROUP 

 A B A B A B A B 

0 99,7± 9,5 109,1±9,1 160,6±23,7 174,2±7,8 104,2±13,3 110,5±8,1 119,2±16,5 131,7±6,9 

1 102,5±10,2 114,7±3,5 170±21,5 175±11,2 105,4±9,3 113,5±7,9 126,9±13,3 134±7,8 

2 109,2±11,3 117,6± 3,5 167,1±18,7 175,9±11,3 105,6±6 106,4±5 126,1±9,9 133,8±6,2 

3 110,6±12 114,9 ±10,1 166,6±19,3 173±14,1 105,2±3,4 111,5±8,6 125,7±7,9 132±9,7 

4 103,2±11,8 113±9,9 165,2±12,7 189,5±12,6* 105,6±5,4 122,5±12,1 125,5±4,5 139,3±11,2 

5 105,4±12,3 112,2±10,8 171,6±19,2 174,7±15,9 106,2±6,9 111,1±12,1 128,1±9,9 132,311,6 

6 106,1±9,6 123,2±7,9** 174,9±14,6 163,2±17,5 107,5±8,1 102,5±13,2 129,3±7,3 122,7±13 

7 107,1±10,5 126,4±8,3** 172,5±19,8 149,4±20,9** 107,2±5,9 90,7±15,5** 129±9,6 110,3±16** 

8 99,2±7,8 128,1±9,5** 170± 11,5 151±18** 110±9,6 89,2±12,8** 129,1±9,6 109,8±12,8** 

9 104,7±9,9 117,6±9,3 172,2±13,4 151±15,8** 108,5±5,7 87,7±15,4** 129,3±13,2 108,8±13,2** 

 Compared to initial measurement *p<0,05, **p<0,01 

Systolic, diastolic and mean arterial pressure 

did not change in Group A compared to initial 

measurement throughout the experiment. On 

the contrary, in Group B, after the administra-

tion of LPS, these values presented an initial 

increase followed by a gradual decrease later 

on. Statistically significant differences between 

groups were recorded at time 4 of the meas-

urement (p<0.01), phase 7 (p<0.01), and phases 

8-9 (p<0.05) (Table 2).  

Central venous pressure as expected was statis-

tically significantly increased in both groups 

after helium insufflations in the peritoneal cavi-

ty and the increase of intra-abdominal pressure. 

In Group B, central venous pressure was in-

creased even more after the administration of 

LPS. Statistically significant differences be-

tween groups were recorded at time 4 of the 

measurement (p<0.01), phase 5 (p<0.001), 

phases 6-7 (p<0.01) and phase 8 (p<0.05) (Ta-

ble 3, Figure 1). 
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Figure1. Changes in CVP and PAWP. Phase 1 

after increase in IAP, phase 5 after LPS admin-

istration and phase 9 after pneumoperitoneum 

release.  

 

Systolic pressure in pulmonary artery presented 

a significant change both in control group and 

sepsis group. Comparison of measurements be-

tween two groups were statistically significant-

ly different at phases 4-5 (p<0.001) and 6-7 

(p<0.05) (Table 3, Figure 2). 

Diastolic pressure in pulmonary artery also pre-

sented a statistically significant increase in both 

groups after the increase of intra-abdominal 

pressure and it remained high until the end of 

the experiment. Comparison of measurements 

between groups revealed a statistically signifi-

cant difference at phases 3-6 (p<0.001) and 

phase 7 (p<0.05) (Table 3). 

Mean pulmonary artery pressure, as a derivative 

parameter, changed significantly both in control 

group and sepsis group. Comparison of meas-

urements between groups revealed a statistical-

ly significant increase at phases 4-6 (p<0.001), 

7 (p<0.01) and 8 (p<0.05). (Table 3). 

Figure 2. Changes in PAPs and RVPs. Dramat-

ical increase of pressures after LPS administra-

tion. Phase 1 after intra-abdominal pressure in-

crease, phase 5 after LPS administration and 

phase 9 after pneumoperitoneum release.  

 

Pulmonary artery wedge pressure changed sig-

nificantly only in the sepsis group. Comparison 

of measurements between groups revealed sta-

tistically significant increase in Group B at 

phases 4-5 (p<0.01) (Table 4, Figure 1). 

Right ventricle systolic pressure increased sta-

tistically significantly after the increase of intra-

abdominal pressure and remained increased un-

til the end of the experiment. In Group B it in-

creased further more after LPS administration. 

Statistically significant differences between 

groups were recorded at phases 4-5 (p<0.001) 

and 6 (p<0.05) (Table 4, Figure 2). 

Cardiac output remained unchanged in control 

group, whereas it was significantly reduced in 

sepsis group after the administration of endo-
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toxin. Comparison of measurements between 

the two groups revealed statistically significant 

difference at phases 4-5 (p<0.001) (Table 4, 

Figure 3). 

Table 3. CVP and PAP (Systolic, Diastolic and Mean) changes during study 

Phases of 

measurements 

CVP 

Mean ± SD 

mmHg 

PAP systolic 

Mean ± SD 

mmHg 

PAP diastolic 

Mean ± SD 

mmHg 

PAP mean 

Mean ± SD 

mmHg 

 GROUP GROUP GROUP GROUP 

 A B A B A B A B 

0 10,6±1,2 12,2±2 35,4±10,4 36±7,6 18,5±2,1 20±4,2 24,1±3,6 25,3±4,7 

1 13,4±1,5** 16±1,3** 39,3±5,4 42,3±6,9 20,1±2,9 20,5±5,4 26,5±2,7 27,7±5,3 

2 14,4±1,8** 16,5±1,7** 39,8±7,2 43,5±10,8 20±4,4 22,6±6,1 27,4±3,8* 29,6±7,2 

3 14,6±2,1** 15,6±1,8** 43,5±9,7* 44,5±8,5** 21,5±3,7 25,5±5,8 28,8±4,5* 31,5±6,2 

4 14,8±1,9** 20,4±3,5** 43,4±8,2* 76,7±13,3** 22,1±3,9 47,9±4,6** 28,8±4,5** 57,5±7** 

5 15±1,4** 21,1±2,2** 44,9±7,5** 69±11,4** 21,9±3,2 45,1±8,9** 29,5±3,9** 53,8±9** 

6 15,3±1,4** 18,1±1,6** 44,2±7,1* 55±11** 23±3,7* 35,4±6,2** 29,6±3,8** 41,9±7,6** 

7 15,3±1,8** 18,3±1,8** 44,1±6,1* 51,6±9,5** 22,6±2,1* 33±6,6** 29,2±3** 39,2±7** 

8 15,1±2** 17,3±1,7** 45,2±7,3** 52,2±9,9** 23,9±4,6** 33,1±8,1** 31±5** 39,5±8,6** 

9 15,3±2** 16,5±2,4** 41,9±7,1 49,1±12,7* 23,6±3,9* 29,7±7,7** 29,7±4,7** 36,2±9,4** 

Compared to initial measurement *p<0,05, **p<0,01 

Table 4. PCWP , RVPs, CO, SV changes during study  

Phases of 

measurements 

PAWP 

Mean ± SD 

mmHg 

RVP systolic 

Mean ± SD 

mmHg 

CO 

Mean ± SD 

L/min 

SV 

Mean ± SD 

ml 

 GROUP GROUP GROUP GROUP 

 A B A B A B A B 

0 15±3,3 14,6±1,6 36,7±12,3 36,1±7,6 3,2±0,2 3,6±0,9 32,3±5,5 32,8±8,9 

1 17,1±3,4 15,7±1,9 43,2±6,2* 44,1±6,9* 2,95±0,3 3,2±1,1 28,5±5,2 27,6±9,8 

2 17,9±3,3 15±2,1 43,4±6,8* 43,8±10,8* 2,93±0,3 2,9±0,8 26,8±4,4 24,8±7,9 

3 17,2±2,8 16,9±2,7** 44,5±8,7** 44,6±8,5* 2,97±0,2 2,9±0,8 26,8±5,4 25,4±7,8 

4 18,1±2,5 22,6±2,3** 44,7±7,8* 82,2±13,3** 2,96±0,2 1,6±0,5*** 28,6±6,1 14,1±5,2** 

5 17,6±3,2 22,4±2,8** 46±7,3** 75,2±11,4** 3±0,2 1,4±0,6*** 28,7±6 12,8±5,1** 

6 18,1±3,2 20,6±2,5** 44,4±7,5* 60,4± 11** 3,1±0,4 2,7±0,8 29,5±4,9 22,3±5,8** 

7 18,1±3,2 18,7±2,5** 44,9±6,5* 56,7±9,5** 3±0,3 3,5±1 28,2±2,9 27,5±9,1 

8 18±2,8 18,6±2,9** 47±7,8** 55,7±9,9** 3±0,3 3,3±0,8 30,2±3,3 26,5±5,1 

9 17,2±3,2 18,1±3** 44,7±7,1* 53 ±12,7* 2,9±0,2 3,1±0,6 27,9±3,4 26,6±5,4 

 Compared to initial measurement *p<0,05, **p<0,01, ***p<0,001 

Stroke volume remained unchanged in control 

group, but was significantly decreased in the 

sepsis group after the administration of LPS. 

Comparison of measurements between the two 
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groups revealed statistically significant differ-

ence at phases 4-5 (p<0.001) and phase 6 

(p<0.05) (Table 4, Figure 3).  

Figure 3. Changes in CO and SV. A small 

decrase after IAP increase and a significant de-

crease after LPS administration. Phase 1 after 

IAP increase, phase 5 after LPS administration 

and phase 9 after pneumoperitoneum release.  

 

 

Systemic vascular resistances changed signifi-

cantly only in the sepsis group. Comparison of 

measurements between the two groups revealed 

statistically significant difference at phases 4-5 

(p<0.001) and phases 7-9 (p<0.05) (Table 5, 

Figure 4). 

Pulmonary vascular resistances did not change 

significantly in Group A, but increased in 

Group B after the administration of LPS and 

remained increased until the end of the experi-

ment. Comparison of measurements between 

the two groups revealed statistically significant 

difference at phases 4-5 (p<0.001), phase 6 

(p<0.01) and phases 7-9 (p<0.05) (Table 5, 

Figure 4). 

Figure 4. Changes in SVR and PVR. A very 

significant increase after LPS administration. 

Phase 1 after IAP increase, phase 5 after LPS 

administration and phase 9 after pneumoperito-

neum release. 

 

 

Mixed venous oxygen saturation, as measured 

through the pulmonary artery catheter did not 

change significantly in Group A. In Group B it 

was decreased after LPS administration and 

gradually returned to its initial values. Statisti-

cally significant difference was recorded at 

phases 4-5 (p<0.001) and phase 6 (p<0.01) (Ta-

ble 5).Finally, end-tidal carbon dioxide did not 

change significantly in any group (Table 5). 

Statistically significant differences between 

groups for each parameter at the same time of 

measurement are depicted in total on Table 6. 
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Table 5. SVR, PVR, SvO2, ETCO2 changes during study 

Phases of 

measurements 

SVR 

Mean ± SD 

(dyn.s/cm5) 

PVR 

Mean ± SD 

(dyn.s/cm5) 

SVO2 ETCO2 mean 

(mmHg) 

 GROUP GROUP GROUP GROUP 

 A B A B A B A B 

0 2356±438  2356±810 224±65 267±56 74,9±13,6 74,2±5,1 33,6±2,7 29,8±2,2 

1 2694±604  2601±712 269±67 319±74 73,4±14,4 69,1±7,3 32,7±2,6 28,5±2,3 

2 2669±448  2806±832 286±87 435±45 76,8±8,9 71,1±8,7 33,1±2,5 28±3,1 

3 2618±415  2845±927 310±98 425±67 77,2±8,6 69,5±7,8 32,4±3,7 28,3±2,3 

4 2619±342 5336±969** 299±110 2097±125*** 76,9±8 54,2±8,6** 32,2±3,4  27±3,7 

5 2682±453 5415±761** 322±94 2109±210*** 75,7±9,1 55,7±5,4** 32,6±3,1 28,1±4,1 

6 2600±434  2663±891 284±56 647±223** 75,4±9,6 63,2±6,4** 32,6±2,1 31,4±2,7 

7 2654±512 1867±717* 298±89 517±167** 73,3±10,9 68,5±7,2 32,1±2,4 32,6±4,4 

8 2675±407 1994±608* 267±110 575±187** 72,4±10,6 68,7±4,9 31,2±2,4 31,6±3,6 

9 2757±456 2068±485* 245±114 502±143** 75,2±10,2 71,2±7,1 32,4±1,3 33,2±3,1 

 Compared to initial measurement *p<0,05, **p<0,01, ***p<0,001 

Table 6. Statistically significant differences between Group A and Group B at the same time of 

measurement. 

 Phases of measurements 

 0 1 2 3 4 5 6 7 8 9 

HR       p<0,05 p<0,01 p<0,001 p<0,05 

BPs     p<0,01   p<0,05 p<0,01 p<0,01 

BPd     p<0,01            p<0,05 p<0,01 p<0,01 

BPm     p<0,01            p<0,05 p<0,01 p<0,01 

CVP     p<0,01 p<0,001 p<0,01 p<0,01 p<0,05  

RVPs      p<0,001 p<0,001 p<0,05    

PAPs     p<0,001 p<0,001 p<0,05 p<0,05   

 PAPd     p<0,001 p<0,001 p<0,001 p<0,001 p<0,05  

PAPm     p<0,001 p<0,001 p<0,001 p<0,01 p<0,05  

PAWP     p<0,01 p<0,01     

CO     p<0,001 p<0,001     

SV     p<0,001 p<0,001 p<0,05    

SVR     p<0,001 p<0,001  p<0,05 p<0,05 p<0,05 

PVR     p<0,001 p<0,001 p<0,01 p<0,05 p<0,05 p<0,05 

SvO2     p<0,001 p<0,001 p<0,01    

ETCO2           
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DISCUSSION 

Patients in the ICU are severely ill and they are 

usually under mechanical ventilation and phar-

maceutical support of the circulation with vaso-

active drugs. Increased intra-abdominal pres-

sure and sepsis are common clinical conditions 

in the ICU and they often co-exist. 

The unfavorable effect of increased intra-

abdominal pressure and sepsis on the cardio-

vascular system is quite well document in re-

cent and older literature
15-21, 28-37

. In this exper-

imental study we investigated the effect of in-

tra-abdomimal pressure alone or in combination 

with sepsis on the cardiovascular system of 

pigs. 

In this study, 16 male pigs of the Landrace race 

from the same producer were used. The labora-

tory animals were randomly assigned in two 

groups A and B, of eight pigs each. In both 

groups intra-abdominal pressure increased and 

remained stable at 25mmHg, by helium insuf-

flation in the peritoneal cavity. In Group B, 60 

minutes after pneumoperitoneum application, 

sepsis was induced by the administration of 

LPS in the right atrium. 

The use of laparoscopic surgery equipment to 

induce pneumoperitoneum ensured the preser-

vation of IAP at a stable level of 25mmHg 

throughout the experiment, whereas the use of 

helium prevented the adverse effects of CO2 on 

the circulatory system
46,47

.  

 

 

The intravenous administration of LPS, at a 

dose of 100μg/kg, through the pulmonary artery 

catheter into the right atrium was used to induce 

sepsis. LPS administration is one of the com-

mon sepsis models used and the dose of 

100μg/kg is based on the existing literature
48,49

.  

The cardiovascular system’s response to the 

IAP increase, during pneumoperitoneum induc-

tion, consists of a slight increase in heart rate 

and systemic arterial pressure, a decrease in 

cardiac output and increase in systemic vascular 

resistances. This reaction is attributed to the in-

crease of IAP, the CO2, the position and the re-

lease of catecholamines
50-56

.  

In this present study, the increase of intra-

abdominal pressure by helium insufflations did 

not change significantly the heart rate in any 

group. In Group B, one hour after LPS admin-

istration, a statistically significant increase in 

heart rate was recorded and remained so until 

the end of the experiment. Pneumoperitoneum 

application by the use of helium and the use of 

drugs (opioids) acting on the autonomous nerv-

ous system prevented the increase in heart rate 

after the increase of IAP. 

Sixty minutes after LPS administration in 

Group B, as sepsis evolved, the heart rate in-

creased significantly and remained increased 

until the end of the experiment. For the same 

reason, systemic arterial pressure (systolic, dias-

tolic and mean) did not increase significantly in 
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any of the groups, after the increase of IAP. 

LPS administration in Group B initially caused 

an increase in BP, followed by a gradual de-

crease. 

Despite initial increase in systemic arterial pres-

sure observed during pneumoperitoneum induc-

tion, the cardiac output is decreased even at low 

levels of IAP used during laparoscopic surgery. 

An increase in IAP at the level of 12mmHg 

causes a decrease in cardiac output
17,57,58

. This 

effect of IAP on CO may be counteracted by 

fluid administration and the CO recovers to its 

initial values after pneumoperitoneum re-

lease
59,60

.  

The increase of IAP to 25mmHg by helium in-

sufflation reduced cardiac output in both 

groups, but not to the level of statistical signifi-

cance compared to the initial measurement. 

Appropriate hydration of the animals prevented 

a significant decrease in cardiac output. After 

the administration of LPS, CO was drastically 

reduced in Group B, but gradually returned to 

its initial values.  

In the past, the opinion that the cardiovascular 

system’s response to sepsis may be hyper-

dynamic or hypodynamic existed
30

, an opinion 

which was revised after the use of the pulmo-

nary artery catheter. These terms are no longer 

used, since it has been proven that, in the initial 

stages of sepsis, a hypodynamic condition pre-

vails in hypovolemic patients
61

.  

CO measurement was continuous by the use of 

PAC, while SV was calculated by the equation 

SV=CO/HR and, as expected, followed the 

changes of these parameters. 

The combination of intra-abdominal hyperten-

sion and sepsis had a synergistic action in re-

ducing cardiac output and systemic arterial 

pressure, an effect that would be greater if the 

time limits of this study were not restricted. Flu-

id administration may be life saving in the ini-

tial stages of sepsis, but after early resuscitation, 

aggressive fluid administration does not man-

age to further improve perfusion and may prove 

to be detrimental. 

Hemodynamic stability preservation in septic 

patients often requires vasoactive drugs admin-

istration which, according to the initial study 

plan, were not used. According to older and 

current guidelines
4,9

, norepinephrine is consid-

ered the drug of choice for the septic patient’s 

support, while many studies suggest goal-

directed fluid administration
63

.  

Central venous pressure values (CVP, PAP, 

RVP and PAWP)
64,65

, are affected by many pa-

rameters like cardiac function, fluid administra-

tion, mechanical ventilation, intrathoracic and 

pericardial pressures. An increase in IAP results 

in an increase in intrathoracic pressures, since 

an important part of it is transferred in the tho-

racic cavity through the diaphragm transloca-

tion
21

. Since central pressures are measured 

within the thoracic cavity, every parameter that 
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increases the pressures in the thorax will also 

increase central pressures variably. This in-

crease in central pressures which is attributed to 

the increase in IAP is fictitious and by no 

means reflects the left or right ventricular pre-

load
60,65,66

. For their more accurate calculation, 

in patients with IAH, correction with the fol-

lowing equation is suggested: 

CVP corrected = CVP measured – (IAP/2). 

In the present study, CVP and RVP increased 

significantly (compared to their initial value) in 

both groups as IAP increased and remained so 

until the end of the experiment. An additional, 

statistically significant increase compared to 

Group A was recorded in Group B after LPS 

administration. 

The right ventricle ejects the blood that receives 

from the venous return to the pulmonary circu-

lation, which under normal circumstances 

equals the cardiac output. As opposed to the left 

ventricle, the right ventricle ejects blood to a 

system of low pressure and high compliance
67

. 

Every pressure increase in the pulmonary circu-

lation increases significantly the afterload of the 

right ventricle, which does not have the time to 

develop compensatory mechanisms and there-

fore fails. Although in the past, the role of the 

right ventricle in sepsis, pulmonary hyperten-

sion and the cardiac function in general was 

underestimated, it has become clear that the 

survival of patients with pulmonary hyperten-

sion depends on the right ventricular function
71-

73
.  

Central venous pressure equals RVEDP and the 

increase in CVP after LPS administration re-

flects an increase in RVEDP
74,75

.  

Pulmonary artery pressure (systolic, diastolic 

and mean) increased along with the rest of the 

central pressures with the increase in IAP. LPS 

administration increased dramatically PAP (sys-

tolic, diastolic and mean), a response that was 

sustained although attenuated until the end of 

the experiment. 

Pulmonary artery occlusion pressure increased 

but not to the level of statistical significance in 

both groups, after the increase in IAP. In Group 

B, PAOP increased significantly after LPS ad-

ministration and remained significantly in-

creased compared to its initial value throughout 

the experiment.  

The increase in SVR which was observed in 

both groups with the increase in IAP was not 

statistically significant in any group. In Group 

B, SVR almost doubled after LPS administra-

tion, but through time they gradually decreased. 

PVR presented similar behavior. They were not 

significantly affected by the increase in IAP, 

they increased dramatically in Group B after 

LPS administration and, despite gradual de-

crease, their value remained high until the end 

of the experiment. 

From the values of PAP, PWOP and PVR it 

became apparent that LPS administration in 
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Group B caused significant pulmonary hyper-

tension
76-79

, which remained until the end of the 

experiment. Based on the diastolic pressure in 

PAP, on PAWP and on PVR it is assumed that 

the acute pulmonary hypertension recorded in 

Group B was combined pre- and post-capillary 

PH
80-83

. 

Mixed venous oxygen saturation, which was 

measured through the pulmonary artery cathe-

ter, was reduced only in Group B after LPS 

administration and it gradually returned to its 

initial values. 

It is well known that SvO2 represents the bal-

ance between oxygen delivery (DO2) and oxy-

gen demand. Every decrease in delivery or in-

crease in demand or both will reduce SvO2 val-

ues, thus depicting a global tissue hypoxia
84-87

.  

Mechanical support of ventilation and helium 

use versus CO2 use contributed to the observed 

insignificant change in end tidal carbon dioxide 

value in both groups. 

It seems that sepsis caused by LPS administra-

tion had an unfavorable effect both to the right 

and the left ventricle, an effect confirmed by the 

increase in CVP and PAOP and the reduction of 

SV, CO and SvO2. These findings confirm the 

existing knowledge that the cardiovascular sys-

tem in sepsis is severely affected
89-93

.  

The increase of intra-abdominal pressure at 

25mmHg may have been an additional aggra-

vating factor, but the lack of a third group with-

out sepsis prevents us from talking with certain-

ty about synergistic action of IAH and sepsis 

and from evaluating the effect of each particular 

clinical condition on the cardiovascular system. 

Planning a new study with more groups and 

evaluating cardiac function by other means 

(echocardiography) apart from the pulmonary 

artery catheter would be useful in further inves-

tigation of the effect of these two clinical condi-

tions that often coexist in the ICU. 

Limitations of the study 

In this experimental model, a model of sepsis 

induction by intravenous LPS administration to 

pigs was used. Sepsis induction by LPS admin-

istration is an acceptable experimental model 

but cannot mimic true sepsis in real patients. In 

order to measure central pressures and cardiac 

output we used the PAC, which enables us to 

measure pressure but not volume. Under condi-

tions of increased intra-abdominal pressure, in-

creased central pressures are affected to a varia-

ble degree by the increase of pressure in the 

thoracic cavity. The lack of a study group with 

sepsis only permits us from talking with cer-

tainty about possible synergistic action of in-

creased intra-abdominal pressure and sepsis on 

the cardiovascular system. Furthermore, release 

of pneumoperitoneum was performed by dis-

connecting the laparoscopic equipment from the 

trocard and not by opening the peritoneal cavity 

as indicated in patients with Abdominal Com-

partment Syndrome. 
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CONCLUSIONS 

From the findings of this study it seems that the 

increase of intra-abdominal pressure at 

25mmHg by helium insufflation, despite the 

effect on measured parameters, was well toler-

ated by the laboratory animals. 

Mechanical support of ventilation and volemia 

preservation attenuated the negative effects of 

increased IAP. LPS administration in Group B 

had an unfavorable effect both to the left and 

the right ventricle, which was recorded in the 

measured parameters. It seems that this unfa-

vorable effect was mainly due to sepsis, since it 

did not improve by release of pneumoperitone-

um. 
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