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Abbreviations 

BL Baseline 
CIw Cardiac output/weight 
CO Cardiac output 
CO2 Carbon dioxide 
CVL Central venous line 
CVP  Central venous pressure 
Et-CO2  End-tidal CO2 

Frequency f 
GE Gas embolism 
HFJV High frequency jet ventilation (200 min-1) 
HR  Heart rate 
IAP Intra abdominal pressure 
i.m. Intramuscular 
i.v. Intravenous 
LLR Laparoscopic liver/liver lobe resection 
LLS  Laparoscopic liver surgery 
MAP  Mean arterial pressure 
MPAP  Mean pulmonary arterial pressure 
NFV Normal frequency ventilation (25 min-1) 
PA Pulmonary artery 
PaCO2 Arterial carbon dioxide tension 
PaO2 Arterial oxygen tension 
PCWP  Pulmonary capillary wedge pressure 
PIP Peak inspiratory pressure 
PP Pneumoperitoneum 
PVR Pulmonary vascular resistance  
ROT Right outflow tract of the heart 
SvO2 Mixed venous oxygen saturation 
TEE Transoesophageal echocardiography 
Vd/Vt  Ratio dead ventilation (Vd) to tidal ventilation (Vt) 
VC Venous cut 
Δ Changes 
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Background and Introduction 

History of Laparoscopic Surgery 
The term laparoscopy (Greek; laparo: the flank, skopein: to examine) refers 
to the visual examination of an operation field, most often the abdominal or 
thoracic cavities or different joints, by means of an endoscope. In the begin-
ning of the 20th century the first documented experimental laparoscopy was 
performed on a live dog by Kelling, a surgeon from Germany. About 80 
years later, the first clinical laparoscopic operations were performed: an ap-
pendectomy by Semm and five years later a cholecystectomy by Mühe.1 
Since then, the introduction of laparoscopic techniques have revolutionised 
general surgery and are considered standard operating procedures for several 
diseases.  

Laparoscopic surgery, which often yields a reduction in postoperative 
pain and disability, has proven successful in decreasing length of hospital 
stay and reducing patient recovery time.2 To aid the abdominal surgeon con-
cerning visibility and accessibility, pneumoperitoneum (PP) is often created 
by the use of carbon dioxide (CO2) using a Veress needle.  

The fast acceptance of laparoscopic surgery, both by patients and sur-
geons, meant that the technique was introduced without much scientific evi-
dence to support its safety. There are several potential risk factors, among 
which CO2 embolisation to the cardiopulmonary circulation and bleeding are 
considered two of the most serious. The reported major embolisations in 
laparoscopic surgery usually result from an unintentional venous cannulation 
with the Veress needle. 

Laparoscopic liver surgery 
Laparoscopic liver surgery (LLS) is a relatively new approach, the first lapa-
roscopic liver resection (LLR) was not reported until the early of 1990s.3-5 
The development has been slow and today the technique is fully available 
only in few centres worldwide.6 Contributing reasons for this are thought to 
be the highly advanced technique, risk of bleeding or gas embolism (GE), 
controversies about malignancy resections and a prolonged learning curve 
for surgeons. The technique is evolving 3-5 and increased use in liver surgery 
is predicted 7-9. Originally used mainly for diagnostic procedures LLS has 
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now expanded to include a wide variety of curative procedures. Today data 
suggest that LLR is comparable to open surgery with respect to several of 
the abovementioned controversies.10-13 There are several fundamental differ-
ences to open liver surgery, which are of major concern to anaesthesiolo-
gists. The risk for GE could theoretically be higher than for other organs due 
to the organic structure of the liver, with a frequent number of venous sinus-
oids. This theory is supported by animal studies.14 Broadened indications for 
LLS have therefore increased the need for prediction and evaluation of CO2 
embolisation.3 15 16 Some centres use an abdominal wall-lifting technique and 
thereby the laparoscopic surgery is gasless. 

Gas Embolism  
Gas entering the circulatory system can be transported to the heart and lungs 
by the blood flow and there block the circulation partially or totally. Depend-
ing on amount of gas, type of gas, entrance rate to the heart and lung, and the 
site of deposition among other factors, the clinical symptoms will vary. A 
small amount of a gas with high solubility, for instance CO2, could pass the 
central circulation with no clinical influence while a large amount of any gas 
could kill the patient by blocking the coronary blood flow or act as a gas 
lock in the heart chambers or lungs. 

Effects on cardiopulmonary physiological variables have been studied 
with different study designs in pigs.17-20 The clinical relevance is difficult to 
interpret because of the complex pathophysiology. Very few animal studies 
have examined the cardiopulmonary physiology after GE over a longer time-
span, and this may be why there is little information concerning the duration 
of these effects and the implications on perioperative morbidity.  

Case reports with GE during LLS have occasionally been published.21 
The absence or scant occurrence of GE during LLR has been reported.6 12 22-

24 This has mostly been a statement without any detail because the monitor-
ing techniques used are frequently not described and a clear definition of the 
occurrence of gas embolisation is missing.7 8 15 25 O’Sullivan and colleagues 
(pages 151–152), state that “The rate of detection of emboli is particularly 
influenced by the method of detection and the complexity of the surgery”.26 
Therefore, the frequency in reality appears unclear. In studies with emphasis 
on evaluating the risk of gas embolisation, the results were different 14 27 
leading to the conclusion that “Laparoscopic liver dissection under carbon 
dioxide pneumoperitoneum carries a high risk of gas embolism”.14 
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Carbon Dioxide 
CO2 was one of the first gases to be described as a substance distinct from 
air. In the seventeenth century, the Flemish chemist Jan Baptist van Hel-
mont observed an invisible substance he termed a ‘gas’ or ‘wild spirit’ 
(spiritus sylvestre). The Scottish physician Joseph Black identified CO2 in 
the 1750s, and found that it was produced by animal respiration and micro-
bial fermentation. In 1772, English chemist Joseph Priestley forced the gas 
to dissolve by agitating a bowl of water in contact with the gas. This was the 
invention of soda water. 

CO2 is one of the most abundant gases in the atmosphere and plays an 
important part in vital plant and animal process, such as photosynthesis and 
respiration. Normal content of CO2 in blood is 52.0 ml dl–1 for humans.28 
Green plants convert CO2 and water into food compounds, such as glucose 
and oxygen, by photosynthesis. Plants and animals, in turn, convert the food 
compounds by combining them with oxygen to release energy for growth 
and other life activities. This is the respiration process. 

CO2 is commonly used by humans in daily life: in water, soft drinks and 
beer, to make them fizzy, in baking powder or yeast makes cake better rise; 
and some fire extinguishers use CO2 because it is denser than air. Humans 
emit great amounts of CO2 during combustion processes and this has con-
tributed to the greenhouse effect. 

At room temperatures (20–25°C), CO2 is an odourless, colourless gas, 
which is faintly acidic and non-flammable and is more soluble in blood than 
oxygen. Due to these properties CO2 is considered a safer gas to use for PP 
than oxygen or helium. 

Physics, PEEP and Pneumoperitoneum 
Gas emigration is thought to be influenced by a pressure gradient between 
the inside and outside of a blood vessel.24 26 27 29 30 In the case of LLS, the 
gradient is the pressure between CVP and intra abdominal pressure (IAP). 
The level of IAP is debated, as higher IAP (18–20 mm Hg) decreases bleed-
ing and increases ease for the abdominal surgeon concerning visibility and 
accessibility, while the use of a low IAP (8–12 mm Hg) is reported to de-
crease the frequency of GE and cause less hepatic cell damage.29 31-33  

There are several ways to increase CVP, or, in the field of neurosurgery 
the dural sinus pressure: such as the use of antishock trousers, abdominal 
compression or the use of PEEP.34-39 The use of PEEP increases the intra 
thoracic pressure and could thereby increase the CVP and right atrium pres-
sure.40-42 PEEP is an easy, available and cheap way to alter the gradient be-
tween CVP and IAP. A known negative effect of PEEP is decrease in venous 
return which might influence cardiac output (CO).37 40 
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GE has been reported to occur despite CVP higher than IAP and, interest-
ingly, sometimes there are no signs of intravenous gas migration even when 
CVP is lower than IAP.14 43 The physics of gas migration is apparently influ-
enced by the IAP, but this pressure does not seem to be balanced by the in-
travenous pressure. Thus explanatory mechanisms other than pressure must 
be sought, for instance flow. Positive-pressure mechanical respiration causes 
a rhythmic thoracic compression and decompression with an influence upon 
the liver parenchyma, the thoracic pressure and the central venous return. 
These changes in flow velocity and pressure might influence the ease, and 
amount, of gas migration into the blood due to entrainment, a ‘Venturi like’ 
effect. An even and stable blood flow could therefore have a positive influ-
ence upon the frequency and severity of GE.  

CO2 PP causes adverse cardiovascular, respiratory and renal effects of 
which some are related to PP and some to CO2. The increased abdominal 
pressure can cause ateletasis and decreased CO as well as oliguri and re-
duced splanchnic blood flow. CO2 is absorbed from the peritoneal cavity 
with the risk of concomitant respiratory acidosis which might contribute to 
myocardial depression and decrease in stroke volyme.44 

Gas embolism and the anaesthesiologist 
Many events of GE can pass without clinical importance,43 45 and some do 
not.46-48 The time course is often abrupt and mostly the anaesthesiologist 
cannot predict the event of GE, with the harm already done at discovery. So 
the task is to be familiar with the possibility of GE, to know when the risk is 
increased during different surgical procedures and that GE could be repeated 
and be mentally prepared to handle an acute deterioration of the patient’s 
respiratory and haemodynamic status.  

In the operating theatre, during a major operation such as liver resection, 
the physiological variables vary with the surgery course. In order to diagnose 
an event of GE using today’s standard monitoring equipment, correct inter-
pretation of concurrent reaction of variables is important. Knowledge of the 
correlations could facilitate this interpretation. 

A combination of several monitoring techniques, with narrow limits for 
the alarm settings, would ensure correct interpretation of the complex physi-
ological response to GE and would reveal GE early enough to alert the an-
aesthesiologist and the surgeon to any ongoing problem. 

The pig as an experimental animal 
The pig is an animal comparable to humans according to organs and their 
functions (Table 1). The size varies from small to very large depending on 
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race and age. Its popularity as a large animal model has increased and it is 
used nowadays for a variety of functional studies.49 

Table 1. Normal values in immature, resting swine of weight 20-25 kg. From Han-
non et al.49. HR=Heart rate, MAP= Mean arterial pressure, MPAP=Mean pulmonary 
arterial pressure 

Measurement Mean (range) Measurement Mean (range) 

Hb (g l-1) 85 CO (ml m-1 kg-1) 147 (123-186) 
PaO2 (kPa) 10.7 (9.5-12.0) HR (beats m-1) 105 (90-107) 
PaCO2 (kPa) 5.2 (4.6-5.7) MAP (mm Hg) 102 (86-123) 
Blood volym (ml kg-1) 67.3 CVP (mm Hg) 8.7 (1.0-15.4) 
Resp. freq. (rate min-1) 20 (16-25) MPAP (mm Hg) 16 (11-24) 
VT  ml breath-1 kg-1 10.1 Temp (°C) 38.5(37.0-39.6) 

 
The porcine pulmonary system differs from the human in some areas. Pigs 
have an extra apical right-sided pulmonary lobe branching off from the tra-
chea at the height of the third rib. Like other quadruped animals they are 
vulnerable to ateletasis formation in the supine position. Pigs lack the possi-
bility for collateral ventilation as they have fibrous septa between their pul-
monary lobules. The hypoxic pulmonary vasoconstriction response is very 
well developed in pigs, as they have a thick muscle layer in their pulmonary 
arteries.50 In general, pigs appear to react more markedly in terms of respira-
tory function, whereas circulatory changes are less pronounced than in hu-
mans.51 

Anatomically, the left liver lobe in pigs is comparable to that in humans. 
The vessels are thinner and therefore easier to damage, reflecting the situa-
tion in children rather than in adults.  
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Aims  

The general aim of this thesis was to study the occurrence and influence of 
GE during laparoscopic liver surgery. The specific aims were to investigate: 

 
• The influence on cardiopulmonary pathophysiology during the 

first 4 h after a single CO2 embolization in a pig model. 
    
 

• The frequency and severity of GE and the resulting cardiovascular 
and respiratory changes during laparoscopic liver lobe resection in 
a pig model. 
     

• Could an elevation of CVP, through increased PEEP, affect the 
frequency and severity of GE during laparoscopic liver lobe resec-
tion in a pig model?    
  

• Could the use of high frequency jet ventilation affect the frequen-
cy, duration or severity of GE during laparoscopic liver lobe re-
section in a pig model?  
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Materials and Methods 

Animal model 
The studies were conducted in accordance with the Helsinki convention for 
the use and care of animals. The local Ethics Committee for Animal Experi-
mentation in Uppsala, Sweden reviewed and approved the studies. All the 
animals were Swedish country domestic piglets of both sexes obtained from 
a single provider source at the age of 12-14 weeks (Table 2). The animals 
were kept fasting with free access to water during the night before the exper-
iment. 
 

Table 2. Number of animals and mean weight and standard deviation (SD). 

Study Number of pigs Weight (kg) 
(mean±SD) 

Study I 11 25.7 ± 3.3 
Study II 15 27.4 ±1.7 
Study III 20 25.3 ± 2,1 
Study IV 24 24.5 ± 1.8 

 

Anaesthesia  
Before leaving the farm, the piglets in studies III and IV were intramuscular-
ly (i.m.) injected with xylazine 20 mg·ml–1 (2.2 mg·kg–1) (Rompun® vet. 
Bayer, Leverkusen, Germany). For induction of general anaesthesia, the 
piglets were injected i.m. with 6 mg kg–1 tiletamine/zolazepam (both 50 
mg·ml–1) (Zoletil Forte® vet. Virbac, Carros, France), xylazine 20 mg·ml–1 
(2.2 mg·kg–1) (Rompun® vet.), and atropine sulphate 0.5 mg·ml–1 (0.04 
mg·kg–1). An intravenous (i.v.) injection of morphine hydrochloride 20 mg 
and ketamine 100 mg was administered as a bolus injection. A continuous 
i.v. infusion of ketaminol 20 mg·kg–1 h–1, pancuronium bromide 0.24 mg·kg–

1 h–1 and morphine hydrochloride 0.5 mg·kg–1 h–1 was used to maintain an-
aesthesia. For the animals in study IV the continuous infusion of pancuroni-
um bromide was lowered to 0.12 mg·kg–1 h–1.  
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Fluid therapy 
All the animals received Ringer’s solution 8 ml·kg-1h-1 i.v. during anaesthe-
sia to insure normovolemia. For the piglets in study II and IV, Ringer’s solu-
tion was also administered pre- and postoperative; in study II in order to 
achieve a CVP of 5 mmHg and in study IV a PCWP of 6-8 mm Hg before 
and after the surgery if needed. In study III instead Gelofusine (gelatine with 
electrolytes, Braun, Austria) was used in order to achieve a pulmonary capil-
lary wedge pressure (PCWP) of 8–10 mm Hg pre- and postoperative.  

Ventilation 
The pigs were tracheostomized (7-mm tube) and mechanically ventilated 
with a frequency (f) of 25 min-1 (Servo Ventilator 900 C, Siemens Elema, 
Solna, Sweden). In studies I and II N2O 70% in air was used during the 
preparation but was discontinued after preparation and at least 45 min before 
the start of the operation, so as not to interfere with GE. Thereafter, the pig-
lets were ventilated with O2 in air (FiO2 0.3) with volume-controlled ventila-
tion and a PEEP of 5 cm H2O. Tidal volume was adjusted to maintain PaCO2 

within the range 5.0–5.5 kPa. No subsequent adjustment of ventilation was 
made.  

In study III, half of the piglets PEEP were randomized to a PEEP of 15 
cm H2O after the preparations were made. 

In study IV, for half of the piglets ventilation was changed immediately 
after the preparations were made from f 25 min-1 (NFV) to high frequency 
jet ventilation (HFJV) with f 200 min-1 (Acutronic AMS 1000 Universal Jet 
Ventilator, Acutronic Medical Systems AG, Hirzel, Switzerland with Air-
Oxygen Blender, Bird® 60574, Cardinal Health, Inc., Dublin, Ohio, USA). 
For these animals the endotracheal tube was replaced by a double-lumen jet 
catheter (Laserjet 40, Acutronic Medical Systems AG) threaded through an 
8,5 mm endotracheal tube and fixed to remain in position and to avoid air 
trapping. Minute ventilation was adjusted to a PaCO2 within the range 5.0–
5.5 kPa before start of the experiment. No subsequent adjustment of ventila-
tion was made thereafter.  

Monitoring 
For monitoring of the cardiopulmonary variables different equipments were 
used, for a summarize see Table 3 and Fig. 1. 
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Table 3. Summarize of position and usage of the different equipments used.  

Type Position Usage 

I.v. cannula Right ear Induction of anaesthesia,  
   fluid administration
CVL, PA catheter Right external jugular vein Monitoring measurement,  
   drug administration
Arterial catheter Right external carotid artery Pressure monitoring
Arterial cannula Branch of left iliac artery Paratrend sensor for continuous 
 (study I), left external   blood gas monitoring 
 carotid artery (studies II-IV)
Endotracheal tube/catheter Trachea Mechanical ventilation 

TEE Oesophagus Detection of gas bubbles  
   in the right outflow tract of  
  the heart

 

Studies I-IV in common (Fig. 1)  
A pulmonary artery (PA) catheter (Swan-Ganz, CritiCath Ohmeda®, 7.5 
French) and a central venous line (CVL) (7.0 French) were placed in the 
right external jugular vein. An arterial catheter (Boston Dickinson®, 18 G) 
was inserted into the right external carotid artery and then threaded into the 
aortic arch for pressure monitoring and blood sampling. The position of all 
the catheters was confirmed by pressure tracing.  

An artery catheter was inserted for the Paratrend sensor: for animals in 
study I it was placed in the left iliac artery; for animals in studies II-IV via a 
branch into the left external carotid artery.  

Study I  
For the i.v. CO2 embolization a catheter was inserted in the left iliac vein. 
Two of the 11 piglets were catheterized in the same way, but not infused 
with CO2, as for comparison. 

Studies II-IV  
A transoesophageal echocardiography (TEE) (Sonos 1000 Ultrasound sys-
tem, Omniplane Probe; Hewlett Packard, Aliso Uiejo, CA, USA in Studies  
II and III, Z. One SmartCart, Probe: P8-3TEE, Zonare Medical Systems, 
Inc., Mountain View, CA, USA in Study IV ) continuously monitored the 
right outflow tract of the heart (ROT) (Fig. 2). Both TEE and the surgical 
procedure were recorded for later review.  
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Measurements and Calculations 
Temperature, ECG, heart rate (HR), arterial blood pressures and pulmonary 
arterial pressures were monitored continuously and recorded. PCWP was 
measured and CO calculated by thermodilution. Arterial blood gases (Pa-
CO2, PaO2 and pH) were continuously monitored and recorded. End-tidal 
CO2 (Et-CO2), peek inspiratory pressure (PIP) and ratio dead ventilation 
(Vd) to tidal ventilation (Vt) (Vd/Vt) were calculated and recorded except 
for the animals in the HFJV-group in Study IV due to the open ventilation 
system used these measurements were precluded.  
Pulmonary vascular resistance (PVR) was calculated as: [Mean pulmonary 
arterial pressure (MPAP) –PCWP)] / CO. Cardiac Index (CIw) was calculat-
ed as CO/weight (kg). 

 

 
Figure1. A prepared piglet from Study II before the start of the surgery. 

Pressures comparison 
The variables are presented in four different pressure units. For comparison, 
see Table 4. Example: 1.0 kPa=10.2 cm H2O. 

 
Table 4. Pressures comparison 

kPa 1.0 0.13 100 0.098
mm Hg 7.5 1.0 750.3 0.736

Bar 0.01 0.0013 1.0 0.00098  

Cm H2O 
 

10.2 1.36 1020 1.0  
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Protocols 

Study I 
After preparation there was a stabilization period of 30-45 minutes. Nine of 
the 11 piglets were injected with 0.4 ml·kg-1 CO2 during 20 s through a 
catheter placed into the left iliac vein. Haemodynamic and respiratory values 
were recorded at baseline (BL) before embolization, every  minute after em-
bolization up to 15 minutes, every 5 min up to 30 minutes and finally every 
15 min until 4 h. Exceptions were PCWP and CO which were recorded eve-
ry five minutes until 15 minutes after the embolization. 

Two animals were treated in the same manner with the exception of not 
receiving any CO2 embolus. 

Studies II-IV in common 
After BL values were obtained, CO2 PP was established and the IAP main-
tained at 16 mmHg. A new stabilization period followed and a second set of 
baseline values was collected before the start of the surgery. Recordings 
were taken every 5 minutes during the operation, with the exception of 
PCWP and CO, which were recorded every 15 minutes. Immediately after 
the surgery, a third set of recordings was collected before exsufflation of the 
PP; after exsufflation, data were recorded every 10 minutes for 30 minutes. 
(Table 5). 

 
Table 5. Protocol for Studies II-IV in common. ↑=Collection of values. 

 Anaesthesia 
Preparation  

     
PEEP 15 
(Study  III)   

Pneumo- 
peritoneum   Operation  Postop. peri-

od  30 min  

  ↑ ↑ ↑     ↑       ↑  
                     BL                 BLpeep                        BLPP Every 5th min Every 10th min  
   (CO, PCWP  
  every 15thmin)
  

Study III 
The protocol was the same as for Study II with exceptions for the P15 group. 
After collection of BL values, for the P15 group PEEP was increased to 15 
cm H2O followed by a new stabilization period and an additional set of BL 
(BLpeep) was collected. (Table 5). After exsufflation of PP, PEEP was low-
ered to 5 cm H2O. Mixed venous oxygen saturation (SvO2) was measured 
before start of the operation and at the end of the experiment.  
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Study IV 
The protocol was the same as for Study II with the exception that no values 
were collected after the end of the operation just before exsufflation of the 
PP.  

Surgery technique 

Studies II-IV in common 
The LLR was performed by two highly experienced surgeons. PP was estab-
lished using a Veress needle and the IAP maintained at 16 mm Hg with CO2 
at room temperature. Left lateral lobectomy was performed with an Ultra-
sound dissector (CUSA EXcel®, Valleylab Inc., Boulder, CO, USA) and 
Vessel sealing system (LigaSureTM, Valleylab Inc.). In the pig, the left hepat-
ic vein is found approximately halfway through the resection of the left lobe. 
After the vein was clipped, division and full resection of the left lobe was 
performed. Haemostasis was checked and controlled during and at the end of 
the operation.  

Study II 
In addition, for half of the piglets a 5-mm ultrasound shears (AutoSonix™, 
USSU, Norwalk, CT, USA) was used for dissection in addition to Ultra-
sound dissector (CUSA EXcel®, Valleylab Inc., Boulder, CO, USA) 

Studies III and IV 
The left hepatic vein was carefully dissected out and a standardized venous 
cut (VC) of 6 mm was made into the anterior wall of the vein with scissors 
and then left open for 3 min before it was clipped with 10-mm clips (Endo-
ClipTM, Autosuture, CT, USA) on both sides of the cut. Thereafter division 
and full resection of the left lobe was performed.  

Embolization criteria   
A previously described scoring system52 was adapted for classifying the 
severity of each embolic episode. Every episode of gas bubbles observed on 
TEE was classified as grade 0 if < 5 bubbles (Fig. 2A) were seen at the same 
time, grade 1 if ≥ 5 bubbles (Fig. 2B) were seen but the ROT was not com-
pletely obscured by bubbles and grade 2 (Fig. 2C) if the outflow tract was 
completely filled with bubbles. In order to demarcate the end of a GE period, 
a bubble-free interval of at least 10 s was required.  
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Fig. 2A   Fig. 2B Fig. 2C 

Figure 2.Example of definition of gas embolization grade 0 (A), grade 1 (B) and 
grade 2 (C). The right outflow tract of the heart (ROT) is visualized by TEE. An 
arrow indicates a gas bubble seen as a white rounded spot (B) and a compact mass 
of gas bubbles filling ROT (C). 
 

Preset limits  
Physiological responses to CO2 embolism of any grade, were defined as an 
abrupt change (Δ) in at least one of the following: a decrease in PaO2 ≥ 1.0 
kPa, increase in PaCO2 ≥ 0.3 kPa, decrease in Et-CO2 ≥ 0.3 kPa or an in-
crease in MPAP ≥ 3 mmHg. When one of the abovementioned variables 
exceeded the preset limits, all variable values at the same time point were 
analysed. The limits were chosen in accordance to previous studies when 
applicable53 54 

Statistical Analysis  

Studies I-IV in common 
P < 0.05 was considered significant. 

Study I 
Trend analyses were performed using procedure Mixed in SAS. The model 
was set up as a one-way repeated measures design with a first-order auto-
regressive covariance structure. The parametric changes commented are all 
statistically significant according to the statistic method used. Values at the 
start and end of the protocol were compared using t-tests for dependent sam-
ples. 

Study II  
A paired t-test compared clinical data before and after PP. Non-parametric 
tests were used as the change in respiratory and haemodynamic variables 
during an embolization period were non-normally distributed. 
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In order to assess a significant change in respiratory and haemodynamic 
variables during an embolization episode the Wilcoxon Signed Rank test 
was used. The Mann-Whitney U-test compared the changes in respiratory 
and haemodynamic variables between embolization episodes of grades 1 and 
2. Spearman’s rank order correlation was applied to assess the relationship 
between the change in respiratory and haemodynamic variables.  

All statistical tests were based on the median value for each pig and em-
bolization grade because repeated embolizations within a pig were depend-
ent observations.   

Study III 
The time period during the surgery was divided into two parts which were 
treated separately. The time from the beginning to the end of the surgical 
procedure except for the 3-min period of VC was considered one part (Non-
VC). The other part was the 3-min VC which was considered an isolated 
time period and thereby only one embolization event was possible.  

The changes in respiratory and haemodynamic variables were non-
normally distributed and thus non-parametric tests were used. The Mann–
Whitney U-test was used to analyse differences between the groups before 
surgery and during the Non-VC period. Fisher’s exact test was used to com-
pare the severity of GE during the VC period between groups.  

Study IV 
The changes in respiratory and haemodynamic variables were non-normally 
distributed and thus non-parametric tests were used. Wilcoxon signed rank 
test was used for within-group comparison (% change from BL) and Mann-
Whitney U-test was used for between-group (NFV vs HFJV) comparisons. 
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Results  

Frequency, severity and duration of gas embolization 
during surgery  

Study II 
During surgery, 10 of the 15 piglets showed evidence of grade 1 or 2 GE 
(67%). Of 33 episodes, 20 were of grade 1 and 13 were of grade 2 (39%). 
About half of these latter mentioned GE were repeated periods, revealing an 
ongoing surgical problem.  

Study III 
GE was seen in 15 of the 20 piglets (75%) during surgery, either during the 
pre- and/or post-VC period and/or during the VC period (Table 6 and Fig. 3).  
 

Table 6. Number of embolic events and embolization grade (Gr.) during different 
parts of surgery for the groups PEEP 5 (P5) and PEEP 15 (P15) cm H2O. Pre 
cut=time from start of surgery to start of venous cut. VC=Venous cut (3 min), Post 
cut=time from end of venous cut to end of surgery and Tot=total 

 

P5 group P15 group 

 Pre  cut VC Post  cut  Pre cut VC Post cut 

 Gr.1 Gr.2 Gr.1 Gr.2 Gr.1 Gr.2  Gr.1 Gr.2 Gr.1 Gr.2 Gr.1 Gr.2 

Tot 17 0 5 2 16 3 Tot 4 0 3 2 15 0 

 

Of the five animals without GE three were in the P15 group. In total there 
were 67 episodes of GE of which seven were graded as grade 2 (10%). There 
were more embolic episodes in the P5 group but no statistical difference 
either in frequency or in grade. There were no differences between the two 
groups according to total surgery time, and total times of grade 1 or 2 GE. 
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 Fig. 3A Fig. 3B 

Figure3. Divided hepatic lobe during the venous cut. In the upper left corners the 
TEE video with the ROT of the heart visualized is marked with a white ellipsis. The 
open vein is marked with white rings. (A) There is no sign of gas bubbles in ROT 
and (B) ROT is totally filled with gas bubbles.  

 

Study IV 
Seventeen of 24 animals (70%) showed signs of GE on TEE. Of 53 GE peri-
ods only one was grade 2 (1.4%),  in a piglet in group NFV. There was no 
difference in GE frequency between the two groups. (Table 7). 

 

Table 7.  Number of GE (grades 1and 2) during different parts of surgery for the 
groups NFV (f=25 min-1) and HFJV (f=200 min-1). Pre cut=time from start of sur-
gery to start of venous cut. VC=Venous cut (3 min) and Post cut=time from end of 
venous cut to end of surgery.  

 NFV   HFJV   
 Pre cut VC Post cut Pre cut VC Post cut  

Total 14 5 8 6 3 17  

 
The mean duration of GE was shorter in the NFV group. The duration of 
surgery was the same in both groups (Table 8).  
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Table 8. Length of GE during surgery. NFV=Normal Frequency Ventilation. 
HFJV=High Frequency Ventilation. P value from Mann-Whitney U-test. 

 NFV n=9 
Median (Range) 

HFJV n=8 
Median (Range)

P-value 
 

Mean length of GE (s) 28.7 (13.0-546.0) 15.1 (4.0-22.0) <0.01 
Total length of GE (s) 102.0 (13.0-546.0) 41.5 (4.0-132.0) 0.14 
Length of surgery (min) 21.0 (13.0-30.0) 16.5 (15.0-23.0) 0.43 
Total length of GE/surgery 
time (%) 

10.6 (1.0-62.8) 4.2 (0.4-14.7) 0.20 

Effects of gas embolization on gas exchange and 
circulation 

Study I 
After i.v. injection of CO2 the piglets developed an increase in dead space, 
signs of development of shunts, disturbed gas exchange, decrease in CO and 
increase in MPAP (Figs. 4 and 5).   
 

   
 Fig. 4A Vd/Vt Fig.4B CO Fig. 4C MPAP 
  
Figure 4. Vd/Vt (A), CO (B) and MPAP (C) expressed as the mean ± SD. The 
squares denote the mean of the two animals not given bolus injection of CO2. 
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Figure 5. A typical response to GE in the continuously monitored blood gas curve 
(Paratrend). In this example the curve has a two-phase course due to repeated embo-
lism. The vertical line represents maximum changes. 
 

The effects of the CO2 embolization on most of the examined variables per-
sisted throughout the 4-h observation time according to the statistical method 
used - one-way repeated measures design with a first-order autoregressive 
covariance structure and also when tested with t-test for dependent samples 
(Table 9). 

 

Table 9. Comparison between values at baseline (BL) and after 4 hours (4h) ex-
pressed as mean ± SD. P-values from t-test for dependent samples. 

Variable BL mean±SD 4-h mean±SD P-value 

PaO2 (kPa) 21.3 ± 1.60 18.8 ± 2.30 <0.001 
PaCO2 (kPa) 5.31 ± 0.19 6.36 ± 0.38 <0.001 
Et-CO2 (kPa) 5.60 ± 0.21 6.01 ± 0.36  0.014 
Vd/Vt (ratio) 0.53 ± 0.089 0.63 ± 0.103 <0.001 
MPAP (mm Hg) 19.4 ± 0.89 24.4 ± 2.41  0.009 
CO (l·m-1) 
PVR (mmHg·l·min-1)

3.57 ± 0.55 
3.49 ± 0.71

2.97 ± 0.43 
5.89 ± 1.80

  0.001 
 0.014 

 

Studies II-IV  
Preset limits for the more important variables were used to analyse the ef-
fects of GE (Fig. 6). Changes (Δ) under these limits were defined as without 
clinical importance. For most grade 1 embolism episodes, i.e. 120 of a total 
of 132 episodes, the changes were not sufficiently large to exceed the limits. 
In four of these 12 episodes where limits were exceeded only one variable 
was affected. However, all 21 but one grade 2 GE resulted in significant 
changes - where the preset limits were exceeded in nearly all variables. 
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Some minutes before the episode without enough influence to exceed preset 
limits, several GE occurred with a deleterious effect on respiration; PaO2 8.4 
kPa, PaCO2 8.48 kPa and MPAP 38 mm Hg.  

The most affected of all variables were PaO2, PaCO2, Et-CO2, Vd/Vt and 
MPAP (Table 10).  

 

Table 10. Total number (Tot.n) of GE of grades (Gr.) 1 or 2 during the different 
studies and the number of these where preset limit of at least two variables at the 
same time were exceeded (n>PL). Change=Δ. Values of preset limits are given in 
the table. PaO2, PaCO2 and Et-CO2 are presented in kPa and MPAP in mm Hg. In 
Study I no grading of the embolism was done. Study III is presented with groups 
PEEP 5 (P5) and PEEP 15 (P15) and Study IV with groups Normal Frequency Ven-
tilation (NFV) and High Frequency Jet Ventilation (HFJV). For the animals in the 
HFJV groups no measurements of Et-CO2 were possible due to the open ventilating 
system. 

Study Gr. Tot. n n>PL ΔPaO2 

≥1.0 
ΔPaCO2 

≥0.3 
ΔMPAP 
≥3.0 

 
ΔEt-CO2 

≥0.3 
 

I -   9   9   8   8 9   8 

II 1 20  3  2  2 0   3 
 2 13 13 13 11 9 12 

III  P5 1 38  4  4  4 1   4 
 2   5  4  4  3 4   3 

III P15 1 22  1  1  0 1   0 
 2   2  2  2  2 2   2 

IV NFV 1 26 0  0  0 0   0 
 2    1   1   0   0 1   1 

IV HFJV 1 
2

26 
  0

  1 
 0

  1 
 0

  0 
 0

1 
0

 - 
 - 

Total  162 38 35 30 28 33 

 
 

During grade 2 GE (Study II) the strongest correlation was between PaCO2  

and MPAP (r =1.00) and between PaO2  and Et-CO2 (r= 0.99), whereas the 
weakest correlation was between Vd/Vt and Et-CO2 (r= -0.72). With grade 1 
GE, the correlations were less uniform: the strongest correlations were be-
tween PaO2 and PaCO2 (r= -0.94) and between PaO2 and Vd/Vt (r= -0.86), 
whereas the weakest correlation was found between PaO2 and  MPAP (r= 
0.00).  

Correlations between the duration of GE were found mainly for PaO2 and 
PaCO2 regarding grade 1 GE (r=0.79; n=7 for both variables) and for PaCO2 
and MPAP regarding grade 2 GE ( r=0.89; n=7 for both variables).  
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Figure 6. Changes (Δ) during all embolism episodes of grade 1 and 2 
(Emb.grade). For PaO2, PaCO2, Et-CO2 and MPAP the dotted line represents 
preset limits. MAP=Mean Arterial Pressure. 

 Fig. 6A PaO2 
 

  Fig. 6B PaCO2

  Fig. 6C Et-CO2 
 

  Fig. 6D Vd/Vt

 
  Fig. 6E MPAP 

 
   Fig. 6F MAP 

   Fig. 6G CVP 
 

 Fig. 6H PIP
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Level of CVP  
The levels of CVP were compared with the level of IAP (16 mm Hg) during 
episodes of GE in studies II and III. 

Study II 
For the piglets where GE occurred during surgery CVP was median 9 (range 
7-11) mm Hg just before the start of GE, both for grades 1 and 2. For the 
five piglets with no GE the highest measured value during surgery was me-
dian 12 (range 10-14) mm Hg. For three of the animals the highest value 
represented a single measurement immediately at the start of surgery.  

Study III 
At baseline - with PEEP 5 cm H2O for all animals - in P15 group CVP was 
median 9 (range 6-14) mm Hg and after increase in PEEP to15 cm H2O me-
dian 10.5 (range 8-13) mm Hg. (P=0.97).  After establishment of PP, howev-
er, there was a difference in CVP between the two groups P5 and P15  (P = 
0.001) (Fig. 7). 

 
 

  
 
Figure 7. CVP in P5 and P15 groups during the surgery. BL=baseline, BLpeep= 
baseline after increasing PEEP to 15 cm H2O, BLpp = baseline after establishment 
of PP. POpp = Post-operative values, before exsufflation of PP. Depending on the 
varying lengths of surgery, most curves have a gap in the time interval before POpp. 
The top black line represents IAP (16 mm Hg) and the bottom black line PEEP  
(5 and 15 cm H2O). 5 cm H2O~3.7 mm Hg (Table 4).  
 

CVP is a calculated value and its waveform consists of systolic and diastolic 
components with following phasic pressure variations. In this study the 
peaks (CVPa-wave) and descents (CVPx-wave) which represent the pressure gra-
dient were analysed (Fig. 8). 
. 
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Figure 8.  The CVP waveform with its phasic events: the a-, c-, x-, v-, y- and h-
waves. Ventricular systole starts at the valley before c and ends at v. 
 

During VC, the highest CVPa-wave values were either 11 or 12 mm Hg for the 
five animals in the P5 group with ongoing GE of grade 1; and 13 and 14 mm 
Hg for the two animals with grade 2 GE. For the three piglets with no signs 
of GE during VC, the lowest CVPx-wave value measured was 4, 7 or 8 mm 
Hg, respectively. (Table 11). 

For the other group, the highest CVPa-wave value during ongoing grade 1 
GE during VC were 14, 15 and 21 mm Hg for the three animals; and 19 mm 
Hg for the two with grade 2 GE. The five animals without GE had a CVPx-

wave median 12 (range 8-14) mm Hg (Table 11). 
 

Table 11. The lowest CVPx-wave (CVPx) value (mm Hg) measured during the VC 
period of the operations as well as the lowest CVPx-wave and highest CVPa-wave 
(CVPa) values during ongoing GE episodes during the VC period for P5 (n=10) and 
P15 groups (n=10). Embolization grade = Gr. IAP = 16 mm Hg.   

P5 P15

Gr. 
 
 

Lowest 
CVPx 

 

Lowest 
CVPx / 
/highest 
CVPa 

 

 

Gr. 
 

Lowest 
CVPx 

 

Lowest 
CVPx / 

 /highest 
CVPa 

0 4 0 8
0 7 0 10
0 8 0 14
  0 12
  0 14

1 4 6/11 1 11 11/14
1 8 8/12 1 8 9/15
1 6 6/12 1 18 17/21
1 8 8/12
1 7 7/11
2 10 11/14 2 16 16/19
2 9 8/13 2 18 18/19
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The increase in PEEP from 5 to 15 cm H2O caused negative influence on 
circulation. CIw decreased from 0.11 to 0.09 l·m-1kg-1 (P=0.005) and SvO2 
decreased from 56.1 to 45.1% (P=0.009). 
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Discussion 

Is gas embolism really a problem? 
In our studies we used advanced monitoring techniques, some of which are 
not standard in daily anaesthesia practice, and found GE occurred in 70–75% 
of the surgeries. Repeated severe embolism occurred in approximately 50% 
of events (Study II), a fact that revealed an ongoing surgical problem or the 
possibility of missing an event that might have clinical implications. 

The percentage occurrence of GE was constant during the three different 
surgery studies (Studies II–IV). However, for each study the total number of 
grade 2 GE decreased, from 39 to 10 to 1.4%, respectively. If excluding the 
P15 and HFJV groups, e.g. all animals treated differently regarding ventila-
tion technique, (Studies III and IV), the two last numbers instead are 12 and 
4%, respectively, which is still a decline. Increased surgical skill may con-
tribute to this as supported by Edwin et al. and Vigano et al.6 55 

Some authors consider the issue of GE during LLS as little or no problem, 
some as a reality.6 14 21 22 27 56 Perioperative complications are often not satis-
factorily investigated and a registry to track all perioperative outcomes and 
occurrences of complications is proposed.57 Bazin et al.29 (page 573) state 
that “Various multicentre investigations of incidents during laparoscopic 
surgery show that gas embolism is a prime suspect in most ‘cardiovascular’ 
collapse occurring during laparoscopy”. O’Sullivan et al.26 (pages 151–152) 
state that “The rate of detection of emboli is particularly influenced by the 
method of detection and the complexity of the surgery”. This is further sup-
ported in several studies which report vast differences in occurrence and 
severity of GE using different methods of monitoring.8 14 24  

 
There is no set value of change that signals danger to the patients if exceed-
ed; whether it is dangerous for the patient depends on their individual medi-
cal history. A young and healthy person could handle a decrease in PaO2 of 
6–8 kPa or more with a simultaneously decrease in CO, whereas for an older 
person with concomitant respiratory or circulatory diseases, even a small 
decrease in PaO2 or CO could be deleterious. The majority of patients who 
undergo liver surgery during their lifetime belong to this last group. 

 
One may spend days and nights counting bubbles on a video screen and have 
theoretical discussions about how many millilitres of gas are needed to oc-
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clude pulmonary circulation to a certain extent. In the final analyses it is the 
patient’s physiological response to every single episode of GE that counts. 

Isn’t it just simple bubbles of CO2 as in soda water? 
The pulmonary circulatory response to experimental microembolism varies 
depending on several factors: emboli material, type of gas, size and site of 
emboli, entrance rate, amount of embolization, animal species, positioning as 
well as study protocols.17 19 58-61 A large gas volume can act as a ‘gas lock’ 
and thus impair blood flow. Dependent on the location, different clinical 
signs are seen: if trapped in the coronary vessels death might occur, and if 
blocking large pulmonary arteries right-heart failure can be the result.19 
Small gas volumes slowly entering the central circulation will mainly block 
the upper lung regions whereas most of the blood is directed to the depend-
ent parts of the lungs according to the buoyancy of gas in the blood.58 61 62 
These embolizations may be harmless; however, it has been shown that GE 
also distribute to regions with higher blood flow.63 If repeated GE occurs 
previously blocked vessels might be ‘re-blocked’ without any deterioration 
of clinical status.  

CO2 is highly soluble in blood and the injected ~10 ml of CO2 (Study I) as 
well as the CO2 from the GE during surgery (Studies II–IV) ought to have 
dissolved quickly. From another study it is known that vasoconstriction oc-
curs immediately on arrival of a bubble in the vessel and persists for the 
duration of the embolism resorption.64 The shape of a bubble changes during 
passage through the circulation and when entrapped in a vessel it becomes 
elongated and dissolution time increased.64 65 Longer bubble absorption 
times may exacerbate the provocation of thromboinflammatory and endothe-
lial responses.64 The inflammatory response and complement activation take 
place instantaneously leading to platelet aggregation, local neutrophil se-
questration, radical species production, clot deposition and endothelial gap 
formation.59 64 66 67 

These mechanisms can well explain the prolonged effect found on cardio-
pulmonary responses during at least 4 h following CO2 venous embolism 
(Study I). 

Physiological changes caused by CO2 embolism 
Generally we found differences in physiological responses between GE 
grades 1 and 2. Most GE grade 1 episodes passed without causing any clini-
cal harm. After a single i.v. injection of CO2 (Study I) or after a grade 2 GE 
(Studies II–IV) the observed physiological changes agreed with established 
knowledge concerning the response to pulmonary embolism; an increase in 
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dead space and signs of the development of shunts as well as an increase in 
PVR and decrease in CO.61 68 69 Thus, the variables mostly affected during 
grade 2 GE were PaO2, PaCO2, Et-CO2, Vd/Vt and MPAP – of which MPAP 
was the least affected variable (Study II).  

The pulmonary circulation is a low-pressure system with larger vascular 
diameter and shorter vessels than in the systemic circulatory system. The 
lung vessels are compliant and can accommodate a large increase in blood 
volume with only a small increase in pressure. The established opinion is 
that about 40–50% of the pulmonary vascular bed has to be obstructed be-
fore the pulmonary arterial pressure will increase to secure blood flow 
through the lung.69 

As expected, both PaO2 and PaCO2 were influenced by GE (Studies I and 
II). The animals were well-oxygenated with FiO2 0.3 and only for a total of 
five times was PaO2 < 8 kPa as a result of GE (Studies II and III). The de-
crease in Et-CO2 was rapid and sometimes of short duration before turning 
course and exceeding BL values. In a study, Losasso et al. reported that a 
decrease in EtCO2 of as little as 2 mm Hg (0.26 kPa) can be a positive indi-
cator of air embolism.70  

 
In our first studies (Studies I and II) HR and MAP were not influenced by 
GE, except for MAP which decreased during GE grade 2 (Study II). CO was 
measured in the first study and decreased as a response to GE (Study I). 
Monitoring of CO and PCWP did not appear to be clinically useful in the 
operating studies with the equipment used (Studies II–IV). The measure-
ments were time consuming and could not be performed sufficiently fre-
quently, thus rendering it impossible to draw any conclusions as to whether 
any changes were caused by a gas embolus or by a reaction to the surgical 
procedure. 

 
PaO2, PaCO2, Et-CO2, MPAP and Vd/Vt were strongly correlated for grade 
2 GE. The strongest correlation among these five variables was between 
PaCO2 and MPAP, followed by PaO2 and Et-CO2 (Study II). With grade 1 
GE, the correlations were less uniform. We also found correlations between 
the embolism intervals for both grades 1 and 2 GE. 

What about CVP and the pressure gradient? 
Nature has an inherent tendency to level out elements and forces to form a 
balance, and different movements secure this, e.g. wind, electric or sea cur-
rents, and weather phenomena. Thus, one condition thought necessary for 
GE to occur is the existence of a pressure gradient between the inside and 
outside of a blood vessel that will cause flux of CO2 from higher to lower 
pressure.24 26 27 29 38 56 In the field of neurosurgery this is crucial, as in a sitting 
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patient the pressure in the surgery field is near or below atmospheric pres-
sure.37 71 72  

According to this theory, during LLS, gas could and would migrate intra-
venously if the IAP exceeds the intra luminal pressure in a wounded vessel. 
There is evidence supporting this theory – the frequency and severity of GE 
was lower when IAP was 8 mm Hg compared with 16 mm Hg 33 – and there 
is also evidence against it.14 29 43 CVP is thought to reflect the pressure in the 
hepatic veins and thereby used as a reference.73 Elevation of CVP to prevent 
GE has been suggested.14 34 In one of our studies (Study III) CVP was ele-
vated by increasing the PEEP for half of the animals. There were fewer GE 
in the elevated PEEP group but there was no significant difference with P > 
0.05 in the frequency or severity of GE between the groups, which confirms 
the results from a previous study by Giebler et al.37 During all three surgical 
studies (Studies II–IV) on repeated occasions no GE was seen despite CVP < 
IAP and a concomitant open vein (Fig. 3A). However, GE occurred when 
CVP > IAP (Study III). The pressure gradient seems to contribute to gas flux 
and GE formation but there must also be other explanatory mechanisms. 
 
Mechanical ventilation causes a rhythmic compression and decompression 
of the thorax with an influence upon the thoracic pressure and blood flow as 
well as upon the liver parenchyma. These changes in blood flow velocity and 
pressure might, during the phase with higher flow (expiration), influence the 
ease and amount of gas migration into the blood according to entrainment. A 
definition of this phenomenon is ‘to draw in and transport (as solid particles 
or gas) by the flow of a fluid’. The fluid speed plays an important role in 
entrainment, but it is seen also at lower speeds as < 5 m·s-1.74 75 Thus, en-
trainment may be a mechanism contributing to the intravenous flux of CO2 
and the formation of GE. An even and stable blood flow could theoretically 
decrease the entrainment effect and have a positive influence upon the fre-
quency, severity or duration of GE. 

HFJV constitutes a ventilating method where the tidal volume is very 
small and thereby the thoracic movements do not cause pronounced pressure 
or blood flow changes. This method is mainly used for upper airway surgery 
but has also been tried when there is demand for minimal organ movement 
and in thoracic surgery for oxygenation improvement and less bleeding.76-79 
In our latest study (Study IV) half of the piglets were ventilated with HFJV 
in comparison with NFV. The ventilation rate of 200–1 min and inspiration-
expiration ratio of 0.6 were chosen to reduce the thoracic movements as 
much as possible without compromising gas exchange.80-82 HFJV did not 
prevent GE - the frequency of grade 1 GE was the same in both groups - but 
shortened the duration of GE. There were too few grade 2 GE for statistical 
analyses. 
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A decrease in IAP had a preservative effect concerning GE, but an increase 
in CVP did not. The use of HFJV for the purpose of stabilising the blood 
flow did not prevent the emergence of GE but shortened the duration. This 
might be of importance as we found a correlation between GE duration and 
cardiopulmonary response (Study II). It is possible that the pressure gradient 
itself is not as important as the change in pressure, gradient or flow condi-
tions. Schmitt et al. reported occurrence of GE concomitant with PEEP re-
lease and during repositioning from a sitting to supine position.83 It is re-
markable that despite an open vein and an IAP of 16 mm Hg that no GE was 
seen in 26 of a total of 42 piglets during the VC (Studies I and II). Mecha-
nisms like blood surface tension and influence of the individual anatomic 
relations could be of importance.  

What kind of monitoring is to be used for detection of 
gas embolism? 
As mentioned above, we used advanced monitoring techniques in our stud-
ies, some of which are not standard in daily anaesthesia practice, such as 
continuous blood gas monitoring (Paratrend) and measuring of pulmonary 
dead spaces. We thereby had the advantage of following the influence on 
respiratory gas exchange second-by-second instead of being obtained by 
time-consuming blood gas analyses. Furthermore, many of the GE episodes 
were detected either by watching the Paratrend or the TEE. 
  
TEE is considered a more sensitive method for the detection of GE than Et-
CO2, PaO2, MPAP or Doppler.53 54 61 84 85 It can detect air boluses as small as 
0.02 ml kg–1 but has disadvantages of being invasive and can cause injury to 
the gastrointestinal tract.86 87 Doppler is a little less sensitive, it can detect air 
boluses of 0.05 ml kg–1, is non-invasive but positioning of the probe can be 
difficult with an obese patient.61 88 Intracardiac transvenous echocardiog-
raphy is a technique even more sensitive than TEE; however, this equipment 
is not commonly used in clinical practice.89 

Monitoring of CO and PCWP did not appear to be clinically useful in this 
setting with the equipment used. The measurements were time consuming 
and could not be performed sufficiently frequently. However, this variable is 
important to follow and so we consider continuous measurement of CO 
might be a better technique.  

The pulmonary function is mirrored by arterial blood gases and Et-CO2. 
Arterial blood gas analyses is the gold standard for measuring PaO2 and Pa-
CO2 but this method presents disadvantages because it is intermittent, rela-
tively expensive and there is a time delay in obtaining results. The Paratrend 
was an excellent tool to get rapid information about changes in blood gases 
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and its measuring is considered to be within the requirements for a clinically 
useful blood gas monitoring system.90 However, the probes are expensive, 
and fragile; especially the O2 sensor might require frequent calibration with 
long term use.91 Some years ago the production of Paratrend closed down. 

Oxygenation measurement techniques could also be used. Pulse oxymetry 
(SpO2) is today a standard monitoring technique used in the operating thea-
tres. It is non-invasive and easy to handle. It is most useful as an early warn-
ing sign of hypoxemia and below the value of 70% the measurements be-
come less reliable.69 92 In a study Russell et al. reported changes in ventila-
tion as more sensitive than oxygenation changes for detection of experi-
mental GE.30 Decrease in mixed venous oxygenation (SvO2) measured either 
by continuous fiberoptic PA catheter or intermittent by blood gases was su-
perior in detection of deoxygenation to SpO2.

30 One disadvantage with 
measuring SvO2 is that the technique is invasive.  

The technique of transcutaneous monitoring of PaCO2 is today not stand-
ard but its use is reported in several studies with invitation to increase the 
usage.93 94  

Equipment to monitor pulmonary shunts is not commonly used in the op-
erating theatres. An easy way to follow a trend is to calculate Vd/Vt by the 
formula Vd/Vt=(PaCO2 - Et-CO2)/PaCO2.

68 
 
The individual physiological reaction on GE is hard to predict as it depends 
on several factors. This demands an alert anaesthesiologist familiar with the 
available monitoring techniques in the operating theatres as well as the phe-
nomenon of GE that most often pass without clinical signs but sometimes 
might have vast negative effects especially for patients with concomitant 
comorbidity. Careful monitoring of cardiopulmonary function is advisable 
and for the anaesthesiologist correct interpretation of concurrent reactions of 
variables due to GE is important.  
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Conclusions 

• A single CO2 embolization caused changes in cardiopulmonary physi-
ology that lasted for at least 4 h. This prolonged influence might accen-
tuate peri- and post-operative morbidity, especially in patients with 
comorbidity.  
 

• CO2 embolism occurred frequently during experimental laparoscopic 
liver lobe resection in a pig model. Approximately half of the embo-
lisms were serious enough to cause respiratory or haemodynamic dis-
turbances or both.  
 

• An increase in PEEP elevated the CVP when combined with pneu-
moperitoneum, but at the cost of a negative influence on circulation. 
The occurrence or absence of GE seemed to be irrespective of the CVP 
level in relation to IAP. 
 

• The use of HFJV shorten the duration of GE, possibly due to less en-
trainment of gas, as thoracic movements were less pronounced. 
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Future perspective 

As previously mentioned, laparoscopic techniques have revolutionised gen-
eral surgery and are considered a standard operating procedure for several 
diseases due to, among other things, a reduction in postoperative pain and 
disability and reduced patient recovery time. Naturally, both patients and 
surgeons prefer such techniques. LLS is evolving and is predicted to increase 
in future, despite the increased risk of GE. In the light of this, it is necessary 
to develop techniques and methods to decrease the risk of GE during LLS. 
So far, our group has compared different surgical devices. We have also 
demonstrated that a decrease in IAP from 16 to 8 mm Hg has a positive ef-
fect upon gas GE but we could find no statistical difference with P < 0.05 
when CVP was elevated due to an increase in PEEP, although there were 
fewer GE in the group with elevated PEEP.  

The factors contributing to the occurrence of GE seem to more complex 
than we first thought. We were unable to support the theory that the pressure 
gradient solely plays a role for gas flux, and instead the phenomenon of en-
trainment seemed to contribute. However, the importance of the pressure 
gradient, entrainment, the position of the patient, surgical skill and surface 
tension of blood have to be considered.  

 
The results from a porcine model cannot be translated to humans as there are 
differences in organ structures. The mechanism of GE emergence might be 
the same irrespective of species; however, the physiological response differs. 
This stresses the need for further studies on humans undergoing LLS as well 
as the basic mechanisms behind occurrence of GE.   
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