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Abstract
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Various techniques are used to transect the liver. With increase in laparoscopic liver resections
(LLR), it is of even more interest to develop surgical techniques to minimize bleeding and the
risk for gas embolism during transection. Instrument like argon enhanced coagulator provides
good hemostasis but increases the danger of gas embolism. The CO2 pneumoperitoneum that
is routinely used in most types of laparoscopic surgery can be modified by the use of different
gas pressure. It can be assumed that different pressure influences bleeding but also the risk for
gas embolism.

In presented porcine studies, three instrumental combinations have been studied. In study I
sixteen piglets were randomized to LLR with either the cavitron ultrasonic aspirator (CUSA™)
in combination with vessels sealing system (Ligasure™) or with CUSA™ and ultrascision
scissors (Autosonix™), with the endpoints of intra-operative bleeding and gas embolism.  In
study IV sixteen piglets were randomized to LLR either with staple device (Endo-GIA™) or the
Ligasure™ - CUSA™ combination with same primary endpoints and additionally secondary
endpoints of effect on gas-exchange, systemic- and pulmonary hemodynamic.

Focusing on intra-abdominal pressure (IAP) in study II, sixteen piglets were randomized to
LLR with an IAP of either 8 or 16 mmHg.  Primary endpoints were bleeding and gas embolism
and secondary endpoints, effect on gas-exchange, systemic- and pulmonary hemodynamic.

In study III effect of argon gas was tested during LLR. Sixteen piglets were randomized to
either argon pneumoperitoneum or CO2 pneumoperitoneum. Primary endpoints were effect on
gas-exchange, systemic- and pulmonary hemodynamic.

In presented studies, we tested efficacy and safety of different techniques for LLR. CUSA™
can be used in combination with either Ligasure™ or Autosonix™. However, Ligasure™
reduces the amount of bleeding. The recent introduction of staplers seems promising with a
further reduction in bleeding, gas embolism, and operating time. The IAP influences both the
amount of bleeding as well as gas embolism. It seems reasonable to use a higher IAP to decrease
bleeding with caution and with close monitoring for gas embolism. Argon gas embolism gives
more extensive effect on gas-exchange and hemodynamic and should probably be avoided in
this type of surgery.
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SSPP Steady state at pneumoperitoneum 
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Introduction 

The unique ability of the liver to regenerate after resection, its functional 
reserves, and the knowledge about its anatomy form the basis for innovative 
approaches to liver surgery. The enormous steps forward in the surgical 
technology, anesthetics, oncologic treatment, and imaging in recent decades 
have played a central role. Because of this, the indications for liver resection 
have changed and increased over time. Patients with both benign and malig-
nant disease are considered, and even patients with a large tumor burden are 
now considered candidates for surgery while those with limited extra-hepatic 
tumor growth are not excluded1-3.  
With the fast-growing application of laparoscopic techniques for surgery in 
general, the new techniques and instruments require investigation regarding 
their efficacy, effectiveness, and safety. The increased interest in using a 
laparoscopic approach in liver surgery has taken time to develop first and 
foremost because of the complexity of the operations and the danger of 
major complications. These factors have led to a thorough look at the 
techniques and instruments with regard to safety and efficacy4-10. Although 
some centers perform more than 50% of liver surgeries using a laparoscopic 
approach5, 11, 12, the field is still a considerable distance away from seeing all 
hepatobiliary surgical units apply the technique. 
With the help of an animal model, the studies presented here were conducted 
to contribute knowledge about the safety and efficacy of defined instruments 
in liver surgery and the appropriate pressure level of pneumoperitoneum.  
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Anatomy and physiology  

Human liver 
 

 
One of the first recorded tales about the liver comes from the legend of Pro-
metheus, written by Hesiod (750–700 BCE). Prometheus was chained to a 
rock because he stole fire from Zeus and gave it to humankind. Zeus sent an 
eagle to eat Prometheus’ liver, and the bird returned every day to eat because 
the liver regenerated overnight13. An Alexandrian physician Herophilus 
(330–280 BCE) was one of the first to describe the anatomy of the liver, 
although no documents exist directly from him. The Greek physician Galen 
cited the work of Herophilus in 130–200 CE when he identified the liver as 
the source of blood. Monographs of Francis Glisson from 1654 form one of 
the first accredited reports of the anatomy of the liver14. Glisson’s work was 
forgotten for over 200 years. Later, in the late 19th century, several authors 
published studies on liver anatomy, all built on Glisson’s writings14. In 1888, 
Hugo Rex from Germany and in 1897, James Cantlie from Liverpool, Eng-
land, challenged the accepted anatomic division of the liver. They suggested 
a division line drawn from 
the top of the gallbladder 
and back towards the vena 
cava13. Largely because of 
the work of the French 
surgeon and anatomist 
Claude Couinaud, the anat-
omy of this otherwise com-
plicated organ has become 
clearer15. Through his work 
making casts of the vascu-
lar and biliary structures 
of the liver, he studied the 
anatomy and defined it 
from the vascular structures serving each area of the organ. His suggestion of 
dividing the liver into eight segments according to the portal vein and ve-
nous branching is the segment definition most liver surgeons use today (Fig-
ures 1)14, 16, 17. As the largest organ in the human body, the liver has four 

Figure 1. Couinaud’s classification of segments. 
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lobes, the right, left, quadrate, and caudate lobes. The liver weighs 1200–
1600 g in an adult, is heavier in men than in women, and constitutes roughly 
1/40 of the total body weight. Positioned in the right upper quadrant of the 
abdomen, the liver is attached with peritoneal reflections, referred to as 
ligamentous attachments. Up to 80% of the oxygen to the liver is delivered 
via the portal vein arising from the superior mesenteric and splenic veins. 
The remaining 20% of 
oxygen is transported via 
the hepatic artery18. Three 
veins—the right, middle, 
and left liver veins—
drain the liver right into 
the inferior vena cava 
(IVC). The vasculobiliary 
system is separate at each 
site, without any connec-
tion between the left and 
right. 
The main structural com-
ponent of the liver is the 
liver cell or hepatocyte. 
These epithelial cells are 
arranged in units called 
liver lobules, a poly-
gonal mass of tissue that 
is not separated by any 
other tissue. Each lobule 
contains 3–6 portal triads at the corners of the lobule. Every portal triad con-
tains venules (from the portal vein), an arteriole (from the hepatic artery), 
and a duct (from the bile duct). Some of the liver sinusoids are lined with a 
single layer of hepatocytes so each hepatocyte has at least two sinusoidal 
surfaces. In part, there are double layers of hepatocytes where the space be-
tween the two layers makes the bile canaliculi that drain to the bile duct in 
the portal triad (Figure 2).  
The liver is an important storage area for carbohydrate metabolism and also 
contributes to body fat metabolism. In addition, the liver synthesizes almost 
all lipoproteins, which are needed for the body, cholesterol, and phospholip-
ids.  
Another function is detoxification, and the liver is responsible for the me-
tabolism and excretion of hormones and other endogenous regulators. This 
organ is also vital for protein metabolism and synthesis of proteins and fa-
cilitates excretion of lipid-soluble waste products in the bile19. 
The complicated physiology of the liver is beyond the scope of this text and 
will not be discussed in more detail. One relevant observation, however, is 

Figure 2. A hepatic liver “lobule” illustrates the compo-
nents of the interlobular portal triad and the positioning 
of the sinusoids and bile canaliculi. The enlarged view of 
the surface of a block of parenchyma removed from the 
liver demonstrates the 
hexagonal pattern of “lobules” and the place of the de-
tailed figure within that pattern.  
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that for the liver to maintain its function, good blood circulation to it is vital, 
and the liver in fact receives 30% of the cardiac output (CO). 
 

Porcine liver 
 
The porcine liver is similar to the human liver the porcine liver is about 3% 
of the body weight in newborn piglets and becomes 1.5% of the body weight 
in a full-grown animal, compared to 2.5% of body weight in an adult 
human20. Approximately 25% of the CO is included in the total hepatic 

blood flow.  
The porcine liver is segmented like the human liver21. It has four main lobes: 
the right lateral, median, left lateral, and caudate lobes. Deep interlobular 
fissures divide these lobes. The median lobe is divided into two portions 
sometimes referred to as the left medial and right medial (Figure 3). Unlike 
the human liver, the pig liver has a bigger left than right lateral lobe and the 
IVC is buried in the caudate lobe. The left lobe is the biggest if the median 
lobe is counted as two lobes. The porcine liver is thinner and has generally 
less volume compared to the human liver.  
The biliary, venous, and arterial systems are similar between the species. 
The veins in the porcine liver are strikingly fragile, and the same can be said 
about the IVC, which makes a proper right hemi-hepatectomy difficult to 
perform. In studies discussed in this thesis, we have performed resection of 
the left lateral lobe. In the left lateral lobe, the portal vein and artery arrive in 
the anterior edge of the lobe, and the vein enters just before the median part 
of the lobe. 

Figure 3. Left) Porcine liver, inferior view. Three lobes are identifiable, and the 
middle one with the deep fissure is beside the gall bladder. Right) Illustration of 
the venous drainage of a porcine liver. Four veins drain into the IVC, which is 
buried in the parenchyma of the caudate lobe 
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The histology of the porcine liver is similar to that of the human although the 
porcine lobules have connective tissue between each other, which the human 
lobules do not. The relevance of this difference is not clear.  
The metabolic function of the porcine liver is very similar to that of the hu-
man liver, even more similar than in many primates20.  
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Liver surgery 

Historical facts 
 
In the 19th century, two fundamental concepts changed the possibilities for 
successful surgery: anesthesia and aseptic technique. Before this time, anec-
dotal evidence exists of liver treatment with some resection in relation to 
injury but not of planned liver resection13. In 1886, Lius performed the first 
elective liver resection when he removed a left lobe adenoma from a 73-
year-old woman, but the patient died postoperatively from a hemorrhage22. 
Carl Von Langenbuch reported the first successful resection in 188813. 
Bleeding from the liver has been the center of attention and has led to devel-
opment of a wide range of methods through the years in the attempts to 
minimize bleeding during liver surgery. In 1896, Michael Kousnetzoff and 
Jules Pensky recommended the use of a mattress suture over the resection 
line to control bleeding, and in 1908, James Hogarth Pringle introduced the 
Pringle’s maneuver for reducing inflow into the liver by compressing the 
portal inflow vessels and thereby minimizing the bleeding23. Sadly, all of the 
eight patients Pringle reported died during or after the surgery24. Interest in 
the anatomy of the liver, however, did place liver surgery on the right track. 
In the early 20th century, Walter Wendell in Germany and Hans Von Haberer 
in Austria performed the first resection along the Rex-Cantile line, the avas-
cular plane between the right and left liver, along the middle vein13. Jean 
Louis Lortat-Jacob, in Paris, performed the first true right anatomical resec-
tion in 1952, a single case, in which his assistant had identified a tumor in 
the right liver lobe of a 42-year-old woman. The patient was discharged from 
the hospital 1 month after the surgery24.  
One reflection of how the hepatic surgeons tried to improve safety is the 
development of the Pringle and other maneuvers on the extra-hepatic vascu-
lature, and in recent decades, of high-tech instruments used in combination 
or not with other methods to reduce bleeding during division of the paren-
chyma22, 23.  
The laparoscopic era of liver surgery started with the use of a laparoscopic 
method for de-roofing of non-parasitic hepatic cysts in 1989, published by 
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Fabiani et al25 
Since the first laparoscopic liver resections (LLRs), performed by Reich et al 
in 199126 and Gagner et al in 199227, the increase in laparoscopic liver sur-
gery frequency has been steep. The resections performed by Reich and co-
workers were of one focal nodular hyperplasia and of a hemangioma. Gag-
ner and colleagues removed an adenoma from the left liver. All of these re-
sections were minor and non-anatomic and with restricted removal of liver 
parenchyma. At first, the indications for LLR were lesions in the left liver 
and on the anterior right liver. The first segment resection was published by 
Azagra et al where they described a left lateral segmentectomy28. Some 
authors have suggested that LLR expands the indications for hepatectomy in 
cirrhotic patients with hepatocellular carcinoma (HCC)29. 
The most performed resections are for peripheral lesions, especially on the 
left side of the liver5-7, 10, 30-34. Some authors consider the laparoscopic ap-
proach as a routine technique for bisegmental resections of segments II and 
III 35. A case report from Costi et al36 in 2002 showed that lesions in the pos-
terior segments of the liver could also be removed with a laparoscopic ap-
proach. The posteriosuperior segments pose a challenge compared to the 
anterior segments; however, with appropriate skills, techniques, positioning, 
and equipment, resection is feasible and safe37. In some centers, the indica-
tions for a laparoscopic approach are similar to those for an open approach38.  
In the beginning, a laparoscopic technique was used only for benign le-
sions39, but later its use was extended to malignant tumors, as well5, 7, 31, 34, 40. 
Currently, several centers perform major liver resections with a laparoscopic 
approach4, 5, 11, 41-43, and in some centers, the laparoscopic method constitutes 
>50% of all liver resections5, 11, 12. Laparoscopic resections have also been 
used to harvest donor liver44, with the left liver for adult-to-child transplanta-
tion and also larger resections for adult-to-adult transplantation. Complex 
biliary or vascular reconstruction and very big tumors have been accepted as 
contraindications for laparoscopic resection45. 
 

Access and efficacy of laparoscopy 
 
No matter which technique is used to divide the liver, access to the surgical 
field is the most important factor for performing a safe surgery. Jean Louis 
Lortat-Jacob and co-workers used a laparo-thoracotomy approach in the first 
true anatomical resection, which Robert repeated in 1952. Other surgeons 
performing liver surgery soon adopted this approach24. Later, the use of an 
upper abdomen transverse incision or an inverted L-, J-, or Mercedes 
incision was preferred with or without a thoracotomy46, 47. Now with 
laparoscopy, and a few small incisions, the same resections are performed. 
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The newest method to access the liver in the minimally invasive field is the 
single port approach48, a technique outside the scope of this thesis and 
therefore not discussed in detail.  
Conversion rates have been reported from 2.3–15%38, 43, 45, 49-55. Although 
conversion is seen as a change of operation plans rather than failure, it is a 
sign of problems during the operation that can lead to more blood transfu-
sion, longer operations, prolonged wound healing, a longer hospital stay, and 
more postoperative morbidity56. The most frequent reasons for conversion 
have been unmanageable bleeding, adhesions, unreachable location, de-
prived exposure, close proximity to major vessels, doubt about tumor mar-
gins, gross positive tumor margins, and lack of advancement. The weight of 
the patient is a risk factor for conversion, and previous liver surgery possibly 
increases the conversion rate somewhat56, 57. The experience of the surgical 
team is important, and centers of excellence do not have conversion rates 
higher than 5%40, 45. 
Compared to open surgery, the laparoscopic approach in general can lead to 
less postoperative pain and reduced need for analgesics, decreased bleeding, 
less danger of postoperative hernia, reduced infection rates, earlier discharge 
from the hospital, less immunological stress with possible better oncologic 
outcome, fewer adhesions, and better cosmetic results49, 51, 53, 54, 58-63. 
Although the surgical stress is less in laparoscopic surgery, there is still 
surgical stress involved64. Because the majority of liver resections are 
performed for removal of malignancy, the possible positive oncologic effects 
are important, as is the reduced formation of adhesions. Malignancy can lead 
to repeated resections for patients with heavy tumor loads and recurrent 
disease38, 65. A study by Burpee et al66 on a porcine model showed lower 
tumor necrosing factor (a non-specific marker of inflammatory processes) 
and lower interleukin-6 (a sensitive marker of tissue damage) after LLR than 
after a similar resection done by an open approach. In the same study, they 
looked at the development of adhesions 6 weeks after the operation and 
found that adhesions after a laparoscopic approach were fewer, thinner, less 
vascularized, and less persistent. A clinical study of laparoscopic re-
resections did show more bleeding and more need for blood transfusion after 
previous open liver surgery compared to previous laparoscopic liver 
surgery57.  
Questions have been raised regarding the safety of a laparoscopic approach 
in cancer in general, specifically about insufficient margins of resection, 
increased local recurrence and extra-hepatic recurrence, inadequate lymph 
node clearance, increased port site metastases, and poorer long-term out-
come67. Studies looking at operations with a major focus on lymph node 
clearance have not shown inferior outcomes with the use of laparoscopy53. 
Intermediate and long-term oncologic outcome in individual reports are 
promising12, 38. 
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Eight meta-analyses of laparoscopic versus open resections have been pub-
lished, the first in 2007. Five of these looked at both benign and malignant 
tumor resections49, 52, 54, 68, 69, and three included studies of resection in 
HCC51, 70, 71. 
A meta-analysis of 26 comparative studies, with 1678 patients undergoing 
laparoscopic (717 patients) and open (961 patients) liver resections, found no 
difference between resection free margins and an increase in <1 cm resection 
margin in open operations in the studies that reported this. Recurrence was 
similar for laparoscopic and open resections for HCC, but results were not 
available for colorectal cancer metastases because of trial heterogeneity. The 
laparoscopic and open methods did not differ regarding extra-hepatic recur-
rence of HCC, and there was a trend toward increased overall survival in 
patients operated on with a laparoscopic approach49. Another, more recent 
meta-analysis of 10 comparative studies (case-control and retrospective) on 
laparoscopic versus open liver resection for HCC found no difference be-
tween groups in regards to surgical margin, positive margin rate, or tumor 
recurrence51. It has to be noted that no randomised controlled trial (RCT) has 
been done to compare laparoscopic and open surgery for hepatic resections 
and that there is a possible selection bias in the studies involved in these 
meta-analyses. 

Dividing the liver parenchyma 
 

The major problem with liver transection is the bleeding. Two aspects of 
bleeding are important: first, the intra-operative danger of hypovolemia with 
possible catastrophic hemodynamic results, and second, the need for blood 
transfusion, which can lead to an inferior outcome both with increased mor-
bidity and poorer survival from underlying malignant disease72, 73. Various 
methods have been suggested to minimize the blood flow in the liver regard-
less of the choice of instruments for dividing the liver tissue. The Pringle’s 
maneuver is widely used, and discussion is ongoing about the correct use of 
this maneuver to keep ischemic injuries to a minimum. In a 2009 Cochrane 
review that included 10 trials with 657 patients, the conclusion was that it 
was better to use Pringle’s maneuver intermittently instead of continuously 
in patients with compromised liver function74. The authors found no differ-
ence between the use of Pringle’s maneuver and hepatic vascular occlusion 
regarding outcomes. A meta-analysis had earlier shown no difference in 
outcome between patients who had portal triad clamping and those who did 
not, and the authors concluded that portal triad clamping did not offer any 
benefit in hepatic resection75. A major factor in significantly reducing bleed-
ing is the use of low central venous pressure (CVP)76-80 during hepatic resec-
tion, which is established with fluid restriction pre-operatively to result in a 
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CVP between 0 and 5 mmHg. The only RCT showed reduced bleeding by 
62% in the group with low CVP80.  
The use of hypothermia to protect the liver tissue from longstanding ische-
mia and ex situ resections has been reported24, but discussion of those meth-
ods is beyond the scope of this thesis. 
Numerous types of clamps have been produced with the aim of reducing 
bleeding from the parenchyma24, 46, 81. Lin and co-workers promoted the use 
of the “finger fracture” technique in 195882, the use of the surgeon’s finger to 
fracture the hepatic tissue, exposing the vascular structures within the liver 
for subsequent closure with ligature or electrocautery. Although not a perfect 
technique, the majority of hepatobiliary surgeons adopted it, and it is still 
widely used. In 1953, Quattlebaum described three cases in which he used 
the handle of a scalpel for dissecting the liver and achieved the same effect 
as with the finger fracture method47. The search for a better division 
technique continued from the 1950s and is ongoing. Various instruments and 
techniques have been tried and described: the liquid nitrogen knife in 1955, 
liver crush clamp in 1974, electrocautery in 1978, microwave tissue 
coagulator in 1979, laser in 1980, water jet in 1982, UltraCision aspiration 
dissector in 1984, bipolar electrocautery in 1993, staples in 2006, ultrasonic 
scissors in 2000, vessel sealing system (Ligasure®) in 2001, bipolar 
electrocautery with saline irrigation in 2001, radiofrequency ablation 
(Habib™) in 2002, floating ball cautery in 2004 and saline-linked 
radiofrequency dissecting sealer (TissueLink™) in 200524, 83-93. Views differ 
on each of these techniques; some have been adapted for use in liver surgery 
today, and others have not been widely used. Several instruments are 
commercially available for the division of the liver parenchyma33, 94-97.  
The increasing volume of LLRs has contributed to faster evolution of in-
struments for the transection of the liver parenchyma. In this thesis, the focus 
is on ultrasonic scissors (Autosonix™), a vessel sealing system (Ligasure®), 
an ultrasonic aspiration dissector (CUSA™), and staples (Endo-GIA™ Uni-
versal). 
 
 

 

Figure 4. (a) CUSA™, (b) Ultra shears™, (c) Ligasure™ and (d) Endo-GIA™, 
vascular stapler. 



 21 

Instruments in focus–technical aspects 

Ultrasonic aspiration dissector, ultrasonic scalpel, or Cavitron 
Ultrasonic Surgical Aspirator (CUSA™) 
 
The interaction between ultrasound and living tissue is complex. It depends 
on the type of tissue, its condition, the mode of ultrasound application, and 
several acoustic parameters, including the frequency, tip area, tip shape, 
amplitude, and the resulting pressures or intensities. Three modes are con-
sidered for the interaction between ultrasound and living tissue: 1) thermal, 
2) cavitational, and 3) non-cavitational or mechanical. A study on a porcine 
model defined the strength of a given tissue as ∂ and showed it to be a good 
indicator of ultrasonic aspirator performance in a given tissue. The brain had 
the lowest (0.01 MPa) and the aorta the highest (1.34 MPa) strength, and the 
liver lies in between with ∂=0.25 MPa98. When a tissue is relatively mostly 
composed of collagen and/or elastin, the strength increases, and the ultra-
sonic aspirator is less suitable for dividing that tissue. Organ capsules, 
healthy skin, tendons, and vessel structures are examples of tissue that frag-
ments poorly with the ultrasonic aspirator. 
The Cavitron Ultrasonic Surgical Aspirator (CUSA™) is an ultrasonically 
powered aspirator that selectively fragments and aspirates parenchymal 
tissue while sparing vascular and ductal structures. The movement of the tip 
can range from 20–60 MHz. The fragmented tissue is aspirated via the 
hollow tip of the instrument. An irrigation fluid (saline) flows in at about 1 
drop/s=50 µL/s=3 mL/min. The purpose of the irrigation is both to cool the 
tip of the instrument and to blend in the fragmented tissue to avoid clogging 
of the instrumental tip and the efferent suction line. The suction of the 
instrument is set to 90% of maximal suction effect. The function of the 
suction is to remove fragmented tissue, and the suction plays a role in the 
defragmentation of the tissue by sucking the tissue in toward the moving tip 
of the instrument. Without suction, an excessive pressure is necessary to 
acquire an effect similar to that of suction98. In the present studies, a CUSA 
System 200™ (Valleylab) was used (Figure 4).  
 

Ultrasonic scissors (Autosonix™ with 5 mm Ultra Shears™) 
 
The Autosonix™ system includes a generator, transducer, and hand instru-
ment with a titanium probe. The generator produces a 55.5-kHz electrical 
signal and feeds that signal to piezoelectric crystals in the transducer. The 
resulting mechanical vibration releases energy to the tissue. The vibration 
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amplifies as it transfers the length of the titanium probe, leading to ablation, 
cauterization, or cutting. The blade’s movement range is a distance of 50 to 
100 µm, and the lateral spread of energy is about 500 µm. In the presented 
studies, the energy level of the generator was kept at 2.5, which generates 
about 75 µm of moving distance for the blade. The higher the level, the 
faster the instrument divides the tissue, meaning that a poorer coagulation 
effect is achieved. These shearing forces separate tissue and heat the sur-
rounding tissue to a level that permits coagulation and sealing of blood ves-
sels without the burning associated with electrocautery. The coagulation 
effect is achieved with the denaturizing of proteins by destruction of hydro-
gen bonds in the proteins and heat formation. According to the manufacturer, 
when placed in a liquid, the vibrating tip causes microscopic bubbles to grow 
and then collapse with great energy intensity, resulting in the liquefaction or 
fragmentation of tissue directly in front of the probe. The mouth of the in-
strument contains one site with a tagged surface for grip of the tissue, and 
the other is the slightly angled blade that transfers the energy to the tissue. 
(Figure 4) 

Vessel sealing system (Ligasure™) 
 
The Ligasure™ instrument is a vessel sealing system with a generator that 
gives 4.0 A as the maximal electrical current to the tissue. The instrument 
measures the impedance in the tissue (200 times per second) and in that way 
provides confirmation of the sealing of the vessels. The initial impedance 
determines the choice of electrical current that is delivered. This process is 
automatic. The generator emits a sound when sufficient sealing is achieved. 
For the peak activation cycle, electromotive force is 180 V. An average seal 
cycle is 5 to 8 s. The choice of instrument size in our studies was 5 mm Li-
gasure™.  
The instrument is built up with a U-shaped peripheral area in both parts of 
the mouth that delivers the current and measures the impedance. In the mid-
dle of the mouth of the instrument is a knife blade that is available for divid-
ing the tissue. Division is applicable only within the sealed area, which is 
important if the tip of the instrument is placed on the edge of a bigger vessel 
and activated. In these circumstances, bleeding from the vessel might be 
expected but is not necessarily the case with Ligasure™. (Figure 4) 

Staples (Endo-GIA™ Universal Stapling System) 
 
The staples used in study IV were white cartilage with each titanium staple 
2.5 mm high before firing. After firing, the staple was 1 mm in height with a 
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B-shape. Three staple lines are on each side of the dividing knife that is built 
into the instrument. (Figure 4) 

Pneumoperitoneum  

 
Performing a laparoscopic examination and surgery requires making suffi-
cient space for viewing the target tissue. To acquire an adequate overview, 
gas pneumoperitoneum, abdominal wall lift (isobaric exposure techniques), 
or both99 is required. The pneumoperitoneum is a complex and dynamic 
environment with potential to alter the patient’s mechanical, physiologic, 
and immunological condition and has not been used without concerns in the 
surgical community100. The effect of laparoscopy upon pulmonary and 
hemodynamic changes is a matter of debate with a degree of disagreement 
found in the literature101-105(see Appendix A). 
Some major aspects of pneumoperitoneum are discussed here. Three main 
factors are associated with changes in hemodynamic and respiratory func-
tions: intra-abdominal pressure (IAP), biochemical/physical effects from the 
gas, and the position of the patient. 
 
 

Pressure 
 
The choice of IAP level is crucial in terms of the effects on the circulatory 
and respiratory function of the patient. Published results conflict regarding 

Figure 5. MRI of a pig at (a) no pneumoperitoneum and at (b) 14 mmHg CO2 pneu-
moperitoneum (published with permission from authors, F. M. Sánchez-Margallo et 
al (108)). 
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the effect of pneumoperitoneum on cardiovascular and respiratory parame-
ters101, 102, 104-107. Pneumoperitoneum leads to displacement of the diaphragm, 
affecting the respiratory pressure regardless of gas type108. Lung compliance 
is reduced109, the functional residual capacity is reduced, and there is less 
lung volume and less alveolar ventilation with increased dead space and 
shunting. The IAP compresses the IVC and reduces the venous return from 
the lower extremities. Anatomy of organs like the liver changes as a result of 
the pressure, at least at 14 mmHg108 (Figure 5). Despite these changes, re-
sults from one animal study describe no change in hepatic tissue blood flow 
between 4 and 15 mmHg although a pressure up to 20 mmHg does reduce 
hepatic tissue blood flow110. In contrast, Takagi111 showed a significant de-
crease in portal flow by IAP of just 10 mmHg in a porcine model.  
The effect of IAP on hemodynamics depends on (a) intravascular status, (b) 
baseline hemodynamic status, and (c) the magnitude of pressure. In hyper-
volemia, the IAP increases the preload and CO; however, in normovolemia 
and hypovolemia, the IAP reduces the preload with a decrease in CO104, 112. 
Most healthy patients show minimal cardiovascular changes during pneu-
moperitoneum, but cardiopulmonarily challenged patients (American society 
of anesthesiologists (ASA) score > II) will show symptoms at an IAP of 15 
mmHg including raised blood pressure, increased vascular resistance, and 
decreased CO113, 114. The IAP may also enhance myocardial dysfunction by 
preload and afterload alterations according to an experimental study by 
Greim and colleagues115. Laparoscopy is not an absolute contraindication for 
a patient with an ASA score above II; still, a sufficient monitoring is manda-
tory to avoid intra-operative complications116. Junghans et al117 concluded in 
their porcine study that an IAP of 16 mmHg had a marked effect on the 
hemodynamic and respiratory status of the animals regardless of the type of 
gas used. 
Higher IAP (16 mmHg) affects blood flow to the liver and slightly affects 
renal blood flow104, 118. With an even higher pressure of 20 mmHg, the portal 
blood flow can be reduced by 65% and the hepatic blood flow by 45%119. A 
higher pressure level of CO2 can lead to lactic acidosis120, and urine output is 
reduced by a pressure of 15 mmHg107. In animal studies, a pure IAP of >30 
mmHg influences hemodynamic status severely and leads to reduced intra-
abdominal blood flow with catastrophic consequences121. Bleeding from the 
liver has been shown to minimize with the use of 15 mmHg IAP122. 
A Cochrane review with a focus on post-operative pain looked at the evi-
dence around the choice of low (<11 mmHg) versus high (>11 mmHg) IAP 
during laparoscopic cholecystectomy in humans. Although the 15 trials in 
this meta-analysis had a high risk of bias, the authors concluded that lower 
pressure did lead to less intensive pain, reduced incidence of shoulder pain 
after the operation, and reduced use of analgesics123.  
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Choice of gas 
 
 
The ideal gas for laparoscopy should be colorless, odorless, non-flammable, 
not support combustion, inert, soluble in plasma, readily available, cheap, 
and safe to use for all patients. The gases that have been considered for 
pneumoperitoneum are air (N2 78%, O2 21%, argon 0.9%, and 0.1% others), 
oxygen (O2), nitrogen (N2), nitrous oxide (N2O), carbon dioxide (CO2), ar-
gon (Ar), and helium (H2). 
Three major concerns must be addressed in the choice of gas for laparo-
scopy: the danger of combustion, the consequences of possible gas embol-
ism, and the direct physical effect on the hemodynamic and respiratory 
status of the patient. Air and O2 are not good choices for laparoscopy 
because of their oxidizing capacity and the danger of combustion when used 
with electrocautery. A mixture of possible methane (CH4) or hydrogen (H) 
from an open bowel can lead to combustion if the intra-abdominal gas does 
not suppress combustion. However, the presence of CH4 and H is rare, and 
they constitute an insignificant fraction of gas in the abdomen in normal 
gastrointestinal surgery124. Two case reports have described explosions in 
connection with N2O pneumoperitoneum. The real role of N2O in these cases 
is doubtful, and some authors have suggested reintroduction of N2O to the 
surgical field as a replacement for CO2 on the grounds of the former’s 
limited physical effect on the cardiopulmonary system124.  
Most surgeons prefer CO2 as the gas of choice for laparoscopic surgery. 
Although it does not fulfill all the qualities of the ideal gas, no other gas 
comes nearer the ultimate requirements. 
 

Physical effects of gas 

  
Different gases give different physical effects117. The solubility coefficient is 
the volume of gas that can be dissolved by a unit volume of solvent at a cer-
tain pressure and temperature. There is more than one way to describe solu-
bility. For the presented studies, the decision was made to present the solu-
bility as the Ostwald coefficient (L) (volume gas dissolved in volume fluid at 
1 atm (760 torr or 101.325 KPa). For measurement of solubility of O2 and 
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CO2, the metabolic factor of these gases must be accounted for125. The 
measurement of the solubility coefficient is outside the scope of this thesis. 
 
Table 1. Ostwald solubility coefficient (L) for gases used for laparoscopic surgery. 
The numbers are in units mL gas/mL human plasma, at 37 °C and 1 atm pressure. 
Values in this table are gathered from publication of Langø and colleagues (125).  

Gas O2 CO2 Ar N2 N2O He 
L 0.0243 0.582 0.0281 0.0137 0.454 0.0086 

 
As Table 1 shows, the solubility of CO2 is the greatest of these gas types, 
and second best is N2O. Helium has the poorest solubility in human plasma. 
Because air consists mainly of N2, the solubility of air is approximately the 
same as N2. In relation to the studies presented in this thesis, the Ar gas is 
about 20 times less soluble than CO2 in human plasma at 37 °C.  
CO2 has a negative effect on hemodynamic and respiratory status, and the 

same applies to Ar; however, H2, N2, and N2O have limited or no effects107, 

117, 126-128. (Figure 6) 
CVP, mean arterial pressure (MAP), and systemic vascular resistance (SVR) 
are increased by CO2 pneumoperitoneum117. There is also an expected 
increase in mean pulmonary arterial pressure (MPAP) and pulmonary 
capillary wedge pressure (PCWP).105, 129-133  CO2 is easily absorbed from the 
peritoneum and excreted by the lungs. In a study by Tan et al134, a 

Figure 6. A flow chart of possible effects of carbon dioxide and pressure of pneu-
moperitoneum. (§) further effects of the renin–angiotensin system are not in-
cluded. 
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measurement of absorption of CO2 from peritoneum in a young healthy 
female undergoing laparoscopic gynecologic procedures was 42.1 mL/min. 
There was a 30% increase in elimination of CO2 via the lungs requiring an 
increase of 20–30% in the minute ventilation to maintain a normal partial 
pressure of CO2 (PaCO2) in blood. Another study revealed a correlation 
between CO2 elimination and age and size of children during various 
laparoscopic procedures135. If the ventilation is not adjusted, the CO2 
absorption leads to higher PaCO2 with a direct effect on pH in the blood, 
something that is not seen in case of pneumoperitoneum by alternate gases at 
the same IAP level. Thus, it is the physical effect of CO2 that is reflected 
without the effect of IAP.107, 126, 136 The oxygen consumption is unchanged. 
The increased excretion of CO2 by lungs during CO2 pneumoperitoneum is 
therefore not a result of increased metabolic activity but of the increased 
absorption from the abdomen113, 126. Lister et al128 showed in an experimental 
study on pigs that the CO2 excretion was not linear with the increase in CO2 
pressure in abdomen. The increase in excreted CO2 rose with an IAP of 0–10 
mmHg, but with higher pressure, the excretion did not increase. A possible 
explanation may be the increased dead space in lungs above an IAP of 10 
mmHg128.   
The CO2 pneumoperitoneum also results in reduced peritoneal pH, and the 
effect increases with increased IAP104, 137-139. The low peritoneal pH was not 
altered by warm or humidified gas in one experimental study by Wong et 
al140. The nature of the acidosis is controversial; some authors describe it as 
respiratory or mixed, and 
others report that there is 
more of a metabolic 
component104, 109, 119, 141-

143.  
Most patients with nor-
mal pulmonary function 
compensate for this rise 
in PaCO2 or are helped by 
the anesthetist with in-
crease in tidal volume to 
correct the situation101, 107, 

113, 142, 144. Severe hyper-
capnia leads to release of 
catecholamine that influ-
ences the cardiovascular 
system (vasoconstriction) 
with a rise in MAP and 

heart rate (HR) and pos-
sible arrhythmias. Brady-

Figure 7. Possible effects of CO2 pneumoperitoneum 
on intra-cranial pressure (grey) and the possible 
hemodynamic effects of increased intra-cranial pres-
sure (white). 
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cardia is also possible, caused by the peritoneal irritation of the gas, mostly 
by a CO2 type of gas. Not all of the patient’s symptoms are necessarily be-
cause of the gas, however. Situations like pneumothorax, hypoxia, and em-
bolism (both gas and thrombotic) must be kept in mind. In addition, the IAP 
increases the intracranial pressure (ICP), and with the help of the sympa-
thetic effects of CO2, this increase can lead to increased sympathetic outflow 
with increased MAP and SVR as well as decreased HR (the so-called Cush-
ing’s reflex, a hypothalamic response to ischemia)102. Symptoms of drowsi-
ness, nausea, and vomiting have been associated with the amount of CO2 
used during laparoscopic surgery145. 
 
Argon gas has been shown to have a more negative effect on liver blood 
flow than CO2 or N2

118. Effects on respiratory status are not influenced by an 
Ar pneumoperitoneum although some degree of change in base excess is 
noted. However, the use of Ar results in a significant reduction in stroke 
volume (SV) and SV index (SVI)136. Compensatory tachycardia and in-
creased SVR (more than seen with CO2 pneumoperitoneum) are observed 
but no overall effect on MAP or MPAP117, 136. Some authors suggest that Ar 
may not be as inert as previously thought136. 
 

The patient’s position 
 
 
With limited options for holding organs away 
from the surgical field, surgeons make use of 
gravity by altering the position of the patient. 
Thus, gynecological, colon, and prostate surgical 
procedures are usually conducted with the patients 
in the Trendelenburg position (head down) (see 
Figure 8) while in surgical procedures on the 
upper abdominal organs (liver, gallbladder, 
stomach, spleen), the reversed-Trendelenburg 
(head up) position is preferred. Other positions 
like the side position can be preferred, in 
combination with head-up or head-down. The 
position on the operating table also influences 
hemodynamic and respiratory state117, 146. Some 
degree of disagreement persists regarding the respiratory effect of different 
positions147.  
As a sign of acute volume loading, the Trendelenburg position alone usually 
leads to increased CVP, CO, MAP, PCWP, and MPAP; however, a fraction 
of experimental subjects react with decreased or no change at all in MAP146. 

Figure 8. Old demonstra-
tion of a Trendelenburg 
position. 
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There is a controversy about the Trendelenburg position adding to the CVP 
rise that was already in place from the IAP107, 148. With the reversed-
Trendelenburg, the CO decreases in relation to IAP, especially with IAP of 
16 mmHg118. Junghans et al118 showed increased SVR with reversed-
Trendelenburg that was also correlated with the IAP. Renal and liver blood 
flow are affected by the head-up position and more so with 16 mmHg IAP. 
All animals in our studies were in a reversed-Trendelenburg position of 
about 5 degrees.  
 

Temperature and humidity of gas 
 
Lowering of the core temperature during surgery is an unwanted event for 
many reasons. It can increase the infection rate, lead to electrolyte distur-
bances, impair myocardial function, and influence blood clotting; thus, it can 
influence mortality and morbidity rates149. Controversies exist about the 
effects of heating the intra-abdominal gas139, 141, 150-157. 
The law of Fick’s diffusion is D=kB*T/ƒ, where kB is the Boltzmann constant 
(1.3804688 *10-23 J/K), T is temperature, and ƒ is the friction coefficient. If 
we assume that the ƒ is constant, then we will see that a change in the tem-
perature can change the diffusion of CO2

141. With lowering the temperature 
of the gas, the diffusion of CO2 reduces; however, the core temperature of 
the patient will fall141, 152. Some authors have not found any differences in pH 
between gas at room temperature (22 °C) or at body temperature (37 °C)141 
while others have139. Discussion on this matter is ongoing.  
Some results from experimental studies have suggested that heated gas will 
leave the patient with more adhesions than if the gas is cooler158. There are 
also controversies about increased or decreased pain after laparoscopy with 
heated gas151, 153, 159, 160. 
The drying effect of the CO2 gas stream has been suggested as one of the 
main factors in lowering the core temperature of patients during laparoscopic 
surgery; thus, humidifying the gas could reduce the problem of 
hypothermia149. Controversies exist about the positive effects and the need 
for humidifying the gas when used for pneumoperitoneum. Some evidence 
suggests a positive effect149, 150, 158 although not all authors agree on this153. A 
recent Cochrane review of 15 studies, published in 2011161, does not show 
any benefits of warm gas with or without added humidity. 
In the studies presented in this thesis, the gas was at room temperature with-
out added humidity. 
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Establishing pneumoperitoneum 
 
The main methods of introducing 
the gas to the peritoneum are the 
use of needle (Veress needle) or 
directly with a trochar (with or 
without a camera)162. An open 
method (Hassan technique) was 
introduced to reduce the danger of 
injury from the sharp Veress nee-
dle. Another similar technique 
(the Scandinavian technique) is 
also used, through the umbilicus, 
to guide the way into the abdomi-
nal cavity. The frequency of re-
ported injuries is not high162; however, a fatal outcome has been described. A 
meta-analysis with mostly comparative studies that were not randomized 
was published in 2003163 with vague and non-conclusive findings. The atti-
tude is now that the surgeon should use whatever technique is most comfort-

able. However, appropriate respect for the technique is mandatory because 
the possibility of harm is high. 

Figure 10. Photos showing injury made by a Veress needle stick into the left medial 
liver lobe. Injury reaching a branch of the liver vein. Injury with a fatal outcome in 
this animal. 

Figure 9. Screen shot of the Paratrend right 
after the insufflation of CO2. 
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For establishing the 
pneumoperitoneum in the 
presented studies, the 
Veress needle was used, 
mainly without com-
plications although one 
specific operation did not 
play out as planned. With 
some problems regarding a 
distended stomach in the 
animals, a decision was 
taken in that case to put the 
Veress needle further up 
near the xiphoid process. In 
the beginning, the pressure 
was around 3–4 mmHg but 
suddenly rose to >20 mmHg on the insufflator screen. The needle was 
retracted because of a suspicion of malplacement. The animal showed a rise 
in PaCO2 and a serious fall in partial pressure of O2 (PaO2) (Figure 9). The 
blood pressure fell with subsequent asystole. The animal died after inflation 
of a few hundred milliliters of CO2 gas. A laparotomy was undertaken to try 
to find the real reason for the death. By moving the needle further up, the left 
median lobe of the liver had become the target for the needle. The needle 
went into the lobe and into a vein so that the insufflated gas went straight 
into the venous system and killed the animal (Figure 10). Transesophageal 
ultrasound was not being performed when this happened so no ultrasonic 
evidence was found showing the embolism in the heart on this animal. 
However, the AcqKnowledge software program was recording the vital 
signs (Figure 11). 
No other significant insufflation incidents occurred in these experiments. 

Complications in focus 
 

Bleeding during laparoscopic liver surgery  
 
As mentioned earlier, the major challenge for the hepatic surgeon is to 
achieve as little bleeding as possible. With the new improved instruments, 
this goal is feasible, although large bleeding can occur. The published meta-
analyses all agree on the reduction of bleeding by approximately 200 mL 
with a laparoscopic approach compared to open surgery49, 52, 54, 55, 68, 69, even 

Figure 11. AcqKnowledge registration of AP, PAP, 
CVP, and end-tidal CO2. 
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in HCC patients51, 70, 71. Selection bias is possible because the tendency has 
been to select easier cases for the laparoscopic approach and even smaller 
resections, although that is not the case in all specialized centers164. 
In the case of bleeding during laparoscopic resection, another challenge is to 
control the ongoing bleeding because the use of pressure as in an open op-
eration is not applicable unless the operation is converted. As stated earlier, 
this is one of the major reasons for conversion in laparoscopic surgery. 
An important tool for safer resection, both regarding clearance of tumor and 
reduced bleeding, is the laparoscopic ultrasound probe45, 63. With visualiza-
tion of the vasculature, an accidental injury could be reduced. Intra-operative 
ultrasound was not used in the studies presented here. 
Several types of biological and biomechanical sealants and hemostats are 
commercially available to enhance the effect of the patient coagulation sys-
tem, e.g., Tachosil® and Duracil®165. No sealants or hemostats were used in 
presented studies.  

Gas embolism during laparoscopic liver surgery 
 
The effect of the gas emboli depends on (1) the type of gas (solubility as 
described earlier), (2) amount of gas, and (3) entrance rate. Studies have 
shown that the frequency of gas embolism during laparoscopic procedures in 

Figure 12 – Possible effects of gas embolism 
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general is low. Derouin and colleagues166 reported a detectable gas embolism 
in 11 of 16 (69%) patients undergoing laparoscopic cholecystectomy. Of 
these 11 patients, half had embolism during insufflation by a Veress needle. 
No patient had any clinical effect of this embolism. There are reports in the 
literature of critical situations and deaths from gas embolism during various 
laparoscopic procedures 167-181.  
The danger of gas embolism during laparoscopic liver surgery has been the 
center of attention because of the negative pressure gradient, with high IAP 
against low CVP. According to the current literature, the danger of gas em-
bolism is minimal. One newly published meta-analysis of short- and long-
term outcomes after laparoscopic and open hepatic resections reported one 
gas embolism in 717 laparoscopic liver resections (LLRs) (0.1%)49. Other 
publications have reported gas embolism during LLRs; 2 earlier patients in a 
systematic review of a total of 182 published patients from 1991–2001182, 1 
patient out of 40 patients published by Tang in 2006183, 1 patient out of 70 
patients published by Dagher in 20076, and 2 out of 166 published by Bryant 
in 2009184. This gives a 0.1%–2.5% rate of clinically noticeable embolism 
although none of these led toany significant clinical problems. One report 
from China described a death during laparoscopic liver surgery that was 
believed to be a result of a CO2 gas embolism185, although no confirmation is 
available to rule out the possibility of another cause.  
With an open venous vessel and an inviting pressure gradient, gas embolism 
is a possibility. However, some indications exist that embolism is not en-
tirely the result of a pressure gradient186. First, the gas enters the right heart 
via the vena cava. From there, the gas will be brought with the bloodstream 
into the pulmonary circulation, and to some extent the gas will dissolve and 
increase the end-tidal CO2. An occluding embolism in the pulmonary circu-
lation influences the gas exchange, mainly by an increase in alveolar dead 
space. This happens because of continued ventilation of areas that do not 
have perfusion and affects CO2 elimination by the lungs187. The change 
would be less if the tidal volume were not kept fixed, as done in the studies 
presented here. The ratio of dead space to the tidal volume offers the meas-
urement of elimination of CO2. This ratio (Vd/Vt) was increased during CO2 
embolism in an earlier study by our group, on the same porcine model as 
presented in this thesis188. There is a danger of interference with the gas ex-
change, cardiac arrhythmias, pulmonary hypertension, right ventricular 
strain, and eventually cardiac failure189(Figure 12). Pulmonary vascular re-
sistance (PVR) increases also with pulmonary embolism. Pulmonary arterial 
pressure (PAP) rises proportionally with the increase in flow in the remain-
ing open part of the pulmonary circulation. A change in PAP is likely when 
the occlusion is 25–30% of the pulmonary vascular tree, and even below 
25%, there are some minor changes190. Vasoactive amines (e.g., serotonin) 
may play a role in this increase in MPAP. Another possibility is the effect 
from baroreceptors situated in the pulmonary arteries, resulting in vasocon-
striction187.  
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A large volume of gas can block (form a “gas lock”) the microcirculation in 
the lungs and thus give clinical signs, at least until the gas has resolved. The 
gas bubbles dissolve into the surrounding solvent. This process depends on 
several factors: (a) gas–liquid diffusion, (b) the universal gas constant, (c) 
saturation concentration of the gas, (d) the temperature, (e) surface tension, 
(f) ambient pressure, and (h) radius of the bubble191. The physics and 
physiology related to gas bubbles in the blood are extremely complex192-194. 
In bigger vessels, the gas bubbles are spherical, but by dislodging into 
smaller vascular structures, they become elongated. Several small bubbles 
can coalesce into a bigger or longer bubble, and the cylinder shape increases 
the dissolving time of the bubble. When the bubble diminishes by dissolving 
into the surrounding solvent, it is dislodged again into even smaller 
vasculature. This so-called “stick-and-slip” movement can be affected by the 
size of the bubble and possibly by some complex adhesive interactions by 
proteins sticking to the bubble surface192. 
The venous embolism can pass to the arterial circulation in two ways. In the 
case of massive embolism, the diffusion capacity decreases, and there can be 
overflow to the systemic circulation195-197; in the case of patent foramen 
ovale, which is found in up to 30% of people, the venous gas embolism will 
increase the pulmonary pressure so that the pressure on the right side of the 
heart will rise above the pressure on the left side, and the blood, with poten-
tial gas emboli, will flow from right to left189. Although pigs have almost the 
same prevalence of patent foramen ovale as humans198, there was no focus 
on possible paradoxical embolism in the studies presented here.  
When a gas embolism is in the arterial circulation, the embolus can cause 
pathologic changes in several ways: ischemic changes because of a blocked 
artery, mechanical stripping of endothelial cells with increased permeability, 
inflammatory response to the gas bubble by activation of complement and 
hence white blood cells, and activation of the clotting system189, 191. 
The use of an argon-enhanced coagulation (AEC) in open liver surgery has 
been accepted as an excellent method to reduce bleeding. But with adapting 
the same method to laparoscopic surgery and using the instrument in a 
closed pressurized space, problems arose. Because Ar is less soluble in blood 
than CO2 (see Table 1), there was no surprise at reports of even more serious 
effects of this type of gas embolism. Near-fatal and fatal outcomes from Ar 
gas embolism during laparoscopic liver surgery have been described in case 
reports199-203.  
The treatment of a suspected gas embolism consists of cessation of gas in-
sufflation, release of pneumoperitoneum, moving the patient into the left 
lateral position, and attempted aspiration of gas with a CVP catheter175. 
Emergency thoracotomy with internal cardiac massage and possible use of 
cardio-pulmonary bypass have been described174. 
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Objectives 

The particular aims of this study were as follows: 
 

 
• To evaluate the efficacy and safety of established techniques for di-

vision of liver parenchyma, with a laparoscopic approach (studies I 
and IV). 
 
 

 
• To study the differences of low versus high intra-abdominal pressure 

on bleeding and formation of venous gas embolism during laparo-
scopic liver resection (study II).  
 
 

 
• To compare the effect of argon gas versus carbon dioxide on gas ex-

change and pulmonary circulation during an experimental liver re-
section (study III). 
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Animal model 

Choice of animal 
 
The pig is a good model for studying hepatic resections because of the simi-
larities to humans. There are anatomical, physiological, and cardiovascular 
similarities; however, some skepticism is found regarding similarities in 
physiological response to pneumoperitoneum204, 205, which can be, depending 
on different physiology in the prone position, intra-peritoneal differences 
and tolerance for pressure205 or possible differences in elimination of CO2, 
dependent on age and size135. Animal studies can give a direction for future 
human studies, and results should be extrapolated to humans with caution. 
For this reason, animal studies are ranked low in the pyramid of clinical evi-
dence. Animal studies are a tool that can be divided into two groups: first, 
the experiments testing an effect of treatment and second, testing the mecha-
nism of a treatment206. 
The liver in the pig is reasonably sized and has a similar anatomy to humans. 
A choice of a different animal, such as a rodent model, would not yield a 
reliable testing model for the same instruments used on humans and could 
therefore make comparisons more difficult.  
National rules of ethics regarding animal research were followed in detail. 
All uses of animals in the presented studies were approved by the Local Eth-
ics Committee on Animal Experiments in Uppsala, Sweden. 
A specific attempt was made to reduce the number of animals used, in ac-
cordance with the “three R’s” of ethical rules, by means of randomizing a 
few suitable animals into more than one study. For study II, there were four 
“historical” animals randomized into the 16-mmHg group, and in study III, 7 
of the 8 animals in the CO2 group were “historical” animals, randomized 
from a collection of suitable animals. A blinded note system was used to 
randomize animals from the group. The possible bias introduced by doing so 
was evaluated.  
There were few problems with the quality of animals. Animal weights did 
not differ between experimental and control groups in any of the studies.  
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Anesthesia 
 
The same method of anesthesia was used in all experiments. No obvious 
drift of the model was noticed between experiments although the danger of 
this is appreciated because a number of months passed between some of the 
experiments. The animals were fasted overnight with free access to water. 
Anesthesia was started with sedation, 50 mg xylazine 20 mg/mL (an Alpha2-
agonist, Rompun® vet., Bayer, Leverkusen, Germany) i.m. Alpha2-agonist 
produces a sleep-like condition in combination with muscle relaxation and 
some degree of analgesic effects. A peripheral ear vein was cannulated for 
further induction and maintenance of anesthesia and for fluid administration. 
For induction of general anesthesia, piglets were given i.v. tileta-
mine/zolazepam (a blend of N-methyl d-aspartate receptor-antagonist and 
benzodiazepine both 50 mg/mL, Zoletil forte vet.® Virbac, Carros, France 6 
mg/kg). This blend gives certain and effective anesthesia with few site ef-
fects. In addition, the animals received more xylazine 20 mg/mL (an Alpha2-
agonist, Rompun® vet. Bayer, Leverkusen, Germany) 2.2 mg/kg, and atro-
pine sulfate 0.5 mg/mL (atropine is given before surgery to reduce salivation 
and bronchial secretions, to minimize bradycardia during intubation, or for 
the treatment of pylorospasms and spastic conditions; Atropin®, Mylan AB, 
Stockholm, Sweden), 0.04 mg/kg. Morphine hydrochloride 10 mg/mL (an 
opioid analgesic, Morfin Meda, Solna, Sweden) 20 mg and ketamine hydro-
chloride 50 mg/mL (a drug that gives dissociative anesthesia and strong an-
algesic effect, Ketalar®, Pfizer, Sollentuna, Sweden) 100 mg were given as 
an i.v. bolus. For maintenance of anesthesia, ketamine hydrochloride 50 
mg/mL (Ketalar®, Pfizer, Sollentuna, Sweden) 20 mg/kg/h, pancuronium 
bromide 2 mg/mL (a muscle relaxant, Pavulon®, MSD, Sollentuna, Sweden) 
0.24 mg/kg/h (in study I and II) and 0.12 mg/kg/h (in study III and IV), and 
morphine hydrochloride 10 mg/mL (Morfin Meda, Solna, Sweden) 0.5 
mg/kg/h were administered as a continuous i.v. infusion. Ringer acetate was 
administered i.v. until the CVP reached 5 mmHg. All animals were intubated 
with a 7-mm tracheal tube with cuff (Hi-Contour™, Mallinckrodt Medical, 
Athlone, Ireland) and mechanically ventilated (Ventilator Servo 300 or 
900C, Siemens Elema, Solna, Sweden) with an FiO2 at 0.3 (30%). End-tidal 
CO2 was measured (CO2SMO plus, Novametrix Medical Systems Inc., Wall-
ingford, CT, USA). Minute ventilation was adjusted to obtain a baseline 
PaCO2 of 5.0–5.5 kPa, and 5 cm H2O positive end expiratory pressure was 
used. The effectiveness of the anesthetics was checked with a pinch to the 
animal’s foot.   
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The operation 
 
For establishing the pneumoperitoneum, a Veress needle was always used. 
When steady state with pneumoperitoneum was reached, two 5-mm trochars, 
one on each lateral side of the abdomen, and two 10-mm trochars in the nip-
ple line on both sides were inserted. A gas tube was attached to one of these 
to maintain pneumoperitoneum at a determined level. An Olympus® UHI 
(Olympus Optical Co., LTD, Tokyo, Japan) insufflator was used and was 
relayed on for holding the level as chosen. Its ability to hold the pressure was 
checked with a pressure meter to another trochar for several operations. Full 
agreement was observed between the pressure displayed on the insufflator 
and the measured pressure. A low pressure was defined as 8 mmHg and high 
pressure at 16 mmHg. An 8 mmHg value is lower than most hepatic sur-
geons choose for LLR, and 16 mmHg is higher but not as high as the highest 
IAP described during LLR10. 
For all the presented studies, the same laparoscopic resection was performed. 
The devices used, were adjusted to the settings recommended by the manu-
facturer. This resection started at the base of the left lobe and continued to 
the posterior borders of the lobe. A lobe of an average 143±43.6 g was re-
moved. Study II and study III differed from studies I and IV in the way that 
intentional injury was made to the left liver vein with the objective of simu-
lating an injury that could arise and could take some time to discover or 
manage. The vein was held open for 3 min before it was closed with metal 
clips on both sides and the resection finished. Three minutes seemed a rea-
sonable time to simulate a clinical setting in which a vein is transected and 
some time is spent to react to possible bleeding and/or find the divided vein, 
especially during high IAP. The resected liver was left in the abdomen until 
after the experiment was finished, and the animal was killed. A laparotomy 
was then performed to retrieve the resected liver for weighing and to apply 
suction to measure blood/fluid in the abdomen. 
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Evaluation of embolism 
How does one diagnose embolism in the best way possible? A method like 
precordial or esophageal auscultation, listening for the typical “mill-wheel” 
murmur, is not very reliable for diagnosing gas embolism with certainty. The 
auscultation is very subjective and probably does not detect a small-volume 
embolism. A change in end-tidal CO2 suggests a change in the ventilation–
perfusion relationship. Again, however, small embolisms are not detected 
with end-tidal CO2 changes. In addition, there are very rapid changes in end-
tidal CO2 in case of an embolism, and these can be difficult to detect. PAP 
has also been suggested as an indicator for gas embolism but trans-
esophageal ultrasound is a better alternative207. Doppler ultrasonography can 
be used to detect gas embolism, and some authors suggest the most sensitive 
and definitive method is the use of trans-esophageal echocardiography 
(TEE)186, 207-209.  

 

Trans-esophageal echocardiography 
 
The ultrasound used in the presented 
studies was a Sonos 1000 Ultrasound 
System, Omniplane Probe, Hewlett 
Packard, Aliso Viejo, CA, USA (Figure 
13). The probe placement was some-
what challenging, especially in low-
weight animals. The lung in these ani-
mals interrupted the acoustic window. 
The detection of embolism was tested 
and confirmed in all animals by inject-
ing a few milliliters of saline with a 
small amount of air shaken into the 
fluid. If a typical picture was not 
achieved (Figure 14), the best possible 
view was obtained with the help of a 
saline/air mixture injection. The amount 
of air in this mixture was negligible and 
not considered to have any effect on the 
experiments. A detection bias is recognized in the cases of difficult place-
ment of the TEE where embolism could have been underestimated. The ul-
trasound probe had a 5.0-MHz transducer that could be rotated from 0 to 
180°. Gas bubbles appear hyperechoic on the screen (Figure 14). The TEE 
detects everything that floats in the blood and has a different density from 

Figure 13. Sonos 1000 and Omni-
plane TEE probe from HP. 
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blood; thus, it does not differentiate among CO2 and other gas embolism, fat 
embolism, or hyperechoic thrombotic emboli166. This lack of specificity has 
to be recognized to understand a possible detection bias. At the measurement 
of CO, the TEE detected the small bubbles in the cold saline. When CO 
measurements were made, a marker was placed into the TEE image as an aid 
to differentiate the hyperechoic bubbles following the fluid injection. These 
bubbles were usually smaller and less hyperechoic. 
Two definitions had to be agreed on before experimental work was started: 
volume and length of embolism. The quantification of embolism seen on 
cross-sectional ultrasound is a challenge. An attempt to quantify was made 
as follows: grade 0 when <5 bubbles were seen in the lumen of the right 
atrium and/or pulmonary artery; grade 1 if there were ≥5 bubbles seen, with-
out filling the lumen; and grade 2 if the lumen of the right atrium and/or 
pulmonary artery was filled. A similar, although less-decisive grading of 
embolism had been used before in the same model210. Different grading sys-
tems for embolism have been suggested by other authors186. This particular 
system was evaluated, with the conclusion that a simpler grading system 
would give less possibility for measurement bias. When embolism occurred, 
the timing started when >5 bubbles were seen. Changes during embolism, 
e.g., between grade 1 and grade 2, were noted and timed. When no bubble 
was seen in the lumen, the embolism had ended and no additional bubbles 
were seen for 10 s after that.  

This semi-quantitative method was the best available way to measure the 
amount of embolisms. Two persons viewed the videotapes for grading with 
variable time interval from the experiment. Although there was a possibility 
of these persons having knowledge about the operative method used, the fact 
was that most of the time the tapes were reviewed a long time after the ex-
periment so the operative methods were not fresh in memory. A possibility 
of detection bias is recognized, although it is not assessed as a problem in 
this context. If disagreement arose, the two observers reviewed these epi-
sodes and agreed on the interpretation of what was seen. 

Figure 14. Embolism seen on TEE. The figure shows the grading system of the embo-
lism. 
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Evaluation of bleeding 
 
Measuring the amount of suctioned 
blood from the surgical field and abdo-
men and adding the weight of fluid in 
used gauzes gives estimated bleeding in 
clinical settings. This estimation does 
not take into account other fluid loss 
into the abdomen during the operation. 
So this is not strictly estimation of 
bleeding but of total fluid loss in the 
abdomen, including the bleeding. The 
fact is that some of the piglets delivered 
for experimental use do have a consid-
erable amount of fluid in the abdominal 
cavity. The goal in the presented studies 
was to evaluate only the bleeding from 
the liver without being influenced by the 
fluid in the abdomen. For the first two 
studies decision was made to evaluate 
the bleeding from the recorded videotapes as has been described earlier210. 
Two experienced surgeons, independent of each other, evaluated the video-
tapes in accordance with the established grading system. Blinding of method 
was not applicable, and possible detection bias is recognized. Every opera-
tion was divided into 1-min intervals and graded with the highest value seen 
in each minute. The value was given in arbitrary units. The observation key 
was as follows: no bleeding=0, oozing=1, and pulsating bleeding=2. In study 
I and II the values where used for calculation in a.u. Since the variables are 
strictly a categorical (ordinal), the allowed calculation is limitied. After pub-
lishing the results in a.u. a counting was undertaken of the different values 
and thereby the results were of numerical (discrete) type. Comparison could 
then be made between the groups, which gave the same results as published 
in the two studies. The fluid removed by the CUSA™ and from suction of 
the whole abdominal cavity was measured. The quality of the video assess-
ment was tested with comparison of the methods. The Spearman correlation 
was calculated and showed a correlation between the amount of bleeding in 
milliliters and the semi-quantitative evaluation of videotapes in arbitrary 
units (a.u.) (rs=0.450, P=0.011; see Figure 15). There was a good agreement 
calculated between the two observers. No coagulation tests were done on 
any of the animals. In study III and IV the amount measured from the ab-
dominal cavity was used to evaluate bleeding with the possible bias that 
included. 

Figure 15. Correlation between meas-
ured amount of blood from CUSA™ 
and abdomen versus the observations 
of bleeding from the liver in arbitrary 
units. N=30 from studies II and IV; 
r=0.450, P=0.011. 
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Evaluation of gas exchange and pH 
 
The evaluation of the gas exchange is of central interest regarding gas embo-
lism. The only time there was a need for drawing blood for blood gas analy-
sis was at the start of each experiment. This analysis gave the values of pH, 
PaO2, and PaCO2 in the animals’ blood, and these were used to calibrate the 
online measurement system for these parameters, the Paratrend®. The 
Paratrend® sensor (Trendcare Monitoring System, TCM 17000®, Diametrix 
Medical Inc., Buckinghamshire, UK) was passed into the left carotid artery 
for continuous measurements of arterial pH, PaO2, and PaCO2.  

  

The system consists of three optical fibers for measuring pH,  PaO2, and 
PaCO2, and a thermocouple that measures temperature (Figure 16). The sys-
tem has been evaluated by others, with excellent results compared to blood 
gas analysis211. 
The insertion of this heparin-coated, 0.5-mm microporous polyethylene line 
was done via an arterial cannula in the right external carotid artery (Figure 
17). The line was placed 12 cm from the skin incision. The sensor line was 
fragile and the slightest bend to it could result in damage. With cautious 
insertion, this was usually not a problem. A change of sensor was time con-
suming because the line had to be calibrated by a specific method in accor-
dance with the manual. The same sensor was reused several times. 

Measurements of pulmonary and systemic 
hemodynamics 
 
A pulmonary artery catheter (Swan-Ganz, CritiCath Ohmeda® Oxnard, CA, 
USA) and central venous line (BD Careflow™, Becton Dickinson Critical 
Care Systems, Singapore) were passed from the right jugular vein for meas-
urements of CO, PCWP, PAP, and CVP. CO was measured with a thermal 

Figure 16. Left: Paratrend® with display and printer for results. Right: The con-
struction of the Paratrend® probe.  
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dilution method where cold saline (around 8 °C) was injected212. An arterial 
catheter (Becton, Dickinson and Company, Franklin Lakes, NJ, USA; 18 G) 
was inserted into the right external carotid artery and then threaded into the 
aortic arch for pressure monitoring and blood sampling. Standard electrocar-
diogram, HR, temperature, arterial blood pressure (AP), and PAP were con-
tinuously monitored (Marquette, Solar 8000, Hellige Systems, Freiburg, 
Germany) and recorded (AcqKnowledge 3.8.1, StatSoft® Scandinavia AB, 
Uppsala, Sweden). (Figure 17). 

Calculations 
 
For calculations of MPAP, the equation MPAP=Diastolic PAP + 
1/3(Systolic PAP–Diastolic PAP) was used.  
PVR was calculated using PVR (dyn·s·cm−5)=80·(MPAP–PCWP)/CO. 
For calculation of MAP, the equation MAP=Diastolic AP + 1/3(Systolic 
AP–Diastolic AP) was used.  
SVR was calculated using SVR(dyn·s·cm−5)=80·(MAP-CVP)/CO). 
 

Figure 17. Overview of the animal model in all of the experiments. 



 44 

Randomization and reduction of animal use 
 
Randomization was made by means of a blinded note system. A sign was 
written on a piece of paper that was folded several times together and mixed 
with other notes in a non-opaque cup. One note was drawn for each animal. 
Where partly “historical” animals were used as controls (studies II and III), 
these animals were randomly chosen from a pool of earlier operated animals. 
This randomization was done by a numbered blinded note system in the 
same way. “Historical” animals filled in a group with other “new” animals. 
There was no detected difference between these animals. 
Animals in study I were used for two publications, the operative point of 
view in study I and the anesthetic point of view in a study by Fors et al188. 

Statistics 
 
The Gaussian distribution was tested with the D’Agostino & Pearson omni-
bus normality test (Prism® 5 for Macintosh OS X; GraphPad Software Inc., 
California, USA). For calculation of significance between two groups, a 
Mann–Whitney test was used for non-Gaussian distribution and a t-test for 
Gaussian distribution. For changes within the groups, a Wilcoxon matched-
pair signed-rank test was used for non-Gaussian distribution and paired t-test 
for Gaussian distribution. For differences between more than two groups of 
measurements, the Kruskal-Wallis test was used. A Spearman correlation 
test was used for non-Gaussian distribution and Pearson’s correlation for 
normal distribution for correlation tests. The Spearman partial correlation 
was used for correlation calculation where controlling of the third variable 
was needed.  
A weighted Cohen’s kappa coefficient was calculated for evaluating the 
agreement of observers judging the bleeding in the operations. Kappa is pre-
sented with 95% confidence intervals (CIs). 
Statistical programs used for these studies were StatView for 
Windows version 5.0 (SAS Institute Inc.), Statistica® software (StatSoft, 
Tulsa, Oklahoma, USA), Prism® 5 for Mac OS X (GraphPad Software Inc., 
California, USA), and Instat® 3 for Macintosh (GraphPad Software Inc., 
California, USA).  



 45 

Experimental protocol 

Study I 
Sixteen piglets were randomized into two groups. Both groups underwent 
laparoscopic left lobe resection, with IAP of 16 mmHg by CO2 gas. One 
group was operated on with a combination of ultrasonic dissector (CUSA™) 
and ultrasonic scissors (Autosonix™) (group-US; n=7; one animal died of 
bleeding) and the other group with the combination of CUSA™ and the ves-
sel sealing system (Ligasure™) (group-VS; n=8).  
Equipment and lines for measurement of vital signs, systemic and pulmonary 
hemodynamics, and gas exchange were in place as explained earlier (see 
pages 42-43).  
After completed preparations, animals were observed, usually for 30–45 min 
with no interventions to allow hemodynamic and respiratory stability. Base-
line values were then obtained (steady state pre-operatively, SSPO), and 
thereafter CO2 pneumoperitoneum was established. IAP was maintained at 
16 mmHg. This was followed by a new stabilization period, and by the end 
of that a second set of baseline values (steady state at pneumoperitoneum, 
SSPP) was collected before the start of the operation. Recordings were made 
every 5 min during the operation, except for PCWP and CO, which were 
recorded every 15 min. The pulmonary and systemic APs, end-tidal CO2, 
and temperature were monitored. Immediately after the operation, a set of 
recordings was made before the release of pneumoperitoneum. Data were 
recorded every 10 min for 30 min after release of pneumoperitoneum (see 
registration form, Appendix B). As mentioned earlier, a more detailed analy-
sis of gas embolism and the effect of gas exchange and systemic and pulmo-
nary circulation from this study is published elsewhere188.  
Operation time was registered. The operation was taped, and after the ex-
periment, two independent, experienced surgeons evaluated the bleeding 
from the videotapes. One videotape in group-VS was missing. TEE record-
ings were also reviewed by two independent observers after the experi-
ment.The semi-quantitative amount of embolisms was registered. Endpoints 
were the amount of bleeding and amount of embolisms. 
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Study II 
Sixteen piglets were randomized into two groups receiving different IAPs. In 
group-H, there were four animals randomized out of a pool of “historical” 
animals. The same surgeon, following the same protocol for the same model, 
had operated these animals. Both groups received laparoscopic left lobe re-
section, with intentional injury to the left liver vein. (see page 38). 
One group (group-L; n=8) was operated with an IAP of 8 mmHg pressure of 
CO2 and the other group (group-H; n=8) with 16 mmHg pressure of CO2. 
The favorable instruments from study I were used for parenchymal division, 
i.e., the combination of CUSA™ and Ligasure™.  
Measurements of gas exchange and systemic and pulmonary circulation 
were performed as described earlier (see pages 42-43). 
When the animal had been anesthetized, a period of approximately 30 min 
(variable between individual animals) was used to achieve hemodynamic 
and respiratory stability. When this was reached, a baseline measurement of 
PaO2, PaCO2, pH, end-tidal CO2, CO, PCWP, HR, and CVP was registered. 
The pneumoperitoneum was then established and maintained at the IAP cho-
sen for each group. PaO2, PaCO2, pH, end-tidal CO2, HR, and CVP were 
registered every fifth minute of the operation, and CO and PCWP were 
measured and registered every fifteenth minute of the operation. When the 
operation was finished, the pneumoperitoneum was released. At that point, a 
measurement and registration of all parameters were undertaken and every 
tenth minute after that for 30 min (see registration form, Appendix B).  
The operation was divided into specific time points, i.e., SSPO, SSPP, before 
venous cut (the last minute before injury; BVC), after venous cut (the first 
minute after closure of the injury; AVC), right after release of pneumoperi-
toneum (PPP), the tenth minute after PPP (PPP10), twentieth minute after 
PPP (PPP20), and 30 min after release of pneumoperitoneum (PPP30).  
Calculations of MAP were done by first calculating the average systolic AP 
and average diastolic AP over a period of 1 min at the defined time points 
during the experiment. The same method was used for the calculations of 
MPAP then for the average of systolic and diastolic PAP. The calculations of 
PVR were also done in the same way, and the nearest measured CO and 
PCWP were used in the equation PVR=80·(MPAP-PCWP)/CO. 
Operating time was registered. Operations and TEE recordings were ana-
lyzed by two independent observers after the experiment.  
The amount of embolisms was calculated as a percent of total operation 
time. The primary endpoints were amount of bleeding and embolism, and 
secondary endpoints were changes in gas exchange and systemic and pul-
monary circulation. 
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Study III 
 
Sixteen animals were randomized into two groups, group-CO2 (n=8) and 
group-Argon (n=8). In an attempt to reduce the use of animals, seven piglets 
were randomized from the “historical” pool, and one was new in the CO2 
group. The same surgeon, following the same protocol for the same model, 
had operated these animals. Animals in both groups were operated on with a 
left lateral lobectomy, and an intentional injury to the left liver vein was 
made. (see page 38). 
Measurements of gas exchange and systemic and pulmonary circulation 
were as described earlier (see page 42-43). 
When the animals had been anesthetized, a period of approximately 30 min 
or as long as needed was used for each animal to reach hemodynamic and 
respiratory stability. When this was achieved, a baseline measurement of 
PaO2, PaCO2, pH, end-tidal CO2, CO, PCWP, HR, and CVP was registered. 
The pneumoperitoneum was then established and maintained at 16 mmHg. 
Another set of the same parameters was measured when the animal had 
reached steady state after established pneumoperitoneum. Then PaO2, 
PaCO2, pH, end-tidal CO2, HR, and CVP were registered every fifth minute 
of the operation. CO and PCWP was measured and registered every fifteenth 
minute of the operation (see registration form, Appendix B). A technical 
problem arose in one animal in group-Ar with the Swan-Ganz catheter, and 
PAP was not available after the vein injury in that particular animal so that 
calculating PVR and MPAP was not possible. 
The operation was divided into periods as done in study II, i.e., SSPP, BVC, 
AVC, PPP, PPP10, PPP20, and PPP30. The difference from study III was 
that the average value of systolic AP, diastolic AP, systolic PAP, and dia-
stolic PAP was calculated for the whole period, i.e., the average of these 
parameters at BVC was calculated from the appropriated values from the 
start of the operation until the venous injury and at AVC from the appropri-
ate values from the closure of the vein and until the operation was finished. 
For PVR calculations, the closest value in time of CO and PCWP was used. 
The focus in this study was on the period from the SSPP until the end of the 
experiment.  
Operation time was registered. TEE recordings were analyzed. There was 
not a focus on bleeding as an endpoint in this study because similar bleeding 
was expected in both groups. To ensure that this was the case, the volume 
suctioned with CUSA™ and from the abdominal cavity at the end of the 
experiment was measured and compared in both groups.  
The amount of the gas embolisms was calculated as a percent of operation 
time. Endpoints were effects on gas exchange and systemic and pulmonary 
hemodynamics. 



 48 

Study IV 
Sixteen animals were randomized into two groups. One group was operated 
on with the application of vascular staple device (Endo-GIA™, Universal 12 
mm, Autosuture, CT, USA) to divide the liver parenchyma (Group-S; n=8), 
and the other was operated on with a standard combination of CUSA™ and 
Ligasure™ (Group-L; n=8) as used in previous studies. For the staple tech-
nique, three 60-mm and one 45-mm vascular stapler were used. 
Animals in both groups underwent a left lateral lobe resection in the same 
manner as described in study I, without any intentional injury to the left liver 
vein. Measurements of gas exchange and systemic and pulmonary circula-
tion were as described earlier (see pages 42-43). 
When the animals had been anesthetized, a period of approximately 30 min 
or as long as needed was used for each animal to reach hemodynamic and 
respiratory stability. When this was achieved a baseline measurement of 
PaO2, PaCO2, pH, end-tidal CO2, CO, PCWP, HR, and CVP was registered. 
The pneumoperitoneum was then established and maintained at 16 mmHg. 
Measurement of mentioned variables was repeated at steady state after estab-
lished pneumoperitoneum. PaO2, PaCO2, pH, end-tidal CO2, HR, and CVP 
were registered every fifth minute of the operation, and CO and PCWP were 
measured and registered every fifteenth minute of the operation (see registra-
tion form, Appendix B).  
The experiment was divided into the following periods: SSPO, SSPP, 5-min 
intervals during the resection, PPP, and every tenth minute after that (PPP10 
and PPP20) or until 30 min later (PPP30). The means of diastolic and sys-
tolic AP and PAP of each 5-min period during the operation were used to 
calculate MAP and MPAP, respectively. The same was done for the calcula-
tions of PVR, and the closest value in time of CO and PCWP was used for 
calculation.  
Operating time was registered. TEE recordings were analyzed. The duration 
of embolism was calculated as the percent of operation time. Bleeding was 
measured from the the volume suctioned with CUSA™ and from the ab-
dominal cavity at the end of the experiment and compared in both groups 
The primary endpoint was amount of bleeding and gas embolism.  
The secondary endpoint was change in gas exchange and systemic and pul-
monary hemodynamics. 
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Results 

 

Study I 
 
There was no difference between the groups in basic parameters (Table 2). 
There was good agreement of bleeding evaluation between observers; the 
kappa calculated for the agreement of observers was 0.68 (CI: 0.53–0.82). 
The bleeding was increased during resections, with the combination of 
CUSA™ and Autosonix™ (group-US) and a trend toward longer operating 
time compared to the combination of CUSA™ and Ligasure™ (group-VS).  
 

Table 2. Results of animal weight, specimen weight, operation time, and intra-
operative bleeding in study I. 

 Group-US Group-VS P 
Animal weights 

in kg (range) 
27.8 (25.4–30.2) 27.6 (24.3–29.9) 0.82 

Specimen weight 
in g (range) 

170 (127–328) 144 (115–252) 0.20 

Operation time 
in min (range) 

43 (24–64) 36 (24–44) 0.08 

Intra-operative 
bleeding in arbi-

trary units 
(range) 

35 (29–49) 21 (18–29) 0.02 

 
 
Embolism was detected in 10 of 15 animals. Three animals in group-VS and 
two animals in group-US did not show any signs of embolism. By express-
ing the results in seconds, as done in the published article, there was a trend 
toward more grade 1 embolism in group-US (P=0.080). No difference was 
identified regarding grade 2 embolisms (P=0.380) although this analysis did 
not take into account the length of the operation. By measuring the length of 
the embolisms as a percent of the total operation time, there was no differ-
ence between the groups (P>0.200) for both grade 1 and grade 2 embolisms. 
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The same result was seen with counting the number of embolisms (Figure 
18).  

Figure 18. The number of embolisms (left) and the variation as a percent of opera-
tion time (right) for both groups. To the left in each graph is the grade 1 embolism 
and to the right the grade 2. Scatter graph, showing median value as a line and 
whiskers representing inter-quartile range.  

  
Both combinations of instruments made liver resection feasible and gener-
ally safe. Both combinations gave satisfactory results. There was one death 
at the start of one operation, which could not be blamed on any of these in-
struments. An injury to the portal vein occurred because of a lack of care in 
manipulation of the liver.  
  

Study II 
 
Sixteen animals underwent laparoscopic left liver resection. No deaths oc-
curred. There were no baseline differences between the groups (Table 3). 
 

Table 3. Animal weight and specimen weight in study II. 

 Group-L Group-H P 
Animal weight in 

kg (range) 
25.5 (24.2–29.4) 27.2 (22.5–32.7) 0.600 

Specimen weight 
in g (range) 

139.8 (90–188) 
 

137.5 (94–173) 0.916 

 
There was good agreement between observers in evaluation of bleeding: 
kappa=0.72 (CI: 0.59–0.84). 
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Bleeding 
 
More bleeding was detected in the low pressure group at 0.82 a.u./min 
(0.32–0.96) vs. 0.38 a.u./min (0.09–0.84) (P=0.016) during the transection. 
Analysis of the bleeding in the defined parts of the operation identified more 
bleeding during the vein injury than other parts of the operation in both 

groups. Groups differed signifi-
cantly regarding bleeding in the 
part before the vein injury (Figure 
19). There was noticeably less 
bleeding in the animals that had 
embolism during the vein cut. 
Calculating the correlation be-
tween the bleeding and embo-
lisms for each part resulted in a 
negative value for Spearman’s r 
although it was not significant.  
There was typically a pulsating 
bleeding from the injured vein in 
group-L and little or no bleeding 
in group-H, more like the blood 
was moving back and forth in the 
opening (Figure 20 and videos at: 
http://gasembolism.blogspot.com/
).  
 

Figure 20. Bleeding seen on the video on the left from an animal in the 8-mmHg 
group (group-L) and on the right side from an animal in 16 mmHg group (group-H).  
 
 
 

Figure 19. Showing bleeding in low pressure 
group (clear dots) and the high pressure 
group (filled dots), at various stages of the 
operation. The line represents the median 
value and interquartile range. 
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Embolism 
 
There were increased, more frequent, and longer lasting embolisms in the 
high pressure group, both grade 1 and grade 2. Two animals in the low pres-
sure group showed some sign of embolism. One of those showed signs only 
for 4 s (0.2% of operation time), and the embolism in the other animal lasted 
for 66 s (3.9% of operation time). No animal had grade 2 embolism in 
Group-L. All animals in group-H showed some degree of grade 1 embo-
lisms, and five animals had grade 2 embolisms (Table 4) 
 
Table 4. Embolism during operations in study II. Values are represented as median 
(range). 

 Group-L Group-H P 
Number of grade 
1 embolism 

0 (0–8) 17.5 (5–58) 0.001 

Number of grade 
2 embolism 

0 1(0–6) 0.012 

Embolism grade 1 
as % of total op-
erating time  

0.0 (0.0–3.9) 14.1(2.6–53.8) 0.001 

Embolism grade 2 
as % of total op-
eration time  

0.0 2.3 (0.0–19.1) 0.012 

 
Embolism was most frequent in the last part of the liver resection (AVC) 
where the liver tissue was thicker (Figure 21).  
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Figure 21. Embolisms during specified periods of LLR. Graph on the left: group-L, 
where there was minor embolism. Graph on the right: group-H with the most embo-
lisms happening in the last part of the operation. The y-axis shows the percent of the 
operation time in each specified period. Lines represent the median value and inter-
quartile range. No animal showed grade 2 embolism before the vein injury. Using 
the Kruskal–Wallis test, there was no significant difference within group-H regard-
ing grade 1 embolisms, but there was significant variation within the same group 
regarding grade 2 embolism (P=0.016), showing that the different number of embo-
lisms is more than would be expected from a random sampling. A significant differ-
ence was found between the BVC and AVC (P<0.05). 

 
 

Gas exchange 
 
pH 
 
Both groups showed a fall in pH 
by a median 0.035 in group-L and 
0.055 in group-H (P<0.025) after 
establishment of the CO2 pneu-
moperitoneum. There was more 
effect on the pH in the high pres-
sure group although no significant 
variation between the groups until 
after the vein injury. The largest 
difference was just after the re-
lease of pneumoperitoneum with a 
median pH of 7.41 in group-L and 
7.33 in group-H. The pH in-
creased from PPP in both groups 

Figure 22. Box plot of pH during study II. 
Clear boxes represent group-L and grey 
boxes represent group-H. The boxes show 
interquartile range and median value. The 
whiskers show 10–90th percentiles. Sig-
nificant differences between the groups 
are marked with *. 
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although a difference between the groups remained until the end of the ex-
periment or 30 min after the release of the pneumoperitoneum (Figure 22). 
 
 
 
 
PaCO2  
 
With introducing CO2 into the 
peritoneum, the PaCO2 rises, as 
was seen in both groups where 
the PaCO2 in group-L increased 
from a median 5.27 to 5.83 KPa 
and from 5.31 to 6.08 KPa 
(P<0.009), between SSPO and 
SSPP, respectively. There was a 
further rise in PaCO2 from the 
steady state of pneumoperiton-
eum and until the first part of the 
operation in both groups 
(P<0.025). In group-L, the highest 
median PaCO2 value of 6.03 KPa 
was measured just before vein 
injury. In group-H, the highest 
median PaCO2 value of 6.32 KPa was measured just after the release of 
pneumoperitoneum. From the first part of the operation, there was a 
difference between the groups, and this difference continued until the end of 
the experiment, 30 min after the release of pneumoperitoneum (Figure 23). 
The PaCO2 had decreased to pre-operative values at the end of the 
experiment in group-L (P=0.250); however, in group-H, this was not the 
case, with median PaCO2 measured at the end of the experiment at 6.34 KPa, 
1.03 KPa above the pre-operative value (Figure 23). 
 
PaO2 
The changes in the PaO2 are the opposite of that for PaCO2. With 
introducing CO2 into the peritoneum, the PaO2 fell in both groups. In group-
L, a fall from 21.5 KPa to 19.9 KPa was observed, and in group-H, a fall 
from 20.7 KPa to 15.9 KPa was seen (P<0.009). A further fall was seen in 
PaCO2 between the steady state of pneumoperitoneum and the first part of 
the operation (P<0.025).  
Although there was a trend toward a difference between the groups after the 
vein injury (P=0.070), there was not a significant difference until after the 
release of the pneumoperitoneum. This difference remained until the end of 
the experiment. After the exsufflation, PaO2 increased again. Neither group  

Figure 23. Box plots of PaCO2 in study II. 
Clear boxes represent group-L and grey 
boxes represent group-H. The boxes show 
interquartile range and median value. The 
whiskers show 10–90th percentiles. Sig-
nificant differences between the groups 
are marked with *. 
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had reached the pre-operative value at the end of the experiment. The differ-
ence between the pre-operative value and the value at PPP30 was 2.0 KPa 
for group-L and 4.7 KPa for group-H, P=0.008 for both groups (Figure 24).  
 
 
 
End-tidal CO2 
 
The end-tidal CO2 increased somewhat in group-L (P=0.034), and there was 
a trend toward a rise in group-H (P=0.052). There was no difference between 
the groups concerning end-tidal CO2 from pneumoperitoneal steady state to 
the start of the operation (P>0.300). However, at the end of the operation, 
when pneumoperitoneal pressure was released, there was a difference in the 
groups lasting 20 min after that. At PPP, group-L had an end-tidal CO2 of 
5.7 KPa and group-H had 6.0 KPa (P=0.025). Group-L fell under the basal 
value at the end of the experiment (P=0.021). In group-H, the end-tidal CO2 
rose between the last part of the operation and the release of the pneumoperi-
toneum (P=0.049). It stayed high until the end of the experiment, without 
further changes. There was a trend towards a difference between the groups 
at PPP30 (P=0.070) (Figure 25). 
 
 

Figure 24. Box plots of PaO2 in study II. 
Clear boxes represent group-L and grey 
boxes represent group-H. The boxes show 
interquartile range and median value. The 
whiskers show 10–90th percentiles. Sig-
nificant differences between the groups 
are marked with *. 

Figure 25. Box plots of end-tidal CO2 in 
study II. Clear boxes represent group-L 
and grey boxes represent group-H. The 
boxes show interquartile range and me-
dian value. The whiskers show 10–90th 
percentiles. Significant differences be-
tween the groups are marked with *. 

 

!"#$%&#'()*+,)-%.#/)00

,

1

2

3

4
5
'

665+ 6655 78* 98* 555 555:; 555,; 555<;

=

= =

;

!"#$%&'()*%++

,

-,

$,

.,

/
!
"

00!# 00!! 123 423 !!! !!!-, !!!$, !!!.,

5
5 5 5



 56 

Hemodynamics 

Systemic hemodynamics 

Heart rate 
 
There were no differences between 
the groups regarding HR during the 
operation. No significant changes 
were registered within the groups 
except for a gradual fall of 20 
beats/min in group-L between the 
pre-operative value and the last 
measurement in the experiment 
(P=0.021) (Figure 26). 
 
 
 
Central venous pressure 
 
The CVP rose by the increased 
abdominal pressure of CO2. There was 
more increase in group-H with the 
higher IAP, from a median 7 mmHg 
to 9.5 mmHg in group-L compared to 
median 7 mmHg to 12 mmHg in 
group-H, P=0.021 and P=0.014, re-
spectively. The CVP fell again before 
the vein injury and was then unchanged during the resection until the release 
of the pneumoperitoneum, when it fell in both groups. There was a differ-
ence between the groups from the start of pneumoperitoneum until 10 min 
after the gas was released from the abdominal cavity. The CVP in group-L 
had not returned to the basal value when the experiment ended (P=0.022) 
after having fallen below that value at PPP (P=0.014). However, the CVP in 
group-H, which had fallen below the basal value at PPP10 (P=0.020), did 
return to the pre-experimental value at the last measurement before the end 
of the experiment (P=0.105). (Figure 27). 
By comparing the CVP to the IAP (8 mmHg or 16 mmHg) the IAP–CVP 
gradient could be estimated (not included in the published article). This es-
timation is particularly interesting in consideration of the hypothesis that 
embolisms happen with positive differences (positive gradient) between 
these two variables. For both groups, the IAP was constant although the 
changes with breathing increased IAP somewhat. This change did not exceed 
1–3 mmHg. By looking at each animal and comparing the IAP (constant) 
and CVP (maximal, mean, and minimum) values, while also marking the 

Figure 26. Box plots of HR in study II. 
Clear boxes represent group-L and grey 
boxes represent group-H. The boxes show 
interquartile range and median value. The 
whiskers show 10–90th percentiles. No 
significant differences were found between 
the groups. 
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vein injury and the embolisms, 
one could see the relationship 
between these parameters. Figure 
28(a) shows the only piglet in 
group-L that did have more than 
one embolism during the opera-
tion. When the embolism hap-
pened during the BVC, the IAP 
was below the mean CVP. The 
minimum CVP was at the same 
level as the IAP. Thus, there was 
no or a negative pressure gradi-
ent. After the vein injury, there 
was another embolism, and when 
that happened, the CVP (maxi-
mum, mean, and minimum) was 
below the IAP, at least in the be-
ginning of this sequence of embo-
lisms.  
The values of animals in group-H 
were compared in the same way. 
Figure 28(b) shows the animal that had the most grade 2 embolisms. The 
minimum and mean CVP values were below the IAP, but the maximum 
CVP was above IAP throughout the operation. By looking at one animal 
from group-H that had the lowest number of embolisms (Figure 28(c)), there 
still was an IAP–CVPmin and IAP–CVPmean of more than 8 mmHg even when 
the animal did not show any embolisms.  
Looking at one typical animal from group-L that did not show any embolism 
at all (Figure 28(d)), even here the CVPmean and CVPmin are below the IAP 
with a gradient of >3 mmHg at the end of the operation. 
 
 
 
 
 
 
 

Figure 27. Box plots of CVP in study II. 
Clear boxes represent group-L and grey 
boxes represent group-H. The boxes show 
interquartile range and median value. The 
whiskers show 10–90th percentiles. 
Significant differences are marked with *. 
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Cardiac output 
 
There was no change in CO in group-H during the whole experiment (Figure 
29). In group-L, the CO fell between the measurement just after the vein 
injury and the measurement at the point of release of IAP (P=0.022). CO had 
not reached the basal value in group-L by the end of the experiment, 30 min 
after the operation (P=0.022). In one piglet, it was not possible to measure 

Figure 28.  

(a)The interaction between IAP (8 mmHg) and CVP (maximum, mean, and minimum) 
during an operation on a piglet in group-L. This animal was the only animal that had 
more than one embolism during the experiment. 

 (b)Animal number 3–6 was the animal in group-H that showed the most grade 2 em-
bolisms, shown in the figure as red dots. The maximum CVP was above the IAP (green 
line); however, the mean and minimum CVP were at least 4 mmHg below IAP.  

(c) This animal was the one in group-H that had the lowest number of embolisms dur-
ing the operation. The figure shows a quite stable line of CVPmean and CVPmin at least 8 
mmHg below the IAP both during embolism periods and when no embolisms were 
detected. 

(d) A typical animal from group-L, showing no embolism but still with a positive IAP–
CVP gradient. 
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CO from the AVC time point because of a technical failure. No difference 
was detected between the groups. 
 

Mean arterial pressure 
 
There was no difference in MAP between the groups during the entire ex-
periment. The MAP increased when pneumoperitoneum was introduced in 
group-H but was unchanged in group-L at the same time. However, there 
was a fall in MAP between the measurements at AVC and the release of the 
peritoneum in group-L; this was not the case in group-H where the blood 
pressure did not change by the freeing of the IAP. In group-L, the MAP was 
lower than the pre-operative value at the end of the experiment. There was 
no change in the MAP in group-H (Figure 30). 
 
 

Pulmonary hemodynamics 
 

Mean pulmonary arterial pressure 
 
There was a rise in MPAP by 9.1 mmHg in group-H, from 13 mmHg at the 
pre-operative steady state and to 22.1 mmHg at the steady state after estab-
lished pneumoperitoneum (P=0.008). A trend toward an increase was seen in 

Figure 29. Box plots of CO in study II. 
The boxes show interquartile range and 
median value. The whiskers show 10–
90th percentiles. No differences were 
found between the groups..  

Figure 30. MAP during study II. No 
change was seen in group-H. In group-
L, the MAP fell at the end of the opera-
tion and was not returned to the basal 
value at the end of the experiment. 
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group-L, from 14.6 mmHg to 16.2 
mmHg (P=0.055) at the same time. 
In group-H, there was a trend to-
ward a decrease between AVC and 
PPP (P=0.055), and then the value 
was unchanged until the end of the 
experiment. The last measurement 
at PPP30 was not different from the 
basic value before the operation in 
group-H. When the operation was 
ongoing in group-L, the MPAP fell 
between the measure points before 
vein injury and after, from 16.2 
mmHg to 14.2 mmHg (P=0.030), 
and it decreased even more between 
the AVC and PPP, from 14.2 to 9.0 
mmHg (P=0.008). At PPP, it began 
to rise again but did not reach the 
baseline values at the end of the 
experiment (P=0.014) (Figure 31).  

 
 
 
 
 

Pulmonary vascular resistance 
 
PVR calculated as dyn·s·cm−5  did not 
change significantly from the basic 
value in group-H. There was a trend 
toward increase in PVR from steady 
state pre-operatively and to the steady 
state after pneumoperitoneum was es-
tablished in that group (P=0.078). Fur-
ther, in group-H, a trend was detected 
for a fall in PVR between the twentieth 
and thirtieth minutes after the release of 
the CO2 from the abdominal cavity 
(P=0.078).  
In group-L, the PVR was unchanged during the whole operation; however, after 
the release of pneumoperitoneum, there was an increase between the measure-
ments at the tenth and twentieth minutes (P=0.016) and a decrease between the 

Figure 31. MPAP during study II. There 
was a significant rise in MPAP with the 
introduction of pneumoperitoneum in 
group-H. In group-L, there was a fall in 
MPAP during the resection. Significant 
differences between the groups are 
marked with*. 

Figure 32. Box plot showing PVR. The 
whiskers represent 10th and 90th percen-
tiles and boxes, interquartile range. No 
statistical difference was found between 
the groups. 
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twentieth and thirtieth minutes (P=0.016). There was no difference between the 
groups at any of the measured points (Figure 32).  

 

Study III 
 
The animal weight in study III was the same in both groups. Group-Ar had a 
median weight of 27.9 kg (24.5–31.3 kg) and group-CO2 27.2 kg (22.5–32.7 
kg) (P=0.674). The same was the case for the weight of the  
resected liver (140.5 g, 121–226 g) and 134.0 g, 94–173 g), respectively 
(P=0.371).  
There was not a significant difference between the groups regarding the op-
eration time; median 31.5 min (range: 20–39) for group-Ar and median 25.5 
min (range: 16–35) for group-CO2 (P=0.115). 
The operation time was similar in both groups; 30.5 minutes (20–39) in 
group-Ar vs. 24.6 minutes (16–35) in group-CO2 (P=0.104). 
 

Embolism 
 
Although there were larger numbers of detected grade 1 embolisms in group-
CO2 than in group-Ar, median 16 (5–27) versus 3.5 (0–26) (P=0.035), re-
spectively, the length of grade 1 embolisms as a percent of the total opera-
tion time was not different between the groups (P=0.879). Grade 2 embo-
lisms did not differ in number or length. By looking at the embolisms during 
each stage of the operation, there was no difference between the groups. Six 
of eight (75%) animals in group-Ar showed grade 1 embolisms and 4/8 
(50%) grade 2 in the same group. In group-CO2, all animals (100%) showed 
grade 1 embolism and 5/8 (62.5%) grade 2. 

Bleeding 
 
Bleeding was similar in both groups; median 716 mL (390–1285 mL) for 
group-Ar and 595 mL (434–1047 mL) for group-CO2 (P=0.500). 
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Systemic hemodynamics  

Mean arterial pressure 
 
There was no difference between 
the groups after establishing the 
pneumoperitoneum, although there 
was a trend toward higher MAP in 
group-CO2 (P=0.052). There was a 
rise in MAP of a median 6.8 mmHg, 
from steady state after the start of 
the pneumoperitoneum until the first 
part of the operation, in group-CO2 

(P=0.039). At the same time, there 
was a trend for a rise of 8.9 mmHg 
in group-Ar (P=0.055). Between the 
first and the second parts of the 
operation, there was a median fall of 
20.3 mmHg (21.5%) in group-Ar 
(P=0.008). At the same time, there 
was no significant change in group-
CO2, and this was the only point in 
the experiment at which there were 
significant differences between the 
two groups (P=0.015) (Figure 33).  
 

Heart rate 
 
At no point during the experiment 
was there a difference in HR be-
tween the groups. Between the 
measure points, before and after 
vein injury, group-Ar showed a rise 
in HR of a median 12 beats per 
minute (from 73 to 85, 16.4%) 
(P=0.016), and the HR fell gradually 
from AVC to PPP and from PPP to 
PPP30 (P=0.047 and P=0.042, re-
spectively) (Figure 34).  
 

Figure 33. Box plot of MAP during the ex-
periment. Clear boxes represent animals in 
group-CO2, and the grey group-Ar. Median 
value presented as a line and whiskers 
showing the 10th and 90th percentiles. Sig-
nificant difference is represented with *. 

Figure 34. Box plots showing the HR 
during study III. Median values presented 
as lines and whiskers showing the 10th and 
90th percentiles. No difference was found 
between the groups, although there were 
some significant changes within the 
group-Ar. 
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Central venous pressure  

 
No significant change was seen in either of the groups from the steady state 
after established pneumoperitoneum, until the release of the pneumoperito-
neum, when CVP fell in both groups (P=0.022) and remained at that level 
until the end of the experiment. There was a difference between CVP in the 
groups after the vein injury (P=0.031) and at the end of the 30-min observa-
tional period (P=0.001) (Figure 35).  
 

Cardiac output 
 
CO was without any difference between the groups. There was a fall in CO 
in group-Ar between BVC and AVC (P=0.028) and again between AVC and 
PPP (P=0.042). Between the two last measurements in the experiment, the 
CO increased in group-Ar (Figure 36). 

SVR 
 
No difference was found in SVR between the groups. At AVC there was a 
trend toward decrease in SVR (P=0.071). 
 

Figure 35 (left) Box plot showing CVP. Clear boxes represent group-CO2 and grey 
boxes group-Ar. Median values presented as lines and whiskers showing the 10th and 
90th percentiles. Significant differences between the groups marked with*. 

Figure 36 (right) Box plot showing CO. Clear boxes represent group-CO2 and grey 
boxes group-Ar. Median values presented as lines and whiskers showing the 10th and 
90th percentiles. No differences were measured between the groups. 
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Pulmonary hemodynamics 
 

Mean pulmonary arterial pressure 
 
The MPAP was not different between the groups at the steady state after 
established pneumoperitoneum, and no change was seen at the period before 
the vein injury; however, at the period after the vein injury, there was a sig-
nificant difference between the groups. In the measurement at AVC, the 
animals in group-Ar had an increase in their median MPAP from 22.1 to 
41.9 mmHg from the measurement at BVC, a rise of 19.8 mmHg (89.6%); 
however, this was not statisticly significant and must be accounted as a trend 
(P=0.055). Then there was a fall of 9 mmHg (18.6%) between AVC and PPP 
(P=0.011) and a further fall of a median 13.7 mmHg (41.6%) between the 
two last measure points in the experiment (P=0.031). The MPAP also fell in 

group-CO2 between the AVC and PPP, a decrease by a median 3.8 mmHg 
(16.7%) (P=0.001) and a further decrease of median 4.8 mmHg (25%) be-
tween the last two measuring points (P=0.042) (Figure 37, left).  
The change in the MPAP and comparison to the total number of embolisms 
in each animal is shown on the right side in Figure 37. There was a strong 

Figure 37. On the left side is a box plot showing the MPAP. Clear boxes represent 
group-CO2 and the grey boxes group-Ar. Median values presented as lines and 
whiskers showing the 10th and 90th percentiles. Significant differences between the 
groups are marked with *. On the right side is delta MPAP shown for each animal. 
Each red line represents on animal in group-Ar, and each black line represents an 
animal in group-CO2. The one line ending at AVC marked § represents the animal in 
which technical difficulties arose regarding measuring the PAP. The number of 
embolisms is shown in % of total operation time for each animal. This includes both 
grade 1 and grade 2 embolisms.  
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correlation between the number of Ar embolisms and the rise in MPAP; 
Spearman’s partial correlation, r=0.752, P=0.001 at AVC, and r=0.820, 
P<0.001 at PPP. 

 

Pulmonary vascular resistance 
 
No dissimilarity was detected in PVR between the groups in the first two 
stages of the experiment (P>0.080). Also, there was no change within the 

groups between SSPP and BVC (P>0.078). Based on the measurement at 
AVC, group-Ar showed a considerable increase by median 505 dyn*s*cm-5 
(169%) (P=0.039). At the same time, no alteration was seen in PVR in the 
group-CO2 (P=0.250). The level of PVR in group-Ar was also increased at 
PPP without any significant change from AVC. At the thirtieth minute after 
the release of the pneumoperitoneum, the PVR had fallen by a median 564 
dyn*s*cm-5 (67.8%) from PPP (P=0.047). No difference was found between 
the groups after release of the gas from the abdominal cavity. 
There was a strong correlation between PVR and the number of embolisms; 
Spearman’s partial correlation, r=0.802, P=0.003 at AVC, and r=0.705, 
P=0.005 at PPP (Figure 38). 

Figure 38. On the left side: Box plot showing the PVR. Clear boxes represent group-
CO2 and the grey boxes group-Ar. Median values presented as lines and whiskers 
showing the 10th and 90th percentiles. Significant differences between the groups are 
marked with *. On the right side: delta PVR shown for each animal. Each red line 
represents on animal in group-Ar, and each black line represents an animal in 
group-CO2. The one line ending at AVC marked § represents the animal in which 
technical difficulties arose regarding measuring the PAP. The total number of embo-
lisms is shown in % of total operation time for each animal. This includes both grade 
1 and grade 2 embolisms. 

!"#$%&'()

*(+ ,(+ ''' '''-.
/0..

.

0..

1...

10..

234

2.4

134

.4

54

054

.604

024

174

-34

34

84

-4

024

214

184

9
:
;
<=
<>
?
!
!

@&A%#B" .6175 &&&&&&&&&&&&&&&.61.2 &&&&&&&&&&&&&&&&&&.6072&&&&&&&&&&&&&&&&&&&&&&&&&&.655C

+D7&EFGB@&?"9H%; /7160 &&&&&&5.6. 506C &&&&&& &&&&&&/106.
,F&EFGB@&?"9H%; 1.6- &&&&&07063 &&&&&&&&&3.361 &&&&&&/1768

I



 66 

 
 

Gas exchange 
 

PaCO2 
 

The PaCO2 was higher in group-CO2 at steady state after established pneu-
moperitoneum. In the remaining measurement points, there was not a differ-
ence between the groups. In group-CO2, the level of PaCO2 increased by a 
median 0.23 KPa (3.8%, P=0.016) from SSPP to BVC and did not change 
until it fell by a median 0.27 KPa (4.0%, P=0.016) between the last two 
measurements in the experiment. In group-Ar, the rise happened between the 
BVC and AVC, during the resection where the PaCO2 increased by median 
1.48 KPa (26.6%, P=0.039). The PaCO2 then decreased again between the 
AVC and PPP by a median 0.77 KPa (10.9%, P=0.039). There was a trend to 
further reduction in PaCO2 between the last two measurements in group-Ar 
(P=0.055) (Figure 39).  

PaO2  
 
The PaO2 fell in both group-Ar and group-CO2, between the steady state 
after established pneumoperitoneum to the measuring point before the vein 

Figure 39. Box plot showing left, PaCO2 and right, PaO2. Clear boxes represent 
interquartile range in group-CO2 and grey boxes group-Ar. Median is presented as a 
line and the whiskers represent the 10th and 90th percentiles. Significant differences 
between the groups are marked with*. No difference was found in PaO2 between the 
groups. 
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injury, by a median 4.1 KPa (25%, P=0.016) and 2.1 KPa (13.2%, P=0.031), 
respectively. There was trend toward a further fall in group-Ar during the 
resection, by 6.05 KPa (49.2%, P=0.078). The PaO2 turned between AVC 
and PPP and increased by 7.35 KPa in group-Ar; however, it was unchanged 
in group-CO2. A further rise in PaO2 was seen between the last two measur-
ing points in both groups; by a median 2.0 KPa in group-Ar (P=0.014) and a 
median 1.9 KPa in group-CO2 (P=0.031). No significant differences were 
seen between the groups regarding PaO2 (Figure 39 right). 
 

 

End-tidal CO2 
 
When the steady state after estab-
lished pneumoperitoneum was 
reached, there was a difference in 
end-tidal CO2 between the groups. 
The difference was significant until 
the last measurement at the thirtieth 
minute after the release of IAP 
(P<0.032). The only change in the 
group-CO2 was seen between the 
AVC and PPP where there was an 
increase in end-tidal CO2 of median 
0.1 KPa (P=0.049). On the other 
hand, in group-Ar, there were 
changes seen in end-tidal CO2, with 
a decrease between SSPP and BVC 
and increase between AVC and 
PPP; median 1.3 KPa (25.7%, 
P=0.016) and 1.2 KPa (27.9%, 
P=0.008), respectively (Figure 40).  

pH 
 
There was a difference by 0.065 in pH between the groups in the beginning, 
at the steady state after established pneumoperitoneum (P=0.010). There was 
a trend towards difference at the first part of the operation, before the vein 
injury (P=0.058). There was a decrease in pH, resulting in acidosis in both 
groups between SSPP and BVC, by a median 0.068 (P=0.047) in group-Ar 
and a median 0.067 (P=0.022) in group-CO2. A further reduction occurred 
by a median 0.010 between BVC and AVC in group-Ar (P=0.022). Between 
the last two measurements, there was a rise in pH in both groups (P<0.030). 

Figure 40. Box plot showing end-tidal 
CO2. Clear boxes represent interquartile 
range in group-CO2 and grey boxes 
group-Ar. Median is presented as a line 
and the whiskers represent the 10th and 
90th percentiles. Significant differences 
between the groups are marked with*. 
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Group-Ar did end above 7.40 in pH; however, group-CO2 remained in aci-
dosis with a median pH value of 7.39. There was a strong correlation be-
tween the decrease in pH and the number of embolisms in group-Ar; Spear-
man’s partial correlation coefficient r≤-0.685 with P≤0.005 (Figure 41). 

 

Study IV 
 
There was no significant variation between the groups in weight of animals, 
median 27.5 kg (22.5–28.1 kg) in group-L and 28.1 kg (23.5–33.0 kg) in 
group-S (P=0.270), or in weight of the removed liver, median 121.5 g (89–
162 grams) in group-L and 115 g (88–161 g) in group-S (P=0.668).  
 

Figure 41. Left: Box plot showing the pH. Clear boxes represent the interquartile range in 
group-CO2 and the grey boxes in group-Ar. Median is presented as a line and the whiskers 
represent the 10th and 90th percentiles. Significant differences between the groups are 
marked with *. Right: delta pH is shown for each animal. Each red line represents one 
animal in group-Ar, and each black line represents an animal in group-CO2. The total 
number of embolisms is shown in % of total operation time for each animal.  
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Operating time 
 
The use of staples for resection shortened the operation time by a median 7 
min (42%, P=0.004). The operation time for group-L was a median 16.5 min 
(from 12 to 22 min) and for group-S, a median 9.5 min (from 6 to 19 min).  

Bleeding 
 
There was less bleeding in group-S, median 133.5 mL (range: 113-170 mL) 
compared to median 182.5 mL (range:113-448 mL) in group-L (P=0.021).  

Embolism 
 
All animals in group-L 
showed grade 1 embolisms 
during the operation; how-
ever, only two animals in 
group-S had grade 1 embo-
lisms (P<0.001). These 
embolisms were of 6 s 
variation in one animal and 
11 s in the other. Grade 2 
embolisms were registered 
in one animal in group-L 
and none in group-S.  
The length of embolisms in 
both groups as a percent of 
the total operation time is 
presented in Figure 42. The 
median length of grade 1 
embolism in group-L was 
10.4% (3.3–29.0%), and in 
group-S, it was 0% (0–
3.1%) (P<0.001)  
 
 
 
 
 
 

Figure 42. Box plot showing embolism as a 
percent of total operation time. Clear boxes 
represent interquartile range in group-S and 
grey boxes group-L. Median is presented as 
a line and the whiskers represent the 10th 
and 90th percentiles. A significant difference 
was calculated. 
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Gas exchange 
 

PaCO2 
 
PaCO2 was not different between the 
groups throughout the whole experi-
ment (P>0.451). Both groups had 
increased PaCO2 with introduction of 
CO2 pneumoperitoneum; median 0.95 
KPa in group-L and 0.85 KPa in 
group-S, P=0.013 and P=0.014, re-
spectively. There was no change in 
PaCO2 until after release of pneu-
moperitoneum when it decreased; 
however, at the end of the experiment, 
the level of PaCO2 was still > 0.4 KPa 
higher than the baseline value 
(P<0.015) (Figure 43). 
 

PaO2 
 
As with PaCO2, there were no differ-
ences in PaO2 between the groups 
through the whole experiment 
(P>0.462). There was a trend for de-
crease in PaO2 in group-S between 
SSPO and SSPP (P=0.078), or be-
tween SSPP and 5 min into the opera-
tion (P=0.055). However, in group-L, 
there was a significant fall at these 
time points, P=0.014 and P=0.039, 
respectively. Both groups had an in-
crease in PaO2 at the thirtieth minute 
after the release of pneumoperitoneum 
(P≤0.050). The PaO2 had not reached 
the basic value in group-L at the end 
of the experiment (Figure 44). 
 

Figure 43. Box plot showing PaCO2. Clear 
boxes represent interquartile range in group-
S and grey boxes group-L. Median presented 
as a line and the whiskers represent the 10th 
and 90th percentiles. No differences were 
found between the groups. 

 

Figure 44. Box plot showing PaO2. Clear 
boxes represent interquartile range in 
group-S and grey boxes group-L. Median is 
presented as a line and the whiskers repre-
sent the 10th and 90th percentiles. No differ-
ences were found between the groups. 
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End-tidal CO2 
 
The end-tidal CO2 did not vary 
between the groups at any time 
during the whole experiment 
(P>0.166). There was increased 
end-tidal CO2 at SSPP in both 
groups by a median 0.5 KPa 
(P<0.022). After SSPP, there was 
no change in the groups until after 
the release of gas from the abdomi-
nal cavity and in the following 30 
min when the end-tidal CO2 de-
creased and came down to baseline, 
pre-operative levels again 
(P>0.552) (Figure 45). 
 
 

pH 
 
There was no difference between 
the groups throughout whole ex-
periment (P>0.139).  
A decrease in pH was seen after 
established pneumoperitoneum in 
both groups (P=0.001) by a median 
0.080 in group-L and 0.075 in 
group-S. After that, there was no 
significant change within the 
groups or until the deflation of CO2 
from the abdominal cavity. At that 
point, there was an increase in pH 
that continued until the end of the 
experiment. The pH did not reach 
pre-operative values before the 
experiment was terminated in either 
group. Although the animals in 
both groups had decreased pH, the 
median value rarely fell below 
7.40. However, there were some 
individual animals in both groups 

Figure 45. Box plot showing end-tidal CO2. 
Clear boxes represent interquartile range in 
group-S and grey boxes group-L. Median is 
presented as a line and the whiskers repre-
sent the 10th and 90th percentiles. No differ-
ences were found between the groups. 

 

Figure 46. Box plot showing pH. Clear boxes 
represent interquartile range in group-S and 
grey boxes group-L. Median is presented as 
a line and the whiskers represent the 10th and 
90th percentiles. No differences were found 
between the groups. 
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falling under 7.40 at some point. 
The lowest value in group-S was 
7.34, and in group-L, it was 7.32 
(Figure 46). 
 

Systemic hemodynamics 
 

Mean arterial pressure 
 
No difference in MAP was found 
between the groups (P>0.195). 
There was an increase in MAP 
with the introduction of CO2 to the 
peritoneal cavity in both groups. In 
group-L, this was detected as an 
increase by a median 13.2 mmHg 
(17.3%), and in Group-S, it was a rise by a median 15.2 mmHg (20.1%); 
P=0.008 for both groups. A trend was registered for a fall in MAP between 
the fifth and tenth minutes of the operation in group-L (P=0.055). For group-
S, there was a slight increase in 
MAP between the tenth and twen-
tieth minutes after release of the 
gas from peritoneum (P=0.023) 
(Figure 47).  
 

Heart rate 
 
At only one measuring point was 
there a statistical significant differ-
ence in HR between the groups 
and that was at the twentieth 
minute after release of the 
pneumoperitoneum (P=0.037). 
Group-S had a faster HR of 12 
beats/min. The only change within 
the groups was registered in 
group-L between PPP and PPP10. 
There was a decrease in HR by 5 
beats/min, from 77 to 72 

Figure 47. Box plot showing MAP. Clear 
boxes represent interquartile range in group-
S and grey boxes group-L. Median is pre-
sented as a line and the whiskers represent 
the 10th and 90th percentiles. No differences 
were found between the groups. 

 

Figure 48. Box plot showing HR. Clear boxes 
represent interquartile range in group-S and 
grey boxes group-L. Median is presented as a 
line and the whiskers represent the 10th and 
90th percentiles. Differences between the 
groups are marked with *. 
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beats/min (P=0.045). No variation was found in group-L between the HR at 
the beginning and the end of the experiment (P=0.146); however, in group-S, 
the difference was 11 beats/min 
(P=0.009) (Figure 48).  
 
 
 

Central venous pressure 
 
No difference in CVP was 
detected between the groups 
during the whole experiment 
(P>0.382). There was an increase 
in both groups with introduction 
of CO2 to the abdominal cavity. 
In group-L, the CVP rose from a 
median 7 to 12 mmHg (71%) and 
in Group-S from 6 to 13 mmHg 
(116%); P<0.001 for both groups. 
The CVP fell after the release of 
IAP and in group-L returned to 
preoperative levels; however, in 
group-S, there was a difference 
of a median 1 mmHg (P=0.033) 
(Figure 49).  
 

Pulmonary hemodynamics 
 

Mean pulmonary arterial 
pressure 
 
 MPAP did not differ between 
groups during the experiment 
(P>0.084). Values increased after 
the insufflation of CO2 in the 
abdominal cavity in both groups. 
The increase was a median 7.1 
mmHg in group-L and 5.1 mmHg 
in group-S, P<0.001 for both 
groups.  
The animals in group-S then 

Figure 49. Box-plot showing CVP. Clear 
boxes represent interquartile range in group-
S and grey boxes group-L. Median is pre-
sented as a line and the whiskers represent 
the 10th and 90th percentiles. No variation 
was registered between the groups. 

 

Figure 50. Box plot showing MPAP. Clear 
boxes represent interquartile range in group-
S and grey boxes group-L. Median is pre-
sented as a line and the whiskers represent 
the 10th and 90th percentiles. No difference 
was registered between the groups. 
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showed a fall in MPAP during the first 5 min of the resection, by a median 
2.5 mmHg (P=0.032). Within both groups, there was a gradual fall with a 
return to pre-operative levels at PPP (Figure 50). 
 

Pulmonary vascular resistance 
 
Ten minutes into the operations, there was a difference in PVR between the 
groups (P=0.033). This was the only measurable difference in PVR between 
the groups during the whole experiment. The difference was a median 144.1 
dyn*s*cm-5. No changes within the groups were great enough to give sig-
nificant difference in PVR between the groups (P>0.061) (Figure 51). 

 

  
 
 

Figure 51. Box plot showing PVR. Clear boxes represent interquartile range in 
group-S and grey boxes group-L. Median is presented as a line and the whiskers 
represent the 10th and 90th percentiles. Differences between the groups are marked 
with *. 
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Discussion, findings, and implications 

Study I 
 
The aim of this study was to evaluate two transectional techniques of the 
liver with the endpoints of amount of bleeding and number of embolisms.  
The main results from this study were that both combinations of Li-
gasure™/CUSA™ and Autosonix™/CUSA™ are safe to use for division of 
the liver parenchyma. No animal death was related to the choice of instru-
ments. These instruments have been used in liver resections in humans and 
shown to be effective, without jeopardizing patient safety4, 7, 31, 87, 96, 213-217.  
There was more bleeding during the resection with UltraCision than with the 
vessel sealing system (P=0.020). Despite this difference, there were no more 
intra-operative problems in group-US.  
A proposed reason for more bleeding in group-US is based on the different 
design of these instruments. The Ligasure™ is made as a U-shaped sealing 
contact; i.e., the sealing does work at the tip of the instrument as well, and 
the knife that divides the tissue after sealing does not extend to the tip of the 
instrument. If the surgeon has grasped a bigger vascular structure with the 
Ligasure™ without completely getting the vessel into the grasping capacity 
of the instrument, the described feature would close the remaining vessel in a 
way that would likely avoid bleeding. In contrast, in the same situation, the 
Autosonix™ would not seal the remaining vessel, with subsequent bleeding. 
It has to be stressed that bleeding from bigger vessels in the way described 
happened in both groups. When this occurred with Ligasure™ use, it was 
because the instrument stuck to the tissue after activation. Cleaning of the 
instrument prevented this problem.  
The ergonomic qualities of the Autosonix™ were somewhat poorer than 
those of the Ligasure™, mainly because of the awkward design of the 
handle. Of course, this is a preference of each surgeon, and no study has 
been done to confirm this point of view. The correct use of these instruments 
is a major factor in obtaining the desired results. The surgeon’s skill is a 
source of bias in this context. 
Two observers independent of each other carried out the evaluation of the 
bleeding. In the published article, their agreement is presented as a correla-
tion of their evaluation. This is not the correct way to present agreement and 
could not be corrected before the article was published. The correct way to 
establish the quality of agreement is by measuring the Cohen’s kappa. In-
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stead of measuring the degree to which two variables change together, as 
correlation does, the kappa measures the degree of actual agreement of these 
two variables. The kappa for the observers in this study was 0.68 (CI: 0.53–
0.82), which is interpreted as good agreement. Calculating bleeding in a.u. as 
done in the published article is questionable method since the variable is 
strictly a categorical, ordinal type. By counting the observation the variable 
is changed to numerical, discrete and difference can be calculated. With this 
method the same results were found showing more bleeding in group-US. 
There was a trend toward a shorter operating time (P=0.080) in group-VS 
that would be expected with less bleeding in that group because of presuma-
bly less time spent controlling bleeding and removing blood from the surgi-
cal field.  
Our group has, with the same model, published a study comparing these 
instruments and others by performing smaller incisions that did not reach the 
bigger vessels in the liver210. These results did not show any differences be-
tween the instruments that were tested in our experiment regarding bleeding 
or operation time. However, contrary to the present study results, there was a 
longer total embolism time in the case of Ligasure™ compared to 
Autosonix™. Of interest, a clinical study of 50 patients randomized between 
open surgery with a clamp-crushing technique or CUSA™ revealed more air 
embolism during the use of CUSA™, 70% versus 100%, respectively218. 
In study I, there was a trend toward more grade 1 embolisms in group-US 
(P=0.080). No difference was found between the groups regarding grade 2 
embolisms. This did not lead to any major intra-operative clinical problems 
compared to group-VS. A more thorough analysis of these same animals 
regarding embolisms has been published elsewhere, and the results showed 
hemodynamic and respiratory changes mainly during grade 2 embolisms188.  
 
With these findings, both the combination of CUSA™/Ligasure™ and 
CUSA™/Autosonix™ can be used safely during laparoscopic liver surgery. 
However, there was reduced bleeding during the use of the Ligasure™ com-
bination and that has to be weighed in the process of choosing between these 
instruments. The following studies were conducted with the favorable com-
bination found in this study.  
 
 

Study II 
 
This study was designed to evaluate the different effects of high and low IAP 
on bleeding and occurrence of embolism during LLR. The pressure level 
during LLR is variable among centers5, 7, 10, 32. Some authors have advocated 
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the use of high IAP (18 to 20 mmHg)10 mainly to reduce bleeding. Animal 
studies have shown reduced bleeding with 15 mmHg IAP122. The value of 16 
mmHg is just above the recommended maximum level of pneumoperiton-
eum for a general laparoscopic procedure and was the pressure of choice in 
group-H. The lowest pressure of CO2 pneumoperitoneum during liver 
surgery reported is 8 mmHg7 and that became the pressure of choice for 
group-L.  
CO2 is the gas of choice because it has relatively good solubility in blood125. 
Even so, there are reported fatal and near-fatal incidences of CO2 embo-
lisms167, 169-173, 176, 185, 199. 
The point of deliberate vein injury was to simulate a situation when 
accidental injury happens to a vein with special attention to the fact that 
during high pressure, it could take time to notice the damage. Three minutes 
were chosen for the vein to be held open, as an open vein that is partly 
withdrawn into the liver parenchyma by accidental division can be difficult 
to detect, and even more so if it does not bleed. The combination of CUSA™ 
and Ligasure™ was the technique of choice, demonstrated as more favorable 
in study I.  
The primary endpoints of this study were the amount of bleeding and the 
number of embolisms. The outcome of these variables is of great interest for 
laparoscopic liver surgery because one of the major hazards during LLRs is 
bleeding. The fear of embolisms and a potential lethal outcome is evident7, 10, 

31, 32, 214, although few reports of clinically significant gas embolisms exist in 
connection with laparoscopic liver surgery6, 49, 183-185.  
More embolisms were observed with TEE in group-H, where all animals 
showed grade 1 embolisms (median 14.2% of operation time) and 5/8 grade 
2 (median 2.3% of operation time). In group-L, only two animals had grade 
1 embolism and only for a very short time. Most of the embolisms happened 
after division of the left vein, in accordance with findings by Schmandra et 
al186 and in contrast to findings by Jayamara et al219, who identified 
embolisms mainly during dissection around the big vein and occasionally 
during parenchymal division. The study by Schmandra et al186 comparing an 
open (n=7) versus laparoscopic (n=7) approach in pigs showed embolisms 
(correlating to grade 1 in our study) in all seven animals in the laparoscopic 
group with an IAP of 12 mmHg. Four animals in the same study showed 
cardiac arrhythmias in contrast to our findings.  
A good agreement was calculated between the observers that evaluated the 
bleeding from the operation recordings. The bleeding was reduced with high 
IAP (P=0.016). Most bleeding happened during the vein injury in both 
groups, although the bleeding was less in the high pressure group. The calcu-
lation of bleeding in a.u. as done in published article is questionable since 
the variables are strictly categorical, ordinal. By counting the observations 
the variables were converted to a numberical, discrete and could be used to 
calculate the difference between the groups. The same results were found 
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with significant higher number of observed grade 1 and 2 bleeding in group-
L and significant less grade 0 observations in the same group. 
The changes in hemodynamic parameters within group-L reflected the 
effects of hypovolemia, with lowering of MAP and lowering of CO, 
although the differences were not significant between the two groups. The 
CVP also decreased, and all these parameters were lower than the pre-
operative values at the end of the experiment in group-L. The same effect 
was seen on the pulmonary circulation in that group. Surprisingly, there was 
no increase in HR. HR in group-H was unchanged as well, and there was no 
variation between the groups. Changes in HR by CO2 pneumoperitoneum 
have been variable and contradictory between studies although many results 
are in agreement with ours and report no change101, 104, 105, 107, 128, 130-132, 205. No 
cardiac arrhythmias were detected. Tachycardia and bradycardia have been 
reported by others117, 129, 133, 188. The CVP was higher in group-H, as expected 
from a higher IAP pressure. The CVP changed in the same way as in group-
L; however, unlike group-L, it was back to pre-operative values at the last 
measurement of the experiment. By analyzing the IAP–CVP gradient in our 
animals, most of the time we found a positive difference between IAP and 
CVPmean both in animals that had embolism and those that did not. The main 
difference was that the animals in group-H had a steeper gradient of 5–8 
mmHg compared to 0–3 mmHg in group-L. We identified a negative IAP–
CVPmean gradient in an animal that had embolism in group-L and a >10 
mmHg gradient in animals that had a limited number of embolisms in group-
H. Hence, the occurrence of embolisms in the presence of an open liver vein 
depended on more than just a negative IAP–CVP gradient. Jayamara et al219 
studied three groups of pigs through left hepatectomy with different IAP–
CVP gradients and found no difference between the groups regarding 
number of embolisms. A question has been raised about the role of other 
physical components like the Venturi effect; however, this issue was not 
addressed in the current study.  
The MAP increased with the introduction of raised IAP as has been shown 
by some other authors101, 104, 105, 107, 126, 128, 130-132, 205, 220. The CO did not 
change at all in group-H. With no change in CO and HR, we can estimate 
that SV was not changed because CO=SV*HR. The change in MAP then has 
to be the result of the increase in the SVR because MAP=SV·HR·SVR. 
MAP changes in group-H were too weak to lead to a significant difference 
between the groups. Mayer et al221 found a dose-dependent relationship be-
tween the number of embolisms and the change in MAP, where an embolus 
of 0.3 mL/kg·min led to an increase, 0.75 mL/kg·min did not have any ef-
fect, and an embolus of 1.2 mL/kg·min led to a decrease in MAP. They also 
found an increase in MPAP in all three groups. 
Many authors have shown MPAP to rise with CO2 pneumoperitoneum of 7–
16 mmHg pressure102, 104, 105, 107, 117, 126, 129-133, 188, 222. In the present study, the 
MPAP rose after establishing the pneumoperitoneum in group-H (P=0.008), 
and there was also a trend to an increase in group-L (P=0.055). The groups 
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differed significantly during the first part of the operation, and there was a 
correlation between the number of embolisms and the rise in MPAP (Figure 
37). The gas embolisms probably formed a “gas lock” in the circulation, thus 
diminishing capacity and increasing pressure in the circulation. Enough 
volume can lead to obstruction of right ventricular outflow. One possible 
explanation of this rise in MPAP could be a vasoconstrictive response to 
hypoxemia223. There was a trend to an increase in PVR after 
pneumoperitoneum was established and again at AVC in group-H.  
Other studies have shown that the PaCO2 increases with CO2 pneumo-
peritoneum101, 104, 106, 107, 117, 119, 126-129, 131, 132, 188, 205, 220. The same happened in 
both groups, with more effect in the high pressure group. During the 
resection, the PaCO2 in group-H increased even more, and there was 
significant variation between the groups right from the first measurement 
(BVC). The groups differed even after the release of IAP and at the last 
measurement in the experiment, indicating persistent disturbances of gas 
exchange in group-H. No such disturbances were noted in group-L. With the 
rise in PaCO2, there was a decrease in PaO2, as has been reported 
previously101, 104, 105, 131, 188, although the difference between the groups was 
not significant until after the release of the pneumoperitoneum.  
A decrease in pH was followed by acidosis in group-H, but the median value 
in group-L did not fall under normal values for a pig (7.40–7.53)224. Both 
lower pH and hypercapnia influence the oxygen–hemoglobin dissociation 
curve by shifting it to the right, i.e., lowering the affinity for O2. 223 
The end-tidal CO2 was not different between the groups. Because end-tidal 
CO2 changes are rapid and last for a short period188, 221 and measurements by 
our method were pre-fixed during the experiment, a change in end-tidal CO2 
could easily be missed in connection with the embolisms. There was a dif-
ference between end-tidal CO2 after release of the pneumoperitoneum, with 
an increase in animals in group-H. With the constant high PaCO2 in group-
H, a high end-tidal CO2 would also be expected; however, the effect of em-
bolism with reduction in end-tidal CO2

221, 225 could explain why there was 
not a difference between the two groups during resection. At BVC, there was 
a great variation in group-H because of three animals that experienced de-
creased end-tidal CO2. These same animals showed the highest number of 
embolisms. 
Mayer et al221 studied effects of different amounts of continuous injection of 
CO2 in 15 pigs. They found a sudden fall in end-tidal CO2 at the start of in-
fusion of the CO2 embolus and a rise after that. No pattern of changes in end-
tidal CO2 was found that would be helpful for detecting fatal embolisms in 
the animals that died.  
Standard monitoring during LLR is typically focused on the systemic circu-
lation (AP, CVP, pulse rate) in combination with end-tidal CO2 measure-
ment. Although such measurements are usually sufficient to evaluate bleed-
ing, gas embolism does not affect these parameters until very late. An initial 
decrease in the pulmonary gas exchange decreases the end-tidal CO2. During 
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a later phase, CO2 accumulation in the blood increases PaCO2, and eventu-
ally end-tidal CO2 also rises. These changes can be very rapid, and only very 
close monitoring will detect ongoing embolism, making end-tidal CO2 an 
unreliable method for detection of gas embolism. Online blood gas meas-
urements may be the best monitoring strategy because these measurements 
immediately identify clinically significant gas at a stage when necessary 
steps (lowering IAP, identification of open venous vessels) can be taken.  
Higher IAP does lead to less bleeding but with an increase in gas embolisms 
although none of these had a devastating outcome on the healthy animals in 
this study.  
 
 
 

Study III 
 
This study was designed to compare the effects of Ar and CO2 embolisms on 
gas exchange and circulation during experimental LLR. With Ar pneumo-
peritoneum instead of Ar beamer, the danger of Ar embolism could be 
studied without the disturbance of the somewhat unstable flow of the Ar 
beamer. The same setup of the animal model as in study II was used, with 16 
mmHg pressure in the abdomen in both groups but Ar instead of CO2 in one 
group. 
Argon enhanced coagulation (AEC) is a well-known method to acquire he-
mostasis during liver surgery. The Ar gas carries the electric charge to the 
tissue, resulting in a coagulating effect to the surface. The safety of AEC has 
been discussed226, and by using the AEC during laparoscopic surgery, a haz-
ardous situation can arise with increased risk of Ar embolisms227. There have 
been near-fatal and fatal outcomes reported from Ar embolisms in this 
way168, 199, 201, 202, 228-231. The danger of Ar “pushing” out or replacing the CO2 
has been addressed202. The increased pressure of Ar turns off the automatic 
flow of the insufflator, and no CO2 is added to the abdominal cavity. This 
would then lead to pneumoperitoneum mainly of Ar gas and the possibility 
of higher IAP than the cut-off value of the insufflator226. Even so, not all 
surgeons have abandoned the use of Ar and still advocate cautious use dur-
ing LLR232, 233. The presented model could be assessed as somewhat extreme 
because Ar would probably not reach 100% in the clinical circumstances 
used in this study; however, there was not the possibility of measuring the 
amount of Ar in the abdomen or for that matter surrounding the liver surface 
during clinical use of AEC. The stream of Ar from the AEC can, per se, lead 
to Ar embolism if used on an open vessel.   
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The number of embolisms was the same in both groups during the experi-
ment (P=0.879). Although there was not a major focus on the bleeding in 
this study, we had to ensure no differences between the bleeding in the 
groups because that could influence the results of hemodynamic measure-
ments. Blood and fluid measured from the suction of CUSA™ and from the 
abdomen after the experiment composed the total bleeding in each animal. 
No differences were found in bleeding (P=0.500). The possible bias with 
regard to excess fluid in some of the animals’ abdomens is recognized.  
The groups did not differ in MAP except at AVC where group-Ar had a fall 
of a median 20.3 mmHg. With that, the HR increased in group-Ar between 
BVC and AVC, as expected, but there still were no differences between the 
groups regarding HR. The calculated SVR showed a trend (P=0.071) toward 
a fall in group-Ar during the resection. CO decreased in group-Ar during the 
resection (P=0.028), indicating that the MAP fell because of a fall in stroke 
volume.  The HR increased, the SVR decreased and MAP decreased during 
the resection in group-Ar; thus, since MAP=SV·HR·SVR there must be 
some decrease in the SV. This decrease was confirmed with measurements 
in which SV did differ between the groups between BVC and AVC. 
Eisenhauer et al136 have described a 25% fall in SVI (SVI=CO/HR/weight in 
kg) during Ar pneumoperitoneum. They also showed an increase in SVR, in 
contrast to the present findings.  
The CVP was higher in group-Ar at AVC and again at the last measuring 
point in the experiment. Both groups showed steady CVP during the 
resection and had a decrease, as expected, with the release of 
pneumoperitoneum. 
There was higher MPAP in group-Ar at AVC (P=0.050) and a correlation 
between the number of embolisms and the rise in MPAP at AVC. A similar 
change was seen in PVR with variation between the groups at AVC and a 
strong correlation between embolism and increase in PVR. These changes 
were more prominent in group-Ar and can partly be explained from longer 
lasting effects of blockage by Ar in the pulmonary circulation and a possible 
increase of neural, neurohumoral, cellular, and humoral vasoactive mediators 
influencing PVR and thus PAP. No change was observed in PVR in group-
CO2, although increased resistance during CO2 embolism has been previ-
ously described225.  
Mann et al234 also found no difference in PAP and MAP between Ar and 
CO2 pneumoperitoneum. Results from the embolism part of their study were 
in agreement with the changes identified in the current work in PAP and 
MAP between Ar and CO2 embolism with emboli sizes at 0.4 mL/kg and 2.0 
mL/kg, respectively. These same changes were also confirmed by Junghans 
et al235. 
PaCO2 was higher in group-CO2 at steady state after established pneumo-
peritoneum, as would be expected because of diffusion of CO2 from the 
peritoneum to the blood circulation234. There was an increase in both groups 
during the resection with the highest value at AVC when most of the 
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embolisms happened; however, there was no variation between the groups. 
PaO2 fell in both groups and returned to baseline levels at the end of the 
observation time. No differences were observed between the groups 
regarding PaO2. The end-tidal CO2 was higher in group-CO2, as expected 
from the diffusion of CO2. During the operation, the end-tidal CO2 fell in 
group-Ar, reflecting the effect of Ar embolism on gas exchange.  
After established pneumoperitoneum, the groups differed in pH as a reflec-
tion of high PaCO2. During the operation, group-Ar showed a decrease, but 
the groups did not differ through the remainder of the experiment. This fall 
in the Ar group was the result of embolisms, and there was a strong correla-
tion between the number of embolisms and a fall in pH. 
The solubility of Ar in blood (Ostwald’s solubility: 0.0281 mL/mL human 
plasma) is less than CO2 (0.582 mL/mL human plasma)125; therefore, more 
profound and sustained effects are expected to occur with the same amount 
of gas embolism when comparing Ar versus CO2 embolism, providing the 
likely physiological explanation for the results obtained in our study. Al-
though we eliminated the direct flow of Ar into the liver tissue, the replacing 
of CO2 with Ar gas in the abdomen caused serious changes when gas embo-
lism occurred although not leading to death in any of the healthy animals 
operated on in this study.  
If Ar gas is used, great care is necessary along with careful monitoring of the 
patient during LLR. 
 
 

Study IV  
 
Two techniques for division of the liver parenchyma have been tested in this 
study. This animal study was design to evaluate the bleeding and number of 
potential embolisms during left lateral liver resection, by staple technique 
(Endo-GIA™) versus Ligasure™ and CUSA™.  
The staple device has been used within the disciplines of gastrointestinal 
surgery for 100 years236. In the last two decades, the staple instrument has 
become readily available and user friendly. The use in hepatic surgery was 
mainly for securing the vascular closure237-246 or resection of cysts245, 247; 
however, reports are now emerging including the use of the staple device as 
an aid to transect the liver92, 248-251. With the use of staples, one can expect 
closure of all luminous structures, thereby reducing the bleeding, bile leak-
age, and possible gas embolisms. 
There was a 42% shorter operating time with the staple device technique 
(P=0.004). There was more bleeding documented after resection with 
Ligasure™ and CUSA™.  
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The porcine liver is thinner than the human liver, with a maximum thickness 
of 3 cm in the chosen line of resection. As observed earlier, the staple can 
manage a human liver of 2.5 cm thickness250. There was an obvious crushing 
effect of the stapler at times that did introduce bleeding. When crushing 
happens, it leaves a part of the resection line outside the staple edge and thus 
invites bleeding and possible gas embolisms through these unclosed vascular 
structures. The technique for using the staple device in a thick human liver is 
to divide the parenchyma down to the bigger structures with another 
instrument and then use the staple on the larger vasculature. Tunneling is not 
recommended because it can lead to uncontrollable bleeding252, 253.  
Group-L had more embolisms (P<0.001). The median length of grade 1 em-
bolisms in this group was 10.4% (3.3–29.0%) of the operation time versus 
median 0% (0–3.1%) in Group-S. All animals in group-L had embolism and 
two in group-S did. We are not aware of any other study that has been con-
ducted to look at embolisms in the context of the staple technique. There is 
one survival animal study on a porcine model that examined the efficacy of 
the staple device for division in LLR. The endpoints in that study were oper-
ating time, bleeding, and bile leakage intra-operatively and post-
operatively254. The authors found similar results in the groups regarding end-
points although there was a trend towards more bleeding in the staple group, 
in contrast to our findings. An experimental study suggested the use of bio-
absorbable reinforcement with stapling that resulted in less biliary leakage 
and less bleeding255. Another experimental study was published earlier in 
which open resection of the left liver lobe was undertaken with either the 
“finger fracture” technique or staples256. No difference was found between 
the two techniques regarding operation time or bleeding. A time-sparing 
effect of the staple technique has reported in a clinical trial where the warm 
ischemic time was also reduced248. A longer operation time and more bleed-
ing are related to poorer outcomes257, 258. 
The rise in MPAP has been a good indicator of gas embolism. There was just 
a trend towards a rise in MPAP, in group-L, at the fifth minute in the opera-
tion (P=0.084); however, the groups differed regarding PVR at the tenth 
minute, which can represent an effect of the embolisms in group-L. Our 
group previously showed that grade 2 embolisms are what is mainly re-
flected in a change of these parameters188. In the current study, the embolism 
was not sufficient to elicit considerable changes in the pulmonary hemody-
namics. No inter-group differences were recorded in the systemic hemody-
namics or in the gas exchange. The previously described effects of CO2 
pneumoperitoneum were seen in both groups.  
We found advantages in using the staple device in terms of reducing the 
operating time, bleeding, and gas embolisms during LLR. An appropriate 
thickness of liver has to be chosen if the staple device is to include all struc-
tures and prevent crushing of the tissue. 
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Conclusions 

Both combinations of CUSA™/Ligasure™ and CUSA™/Autosonix™ can 
be used for laparoscopic liver resection. Intraoperative bleeding is less with 
the CUSA/Ligasure combination. Parenchymal stapling reduces operating 
time, bleeding, and gas embolism during LLR compared to the combination 
of CUSA™/Ligasure™.  
 

 
Higher intraabdominal pressure reduces bleeding but with an increased risk 
for gas embolism during LLR. Standard intraoperative monitoring is 
generally focused on systemic hemodynamics, peripheral oxygenation and 
end-tidal CO2 measurements. Online blood gas measurements and TEE are 
more sensitive for early detection of gas embolism. 
 
 
 Argon gas embolism causes more disturbances of the pulmonary circulation 
and gas exchange in comparison to CO2 gas embolism. It is doubtful if 
Argon gas should be used during LLR, and if so, careful monitoring of the 
patient is necessary. 
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Appendix A. 

 
Effect of pneumoperitoneum on systemic hemodynamic shown in other stud-
ies. 
The table shows how the hemodynamic variables change with pneumoperi-
toneum; (): increase, (): decrease, and (): no change. 
Author PP (mmHg) n Subjects MAP CVP HR CO 
Volpino et al101 12-15 120 Human - -  - 
Richard et al 205 12 20 Pigs  -   
Lister et al128 15 12 Pigs  -   
Ho et al126 15 8 Pigs  - -  
Ho et al 259 15 8 Pigs     
Junghans et al117 16 18 Pigs     
Horvath et al107 15 24 Pigs     
Myre et al132 15 11 Human  -   
Myre et al133 15 8 Pigs  -   
Bannenberg et al130 15 8 Pigs  -   
Anderson et al129 11-13 8 Human     
Fors et al188 16 15 Pigs     
Windberger et al104 14 10 Pigs  -   
Shuto et al119 16 16 Pigs  - -  
Windberger et al106 12 9 Pigs  -  - 
Rademaker et al105 15 8 Pigs     
Hung et al220 15 8 Pigs  - -  
Rasmussen et al222 15 11 Pigs   -  
McDermott et al131 12 12 Pigs  -   
McLaughlin et al260 15 18 Human   -  
Volz et al261 14 (18) 6(5) Pigs () ()   
 



 88 

Appendix B. 

Registration form. 
 



 89 

References 

1. Poston G. Staging of advanced colorectal cancer. Surg Oncol Clin N Am. 
2008; 17(3): 503-17. 

2. Duxbury MS, Garden OJ. Giant haemangioma of the liver: Observation or 
resection. Dig Surg. 2010; 27: 7-11. 

3. Adam R, Wicherts DA, Haas RJd, Ciacio O, Le´vi F, Paule B, et al. Patients 
with initially unresectable colorectal liver metastases: Is there a possibility of 
cure? J Clin Oncol. 2009. 

4. O'Rourke N, Fielding G. Laparoscopic right hepatectomy: surgical technique. J 
Gastrointest Surg. 2004; 8(2): 213-6. 

5. Vibert E, Perniceni T, Levard H, Denet C, Shahri NK, Gayet B. Laparoscopic 
liver resection. Br J Surg. 2005; 93(1): 67-72. 

6. Dagher I, Proske J, Carloni A, Richa H, Tranchart H, Franco D. Laparoscopic 
liver resection: results for 70 patients. Surg Endosc. 2007; 21: 619-24. 

7. Mala T, Edwin B, Rosseland AR, Gladhaug I, Fosse E, Mathisen O. 
Laparoscopic liver resection: experience of 53 procedures at a single center. J 
Hepatobiliary Pancreat Surg. 2005; 12(4): 298-303. 

8. Kaneko H, Takagi S, Otsuka Y, Tsuchiya M, Tamura A, Katagiri T, et al. 
Laparoscopic liver resection of hepatocellular carcinoma. Am J Surg. 2005; 
189(2): 190-4. 

9. Koffron AJ, Auffenberg G, Kung R, Abecassis M. Evaluation of 300 
minimally invasive liver resections at a single institution. Ann Surg. 2007; 
246(3): 385-94. 

10. Buell JF, Thomas MJ, Doty TC, Gersin KS, Merchen TD, Gupta M, et al. An 
initial experience and evolution of laparoscopic hepatic resectional surgery. 
Surgery. 2004; 136(4): 804-11. 

11. Buell JF, Thomas MT, Rudich S, Marvin M, Nagubandi R, Ravindra KV, et al. 
Experience with more than 500 minimally invasive hepatic procedures. Ann 
Surg. 2008; 248(3): 475-86. 

12. Kazaryan AM, Marangos IP, Rosseland AR, Røsok BI, Mala T, Villanger O, et 
al. Laparoscopic liver resection for malignant and benign lesions ten-year 
Norwegian single-center experience. Arch Surg. 2010; 145: 34-40. 

13. Lehmann K, Clavien P-A. History of hepatic surgery. Surg Clin North Am. 
2010; 90: 655-64. 

14. Kekis P, Kekis B. Surgical anatomy of the liver. In: Karaliotas CC, Broelsch 
CE, Habib NA, editors. Liver and Biliary Tract Surgery Embryological 
Anatomy to 3D-Imaging and Transplant Innovations. Wien: 
SpringerWienNewYork; 2006. p. 17-33. 

15. Sutherland F, Harris J. Claude Couinaud. A passion for the liver. Arch Surg. 
2002; 137: 1305-10. 



 90 

16. Abel-Misih SRZ, Bloomston M. Liver anatomy. Surg Clin North Am. 2010; 
90: 643-53. 

17. Dalley AF, Moore KL. Embryological and surgical anatomy fo the intrahepatic 
and extrahepatic biliary tree. In: Karaliotas CC, Broelsch CE, Habib NA, 
editors. Liver and Biliary Tract Surgery Embryological Anatomy to 3D-
Imaging and Transplant Innovations. Wien: SpringerWienNewYork; 2006. p. 
3-16. 

18. Poston GJ, Blumgart LH. Surgical anatomy of the liver and bile ducts. In: 
Poston GJ, Blumgart LH, editors. Surgical management of hepatobiliary and 
pancreatic disorders. London: Martin Dunitz LTD; 2003. p. 1-17. 

19. Barett KE. Functional anatomy of the liver and biliary system.  Gastrointestinal 
physiology: The McGraw-Hill Companies Inc.; 2006. 

20. Swindle MM. Liver and biliary system.  Swine in the laboratory Surgery, 
Anesthesia, Imaging, and Experimental Techniques. Boca Raton: Taylor og 
Francis Group; 2007. p. 123-39. 

21. Court FG, Wemyss-Holden SA, Morrison CP, D.Teague B, Laws PE, Kew J, 
et al. Segmental nature of the porcine liver and its potential as a model for 
experimental partial hepatectomy. Br J Surg. 2003; 90: 440-4. 

22. Tanabe KK. The Past 60 years in liver surgery. Cancer. 2008; 113(7): 1888-96. 
23. Pringle J. Notes on the arrest of hepatic hemorrhage due to trauma. . Ann Surg. 

1908; 48: 541-9. 
24. Fortner JG, Blumgart LH. A historic perspective of liver surgery for tumors at 

the end of the millennium. J Am Coll Surg. 2001; 193: 210-22. 
25. Fabiani P, Katkhouda N, Iovine L, Mouiel J. Laparoscopic fenestration of 

biliary cysts. Surg Laparosc Endosc. 1991; 1: 162-5. 
26. Reich H, McGlynn F, DeCaprio J, Budin R. Laparoscopic excision of benign 

liver lesions. Obstet Gynecol. 1991; 78: 956-7. 
27. Gagner M, Rheault M, Dubuc J. Laparoscopic patial hepatectomy for liver 

tumor. Surg Endosc. 1992; 6: 99. 
28. Azagra JS, Georgen M, Gilbert E, Jacobs D. Laparoscopic anatomical (hepatic) 

left lateral segmentectomy-technical aspects. Surg Endosc. 1996; 10: 758-61. 
29. Adel-Atty MY, Farges O, Jagot P, Belghiti J. Laparoscopy extends the 

indications for liver resection in patients with cirrhosis. Br J Surg. 1999; 86: 
1397-400. 

30. Descottes B, Glineur D, Lachachi F, Valleix D, Paineau J, Hamy A, et al. 
Laparoscopic liver resection of benign liver tumors. Surg Endosc. 2003; 17(1): 
23-30. 

31. Gigot JF, Glineur D, Santiago Azagra J, Goergen M, Ceuterick M, Morino M, 
et al. Laparoscopic liver resection for malignant liver tumors: preliminary 
results of a multicenter European study. Ann Surg. 2002; 236(1): 90-7. 

32. Lesurtel M, Cherqui D, Laurent A, Tayar C, Fagniez PL. Laparoscopic versus 
open left lateral hepatic lobectomy: a case-control study. J Am Coll Surg. 
2003; 196(2): 236-42. 

33. Linden BC, Humar A, Sielaff TD. Laparoscopic stapled left lateral segment 
liver resection--technique and results. J Gastrointest Surg. 2003; 7(6): 777-82. 



 91 

34. Mala T, Edwin B, Gladhaug I, Fosse E, Soreide O, Bergan A, et al. A 
comparative study of the short-term outcome following open and laparoscopic 
liver resection of colorectal metastases. Surg Endosc. 2002; 16(7): 1059-63. 

35. Chang S, Laurent A, Tayar C, Karoui M, Cherqui D. Laparoscopy as a routine 
approach for left lateral sectionectomy. Br J Surg. 2007; 94: 58-63. 

36. Costi R, Capelluto E, Sperduto N, Bruyns J, Himpens J, Cadière GB. 
Laparoscopic right posterior hepatic bisegmentectomy (Segments VII–VIII). 
Surg Endosc. 2003; 17: 162. 

37. Kazaryan AM, Røsok BI, Marangos IP, Rosseland AR, Edwin B. Comparative 
evaluation of laparoscopic liver resection for posterosuperior and anterolateral 
segments. Surg Endosc. 2011; 25: 3881-9. 

38. Kazaryan AM, Marangos IP, Røsok BI, Rosseland AR, Villanger O, Fosse E, 
et al. Laparoscopic resection of colorectal liver metastases surgical and long-
term oncologic outcome. Ann Surg. 2010; 252: 1005-12. 

39. Farges O, Jagot P, Kirstetter P, Marty J, Belghiti J. Prospective assessment of 
the safety and benefit of laparoscopic liver resections. J Hepatobiliary Pancreat 
Surg. 2002; 9(2): 242-8. 

40. Vigano L, Laurent A, Tayar C, Tomatis M, Ponti A, Cherqui D. The learning 
curve in laparoscopic liver resection improved feasibility and reproducibility. 
Ann Surg. 2009; 250: 772-82. 

41. Gayet B, Cavaliere D, Vibert E, Perniceni T, Levard H, Denet C, et al. Totally 
laparoscopic right hepatectomy. Am J Surg. 2007; 194(5): 685-9. 

42. Ibrahim Dagher, Cécile Caillard, Jan-Martin Proske, Alessio Carloni, 
Panagiotis Lainas, Franco D. Laparoscopic Right Hepatectomy: Original 
Technique and Results. J Am Coll Surg. 2008; 206(4): 756-60. 

43. Pearce NW, Fabio FD, Teng MJ, Syed S, Primrose JN, Hilal MA. 
Laparoscopic right hepatectomy: a challenging, but feasible, safe and efficient 
procedure. Am J Surg. 2011; 202: e52-e8. 

44. Kim KH, Jung DH, Park KM, Lee YJ, Kim DY, Kim KM, et al. Comparison of 
open and laparoscopic live donor left lateral sectionectomy. Br J Surg. 2011; 
98: 1302-8. 

45. Edwin B, Nordin A, Kazaryan AM. Laparoscopic liver surgery: New frontiers. 
Scand J Surg. 2011; 100: 54-65. 

46. Lin T-Y. Results in 107 hepatic lobectomies with a preliminary report on the 
use of a clamp to reduce blood loss. Ann Surg. 1973; 177: 414-21. 

47. Quattlebaum J. Massive resection of the liver. . Ann Surg. 1953; 137: 787-96. 
48. Røsok BI, Edwin B. Single-incision laparoscopic liver resection for colorectal 

metastasis through stoma site at time of reversal of diversion ileostomy: A case 
report. Minimally Invasive Surgery. 2011. 

49. Mirnezami R, Mirnezami AH, Chandrakumaran K, Hilal MA, Pearce NW, 
Primrose JN, et al. Short- and long-term outcomes after laparoscopic and open 
hepatic resection: systematic review and meta-analysis. HPB. 2011: 295-308. 

50. Nguyen K, Gamblin TC, Geller DA. World review of laparoscopic liver 
resection—2,804 patients. Ann Surg. 2009; 250: 831-41. 

51. Li N, Wu Y-R, Wu B, Lu M-Q. Surgical and oncologic outcomes following 
laparoscopic versus open liver resection for hepatocellular carcinoma: A meta-
analysis Hepatology Research. 2012; 42: 51-9. 



 92 

52. Croome KP, Yamashita MH. Laparoscopic vs open hepatic resection for 
benign and malignant tumors an updated meta-analysis. Arch Surg. 2010; 145: 
1109-18. 

53. Ohtani H, Tamamori Y, Azuma T, Mori Y, Nishiguchi Y, Maeda K, et al. A 
meta-analysis of the short- and long-term results of randomized controlled 
trials that compared laparoscopy-assisted and conventional open surgery for 
rectal cancer. J Gastrointest Surg. 2011; 15: 1375-85. 

54. Rao A, Rao G, Ahmed I. Laparoscopic or open liver resection? Let systematic 
review decide it. Am J Surg. 2012. 

55. Hilal MA, Underwood T, Taylor MG, Hamdan K, Elberm H, Pearce NW. 
Bleeding and hemostasis in laparoscopic liver surgery. Surg Endosc. 2010; 25: 
572-7. 

56. Marusch F, Gastinger I, Schneider C, Scheidbach H, Konradt J, Bruch H-P, et 
al. Importance of conversion for results. Obtained with laparoscopic colorectal 
surgery. Dis Colon Rectum. 2001; 44: 207-16. 

57. Shafaee Z, Kazaryan AM, Marvin MR, Cannon R, Buell JF, Edwin B, et al. Is 
laparoscopic repeat hepatectomy feasible? A tri-institutional analysis. J Am 
Coll Surg. 2011; 212: 171-9. 

58. Reoch J, Mottillo S, Shimony A, Filion KB, Christou NV, Joseph L, et al. 
Safety of laparoscopic vs open bariatric surgery. A systematic review and 
meta-analysis. Arch Surg. 2011; 146: 1314-22. 

59. Sauerland S, Jaschinski T, Neugebauer EAM. Laparoscopic versus open 
surgery for suspected appendicitis. Cochrane Database of Systematic Reviews. 
2011: CD001214. 

60. Sauerland S, Walgenbach M, Habermalz B, Seiler CM, Miserez M. 
Laparoscopic versus open surgical techniques for ventral or incisional hernia 
repair. Cochrane Database of Systematic Reviews. 2010: CD007781. 

61. Dasari BVM, McKay D, Gardiner K. Laparoscopic versus open surgery for 
small bowel Crohn’s disease. Cochrane Database of Systematic Reviews. 
2011: CD006956. 

62. Siddiqui MRS, Abdulaal Y, Nisar A, Ali H, Hasan F. A meta-analysis of 
outcomes after open and laparoscopic Nissen’s fundoplication for gastro 
oesophageal reflux disease in children. Pediatr Surg Int. 2011; 27: 359-66. 

63. Ueda K, Turner P, Gagner M. Stress response to laparoscopic liver resection. 
HPB. 2004; 6: 247-52. 

64. Larsen JF, Ejstrud P, Svendsen F, Pedersen V, Redke F. Systemic response in 
patients undergoing laparoscopic cholecystectomy using gasless or carbon 
dioxide pneumoperitoneum: A randomized study. J Gastrointest Surg. 2002; 6: 
582-6. 

65. Goldfarb M, Brower S, Schwaitzberg SD. Minimally invasive surgery and 
cancer: controversies part 1. Surg Endosc. 2010; 24: 304-34. 

66. Burpee SE, Kurian M, Murakame Y, Benevides S, Gagner M. The metabolic 
and immune response to laparoscopic vs open liver resection. Surg Endosc. 
2002; 16: 899-904. 

67. Memon MA, Khan S, Yunus RM, Barr R, Memon B. Meta-analysis of 
laparoscopic and open distal gastrectomy for gastric carcinoma. Surg Endosc. 
2008; 22: 1781-9. 



 93 

68. Simillis C, Constantinides VA, Tekkis PP, Darzi A, Lovegrove R, Jiao L, et al. 
Laparoscopic versus open hepatic resections for benign and malignant 
neoplasms—a meta-analysis. Surgery. 2007; 141: 203-11. 

69. Mizuguchi T, Kawamoto M, Meguro M, Shibata T, Nakamura Y, Kimura Y, et 
al. Laparoscopic Hepatectomy: A Systematic Review, Meta-Analysis, and 
Power Analysis. Surg Today. 2011; 41: 39-47. 

70. Fancellu A, Rosman AS, Sanna V, Nigri GR, Zorcolo L, Pisano M, et al. Meta-
analysis of trials comparing minimally-invasive and open liver resections for 
hepatocellular carcinoma. J Surg Research. 2011; 177: e33-e45. 

71. Zhou Y-M, Shao W-Y, Zhao Y-F, Xu D-H, Li B. Meta-Analysis of 
Laparoscopic Versus Open Resection for Hepatocellular Carcinoma. Dig Dis 
Sci. 2011; 56: 1937-43. 

72. Boer MTd, Molenaar IQ, Porte RJ. Impact of blood loss on outcome after liver 
resection. Dig Surg. 2007; 24: 259-64. 

73. Shiba H, Ishida Y, Wakiyama S, Iida T, Matsumoto M, Sakamoto T, et al. 
Negative impact of blood transfusion on recurrence and prognosis of 
hepatocellular carcinoma after hepatic resection. J Gastrointest Surg. 2009; 13: 
1636-42. 

74. Gurusamy KS, Seth H, Kumar Y, Sharma D, Davidson BR. Methods of 
vascular occlusion for elective liver resection. Cochrane Database of 
Systematic Reviews. 2009; 1: No.:CD007632. 

75. Rahbari NN, Wente MN, Schemmer P, Diener MK, Hoffmann K, Motschall E, 
et al. Systematic review and meta-analysis of the effect of portal triad clamping 
on outcome after hepatic resection. Br J Surg. 2006; 95: 424-32. 

76. Cunningham JD, Fong Y, Shriver C, Melendez J, Marx WL, Blumgart LH. 
One hundred consecutive hepatic resections blood loss, transfusion, and 
operative technique. Arch Surg. 1994; 129: 1050-6. 

77. Jones RM, Moulton CE, Hardy KJ. Central venous pressure and its effect on 
blood loss during liver resection. Br J Surg. 1998; 85: 1058-60. 

78. Smyrniotis V, Kostopanagiotou G, Theodoraki K, Tsantoulas D, Contis JC. 
The role of central venous pressure and type of vascular control in blood loss 
during major liver resections. Am J Surg. 2004; 187: 398-402. 

79. Chen H, Merchant NB, Didolkar MS. Hepatic resection using intermittent 
vascular inflow occlusion and low central venous pressure anesthesia improves 
morbidity and mortality. J Gastrointest Surg. 2000; 4: 162-7. 

80. Wang W-D, Liang L-J, Huang X-Q, Yin X-Y. Low central venous pressure 
reduces blood loss in hepatectomy. World J Gastroenterol. 2006; 12: 935-9. 

81. Zhen ZJ, Lau WY, Wang FJ, Lai ECH. Laparoscopic liver resection for 
hepatocellular carcinoma in the left liver: Pringle maneuver versus tourniquet 
method. World J Surg. 2010; 34: 314-9. 

82. Lin T, Tsu K, Mien C, Chen C. Study of a lobectomy of the liver. J Form Med 
Assoc. 1958; 57: 742–59. 

83. Navarra G, Spalding D, Zacharoulis D, Nicholls J, Kirby S, Costa I, et al. 
Bloodless hepatectomy technique. HPB. 2002; 4: 95-7. 

84. Horgan PG. A novel technique for parenchymal division during hepatectomy. 
Am J Surg. 2001; 181: 236-7. 

85. Yamamoto Y. Leberresektion bei Lebercirrhose. Chirurg. 2001; 72: 784-93. 



 94 

86. Fong Y, Jarnagin W, Conlon KC, DeMatteo R, Dougherty E, Blumgart LH. 
Hand-assisted laparoscopic liver resection. Lessons from an initial experience. 
Arch Surg. 2000; 135: 854-9. 

87. Cherqui D, Husson E, Hammoud R, Malassagne B, Stéphan F, Bensaid S, et al. 
Laparoscopic liver resections: A feasibility study in 30 patients. Ann Surg. 
2000; 232: 753-62. 

88. Tanaka K, Uemoto S, Tokunaga Y, Fujita S, Sano K, Nishizawa T, et al. 
Surgical techniques and innovations in living related liver transplantation. Ann 
Surg. 1993; 217: 82-91. 

89. Papachristou DN, Barters R. Resection of the liver with a water jet. Br J Surg. 
1982; 69: 93-4. 

90. Lin T-Y. A simplified technique for hepatic resection: The crush method. Ann 
Surg. 1974; 180: 285-90. 

91. Gruttadauria S, Doria C, Vitale CH, Mandala L, Magnone M, Fung JJ, et al. 
New Technique in hepatic parenchymal transection for living related liver 
donor and liver neoplasms. HPB. 2004; 6: 106-9. 

92. Schemmer P, Friess H, Hinz U, Mehrabi A, Kraus TW, Z’graggen K, et al. 
Stapler hepatectomy is a safe dissection technique: Analysis of 300 patients. 
World J Surg. 2006; 30: 419-30. 

93. Poon RT, Fan ST, JohnWong. Liver Resection Using a Saline-Linked 
Radiofrequency Dissecting Sealer for Transection of the Liver. J Am Coll 
Surg. 2005; 200: 308-13. 

94. Hiroyuki Sugo, Youshi Mikami, Fumio Matsumoto, Hidenori Tsumura, Yozo 
Watanabe, Kojima K, et al. Hepatic Resection Using the Harmonic Scalpel. 
Surgery Today. 2000; 30: 959-62. 

95. Kamiyama T, Kurauchi N, Nakagawa T, Nakanishi K, Kamachi H, Matsushita 
M, et al. Laparoscopic hepatectomy with the hook blade of ultrasonic 
coagulating shears and bipolar cautery with a saline irrigation system. J 
Hepatobiliary Pancreat Surg. 2005; 12(1): 49-54. 

96. Romano F, C.Franciosi, Caprotti R, F. Uggeri, Uggeri F. Hepatic surgery using 
the Ligasure sessel sealing system. World J Surg. 2005; 29: 110-2. 

97. Pai M, Jiao LR, Khosandi S, Cancelo R, Spalding DRC, Habib. NA. Liver 
resection with bipolar radiofrequency device: Habib 4X. HPB. 2008; 10: 256-60. 

98. Cimino WW, Bond LJ. Physics of ultrasonic surgery using tissue 
fragmentation: Part I. Ultrasound in Med & Biol. 1996; 22: 89-100. 

99. Banting S, Shimi S, Velpen GV, Cuschieri A. Abdominal wall lift low-pressure 
pneumoperitoneum laparoscopic surgery. Surg Endosc. 1993; 7: 57-9. 

100. Cuschieri SA. Adverse cardiovascular changes induced by positive pressure 
pneumoperitoneum Possible solutions to a problem. Surg Endosc. 1998; 12: 
93-4. 

101. Volpino P, Cangemi V, D’Andrea N, Cangemi B, Piat G. Hemodynamic and 
pulmonary changes during and after laparoscopic cholecystectomy A 
comparison with traditional surgery. Surg Endosc. 1998; 12: 119-23. 

102. Ben-Haim M, Rosenthal RJ. Causes of arterial hypertension and splachnic 
ischemia during acute elevations in intra-abdominal pressure with CO2 
pneumoperitoneum: a complex central nervous system mediated response. Int J 
Colorectal Dis. 1999; 14: 227-36. 



 95 

103. Iwase K, Takao T, Watanabe H, Tanaka Y, Kido T, Ogawa N, et al. Intra-
abdominal venous pressure during laparoscopic cholecystectomy. HPB. 1994; 
8: 13-7. 

104. Windberger UB, Auer R, Keplinger F, Längle F, Heinze G, Schindl M, et al. 
The role of intra-abdominal pressure on splanchnic and pulmonary 
hemodynamic and metabolic changes during carbon dioxide 
pneumoperitoneum. Gastrointestinal Endoscopy. 1999; 49: 84-91. 

105. Rademaker BMP, Meyer DW, Bannenberg JJG, Klopper PJ, Kalkman CJ. 
Laparoscopy without pneumoperitoneum Effects of abdominal wall retraction 
versus carbon dioxide insufflation on hemodynamics and gas exchange in pigs. 
Surg Endosc. 1995; 9: 797-801. 

106. Windberger U, Siegl H, Ferguson JG, Schima H, Függer R, Herbst F, et al. 
Hemodynamic effects of prolonged abdominal insufflation for laparoscopic 
procedures. Gastrointestinal Endoscopy. 1995; 41: 121-9. 

107. Horvath KD, Whelan RL, Lier B, Viscomi S, Barry L, Buck K, et al. The 
effects of elevated intraabdominal pressure, hypercarbia, and positioning on the 
hemodynamic responses to laparoscopic colectomy in pigs. Surg Endosc. 1998; 
12: 107-14. 

108. Sánchez-Margallo FM, Moyano-Cuevas JL, Latorre R, Maestre J, Correa L, 
Pagador JB, et al. Anatomical changes due to pneumoperitoneum analyzed by 
MRI: an experimental study in pigs. Surg Radiol Anat. 2011; 33: 389-96. 

109. lwasaka H, Miyakawa H, Yamamoto H, Kitano T, Taniguchi K, Honda N. 
Respiratory mechanics and arterial blood gases during and after laparoscopic 
cholecystectomy. Can J Anaesth. 1996; 43: 129-33. 

110. Ricciardi R, Anwaruddin S, Schaffer BK, Quarfordt SH, Donohue SE, Wheeler 
SM, et al. Elevated intrahepatic pressures and decreased hepatic tissue blood 
flow prevent gas embolus during limited laparoscopic liver resections. Surg 
Endosc. 2001; 15: 729-33. 

111. Takagi S. Hepatic and portal vein blood flow during carbon dioxide 
pneumoperitoneum for laparoscopic hepatectomy. Surg Endosc. 1998; 12(5): 
427-31. 

112. Kashtan J, Green JF, Parsons EQ, Holcroft JW. Hemodynamic effects of 
increased abdominal pressure. J Surg Research. 1981; 30: 249-55. 

113. Menes T, Spivak H. Laparoscopy. Searching for the proper insufflation gas. 
Surg Endosc. 2000; 14: 1050-6. 

114. Schleifer W, Bissinger U, Guggenberger H, Heuser D. Variance of 
cardiorespiratory parameters during gynaecological surgery with CO2 
pneumoperitoneum. Endosc Surg Allied Technol 1995; 3: 167-70. 

115. Greim CA, Broscheit J, Kortländer J, Roewer N, Esch JSA. Effects of intra-
abdominal CO2-insufflation on normal and impaired myocardial function: an 
experimental study. Acta Anaesthesiol Scand. 2003; 47: 751-60. 

116. Gebhardt H, Bautz A, Ross M, Loose D, Wulf H, Schaube H. 
Pathophysiological and clinical aspects of the CO2 pneumoperitoneum (CO2-
PP). Surg Endosc. 1997; 11: 864-7. 

117. Junghans T, Böhm B, Gründel K, Schwenk W. Effects of pneumoperitoneum 
with carbon dioxide, argon, or helium on hemodynamic and respiratory 
function. Arch Surg. 1997; 132: 272-8. 



 96 

118. Junghans T, Böhm B, Gründel K, Schwenk W, Miller JM. Does 
pneumoperitoneum with different gases, body positions, and intraperitoneal 
pressures influence renal and hepatic blood flow? Surgery. 1997; 121: 206-11. 

119. Shuto K, Kitano S, Yoshida T, Bandoh T, Mitarai Y, Kobayashi M. 
Hemodynamic and arterial blood gas changes during carbon dioxide and 
helium pneumoperitoneum in pigs. Surg Endosc. 1995 11: 1173-8. 

120. Taura P, Lopez A, Lacy AM, Anglada T, Beltran J, Fernandez-Cruz L, et al. 
Prolonged pneumoperitoneum at 15 mmHg causes lactic acidosis. Surg 
Endosc. 1998; 12: 198-201. 

121. Gudmundsson FF, Gislason HG, Dicko A, Horn A, Viste A, Grong K, et al. 
Effects of prolonged increased intra-abdominal pressure on gastrointestinal 
blood flow in pigs. Surg Endosc. 2001; 15: 854-60. 

122. Jaskille A, Schechner A, Park K, Williams M, Wang D, Sava J. Abdominal 
insufflation decreases blood loss and mortality after porcine liver injury. J 
Trauma. 2005; 59: 1305-8. 

123. Gurusamy KS, Samraj K, Davidson BR. Low pressure versus standard pressure 
pneumoperitoneum in laparoscopic cholecystectomy. Cochrane Database of 
Systematic Reviews. 2009: CD006930. 

124. Hunter JG, Staheli J, Oddsdottir M, 1 TT. Nitrous oxide pneumoperitoneum 
revisited Is there a risk of combustion? Surg Endosc. 1995; 9: 501-4. 

125. Langø T, Mørland T, Brubakk AO. Diffusion coefficients and solubility 
coefficients for gases in biological fluid and tissues: a review. Undersea and 
Hyperbaric Medical Society, Inc. 1996: 247-72. 

126. Ho HS, Saunders CJ, Gunther RA, Wolfe BM. Effector of Hemodynamics 
during laparoscopy: CO2 absorption or intra-abdominal pressure? J Surg 
Research. 1995; 59: 497-503. 

127. Brackman MR, Finelli FC, Light T, Llorente O, McGill K, Kirkpatrick J. 
Helium pneumoperitoneum ameliorates hypercarbia and acidosis associated 
with carbon dioxide insufflation during laparoscopic gastric bypass in pigs. 
Obesity Surgery. 2003; 13: 768-71. 

128. Lister DR, Rudston-Brown B, Warriner CB, McEwen J, Chan M, Walley KR. 
Carbon dioxide absorption is not linearly related to intraperitoneal carbon 
dioxide insufflation pressure in pigs. Anesthesiology. 1994; 80: 129-36. 

129. Anderson L, Lagerstrand L, Thöne A, Sollev A, Brodin L-Å, Odeberg-
Wernerman S. Effect of CO2 pneumoperitoneum on ventilation-perfusion 
relationships during laparoscopic cholecystectomy. Acta Anesthesiol Scand. 
2002; 46: 552-60. 

130. Bannenberg JJG, Rademaker BMP, Griindeman PF, Kalkman CJ, Meijer DW, 
Klopper PJ. Hemodynamics during laparoscopy in the supine or prone position 
An experimental study. Surg Endosc. 1995; 9: 125-7. 

131. McDermott JP, Regan MC, Page R, Stokes MA, Barry K, Moriarty DC, et al. 
Cardiorespiratory effects of laparoscopy with and without gas insufflation. 
Arch Surg. 1995; 130: 984-8. 

132. Myre K, Rostrup M, Buanes T, Stokland O. Plasma catecholamines and 
haemodynamic changes during pneumoperitoneum. Acta Anaesthesiol Scand. 
1998; 42: 343-7. 



 97 

133. Myre K, Rostrup M, Eriksen M, Buanes T, Ræder J, Stokland O. Increased 
spillover of norepinephrine to the portal vein during CO2-pneumoperitoneum 
in pigs. Acta Anaesthesiol Scand. 2004; 48: 443-50. 

134. Tan PL, Lee TL, Tweed WA. Carbon dioxide absorption and gas exchange 
during pelvic laparoscopy. Can J Anaesth. 1992; 39: 677-81. 

135. McHoney M, Corizia L, Eaton S, Kiely EM, Drake DP, Tan HL, et al. Carbon 
dioxide elimination during laparoscopy in children is age dependent. J Pediatr 
Surg. 2003; 38: 105-10. 

136. Eisenhauer DM, Saunders CJ, Ho HS, Wolfe BM. Hemodynamic effects of 
argon pneumoperitoneum. Surg Endosc. 1994; 8(4): 315-20; discussion 20-1. 

137. Wong YT, Shah PC, Birkett DH, Brams DM. Peritoneal pH during 
laparoscopy is dependent on ambient gas environment. Helium and nitrous 
oxide do not cause peritoneal acidosis. Surg Endosc. 2005; 19: 60-4. 

138. Mynbaev OA, Dolle L, Bracke M. A possible mechanism of peritoneal pH 
changes during carbon dioxide pneumoperitoneum. Surg Endosc. 2007; 21: 
489-91. 

139. Bashirov E, Cetiner S, Emre M, Seydaliyeva T, Alic V, Daglioglu K, et al. A 
randomized controlled study evaluating the effects of the temperature of 
insufflated CO2 on core body temperature and blood gases (an experimental 
study). Surg Endosc. 2007; 21: 1820-5. 

140. Wong YT, Shah PC, Birkett DH, Brams DM. Carbon dioxide 
pneumoperitoneum causes severe peritoneal acidosis, unaltered by heating, 
humidification, or bicarbonate in a porcine model. Surg Endosc. 2004; 18: 
1498-503. 

141. Lee K-C, Kim JY, Kwak H-J, Lee H-D, Kwon IW. The effect of heating 
insufflation gas on acid-base alterations and core temperature during 
laparoscopic major abdominal surgery. Korean J Anesthesiol. 2011; 61: 275-
80. 

142. Sefr R, Puszkailer K, Jagos F. Randomized trial of different intraabdominal 
pressures and acid–base balance alterations during laparoscopic 
cholecystectomy. Surg Endosc. 2003; 17: 947-50. 

143. Gándara V, Vega DSd, Escriú N, Zorrilla IG. Acid–base balance alterations in 
laparoscopic cholecystectomy. Surg Endosc. 1997; 11: 707-10. 

144. Meininger D, Byhahn C, Bueck M, Binder J, Kramer W, Kessler P, et al. 
Effects of prolonged pneumoperitoneum on hemodynamics and acid-base 
balance during totally endoscopic robot-assisted radical prostatectomies. World 
J Surg. 2002; 26: 1423-7. 

145. Koivusalo A-M, Kellokumpu I, Lindgren L. Postoperative drowsiness and 
emetic sequelae correlate to total amount of carbon dioxide used during 
laparoscopic cholecystectomy. Surg Endosc. 1997; 11: 42-4. 

146. Wilcox S, Vandam LD. Alas, poor Trendelenburg and his position! A critique 
of Its uses and effectiveness. Anesth Analg. 1988; 67: 574-8. 

147. Rauh R, Hemmerling TM, Rist M, Jacobi KE. Influence of pneumoperitoneum 
and patient positioning on respiratory system compliance. J Clin Anesthesia. 
2001; 13: 361-5. 

 
 



 98 

148. Odeberg S, Ljungqvist O, Svenberg T, Gannedahl P, Bäckdahl M, Rosen Av, 
et al. Haemodynamic effects of pneumoperitoneum and the influence of 
posture during anaesthesia for laparoscopic surgery. Acta Anaesthesiol Scand. 
1994; 38: 276-83. 

149. Bessell JR, Ludbrook G, Millard SH, Baxter PS, Ubhi SS, Maddern GJ. 
Humidified gas prevents hypothermia induced by laparoscopic insufflation A 
randomized controlled study in a pig model. Surg Endosc. 1999; 13: 101-5. 

150. Hazebroek EJ, Schreve MA, Visser P, Bruin RWD, Marquet RL, Bonjer HJ. 
Impact of temperature and humidity of carbon dioxide pneumoperitoneum on 
body temperature and peritoneal morphology. J Laparoendosc Adv Surg Tech. 
2002; 12: 355-64. 

151. Slim K, Bousquet J, Kwiatkowski F, Lescure G, Pezet D, Chipponi J. Effect of 
CO2 gas warming on pain after laparoscopic surgery A randomized double-
blind controlled trial. Surg Endosc. 1999; 13: 1110-4. 

152. Gray RI, Ott DE, Henderson AC, Cochran SA, Roth EA. Severe local 
hypothermia from laparoscopic gas evaporative jet cooling: A mechanism to 
explain clinical observations. JSLS. 1999; 3: 171-7. 

153. Nguyen NT, Furdui G, Fleming NW, Lee SJ, Goldman CD, Singh A, et al. 
Effect of heated and humidified carbon dioxide gas on core temperature and 
postoperative pain. Surg Endosc. 2002; 16: 1050-4. 

154. Nelskylä K, Yli-Hankala A, Sjöberg J, Korhonen I, Korttila K. Warming of 
insufflation gas during laparoscopic hysterectomy: effect on body temperature 
and the autonomic nervous system. Acta Anesthesiol Scand. 1999; 43: 974-8. 

155. Jacobs VR, Morrison JE, Mettler L, Mundhenke C, Jonat W. Measurement of 
CO(2) hypothermia during laparoscopy and pelviscopy: how cold it gets and 
how to prevent it. J Am Assoc Gynecol Laparosc. 1999; 6: 289-95. 

156. Sammour T, Kahokehr A, Hill AG. Meta-analysis of the effect of warm 
humidified insufflation on pain after laparoscopy. Br J Surg. 2008; 95: 950-6. 

157. Sammour T, Kahokehr A, Hayes J, Hulme-Moir M, Hill AG. Warming and 
humidification of insufflation carbon dioxide in laparoscopic colonic surgery a 
double-blinded randomized controlled trial. Ann Surg. 2010; 251: 1024-33. 

158. Binda MM, Molinas CR, Hansen P, Koninckx PR. Effect of desiccation and 
temperature during laparoscopy on adhesion formation in mice. Fertil Steril. 
2006; 86: 166-75. 

159. Semm K, Arp WD, Trappe M, Kube D. [Pain reduction after pelvic-
laparoscopic interventions by insufflation of CO2 gas at body temperature]. 
Geburtshilfe Frauenheilkd. 1994; 54: 300-4. 

160. Wills VL, Hunt DR, Armstrong A. A randomized controlled trial assessing the 
effect of heated carbon dioxide for insuffiation on pain and recovery after 
laparoscopic fundoplication. Surg Endosc. 2001; 15: 166-70. 

161. Birch DW, Manouchehri N, Shi X, Hadi G, Karmali S. Heated CO2 with or 
without humidification for minimally invasive abdominal surgery. Cochrane 
Database of Systematic Reviews. 2011: CD007821. 

162. Catarci M, Carlini M, Gentileschi P, Santoro E. Major and minor injuries 
during the creation of pneumoperitoneum A multicenter study on 12,919 cases. 
Surg Endosc. 2001; 15: 566-9. 



 99 

163. Merlin TL, Hiller JE, Maddern GJ, Jamieson GG, Kolbe6 ARBaA. Systematic 
review of the safety and effectiveness of methods used to establish 
pneumoperitoneum in laparoscopic surgery. Br J Surg. 2003; 90: 668-79. 

164. Kazaryan AM, Røsok BI, Edwin B. Laparoscopic and open liver resection for 
colorectal metastases: different indications? HPB. 2010; 12: 434. 

165. Saif R, Jacob M, Robinson S, Amer A, Kei-Hui D, Sen G, et al. Use of fibrin-
based sealants and gelatin-matrix hemostats in laparoscopic liver surgery. Surg 
Laparosc Endosc Percutan Tech. 2011; 21: 131-41. 

166. Derouin M, Couture P, Boudreault D, Girard D, Gravel D. Detection of gas 
embolism by transesophageal echocardiography during laparoscopic 
cholecystectomy. Anesth Analg. 1996; 82(1): 119-24. 

167. Cottin V, Delafosse B, Viale JP. Gas embolism during laparoscopy. Surg 
Endosc. 1995; 10: 166-9. 

168. Kono M, Yahagi N, Kitahara M, Fujiwara Y, Sha M, Ohmura A. Cardiac arrest 
associated with use of an argon beam coagulator during laparoscopic 
cholecystectomy. British Journal of Anaesthesia. 2001; 87(4): 644-6. 

169. Lantz PE, Smith JD. Fatal carbon dioxide embolism complicating attempted 
laparoscopic cholecystectomy--case report and literature review. J Forensic 
Sci. 1994; 39(6): 1468-80. 

170. Cobb WS, Fleishman HA, Kercher KW, Matthews BD, Heniford BT. Gas 
embolism during laparoscopic cholecystectomy. J Laparoendosc Adv Surg 
Tech. 2005; 15: 387-90. 

171. Huang Y-Y, Wu H-L, Tsou M-Y, Zong H-J, Guo W-Y, Chan K-H, et al. 
Paradoxical carbon dioxide embolism during pneumoperitoneum in 
laparoscopic surgery 

for a huge renal angiomyolipoma. J Chin Med Assoc. 2008; 71: 214-7. 
172. Root B, Levy MN, Pollack S, Lubert M, Pathak K. Gas embolism death after 

laparoscopy delayed by “trapping” in portal circulation. Anesth Analg. 1978; 
57: 232-7. 

173. Blaser A, Rosset P. Fatal carbon dioxide embolism as an unreported 
complication of retroperitoneoscopy. Surg Endosc. 1999; 13: 713-4. 

174. Diakun TA. Carbon dioxide embolism: Successful resuscitation with 
cardiopulmonary bypass. Anesthesiology. 1991; 74: 1151-3. 

175. Beck DH, McQuillan PJ. Fatal carbon dioxide embolism and severe 
haemorrhage during laparoscopic salpingectomy. British Journal of 
Anaesthesia. 1994; 72: 243-5. 

176. Leroy JE, Pechon JCL, Delafosse B, Fischler M. [Is it necessary to revalue the 
risk of a gas embolism complicating an intervention with carbon dioxide 
insufflation?]. Ann Fr Anesth Reanim. 2007; 26(5): 459-63. 

177. McGrath BJ, Zimmerman JE, Williams JF, Parmet J. Carbon dioxide embolism 
treated with hyperbaric oxygen. Can J Anaesth. 1989; 36: 586-9. 

178. Kahn AU, Pandya K, Clifton MA. Near fatal gas embolism during laparoscopic 
cholecystectomy. Ann R Coll Surg Engl. 1995; 77: 67-8. 

179. Morison DH, Riggs JRA. Cardiovascular collapse in laparoscopy. CMA 
Journal. 1974; 111: 433-7. 

180. Moskop RJ, Lubarsky DA. Carbon dioxide embolism during laparoscopic 
cholecystectomy. Southern Medical Journal. 1994; 87: 414-5. 



 100 

181. Shen JC, Ji MH, Yang C, Wang X, Yang JJ. Severe carbon dioxide embolism 
during laparoscopic kidney resection. Acta Anaesthesiol Scand. 2011; 55: 505. 

182. Biertho L, Waage A, Gagner M. Hépatectomies sous laparoscopie. Ann Chir. 
2002; 127: 167-70. 

183. Tang CN, Tsui KK, Ha JPY, Yang GPY, Li MKW. A single-centre experience 
of 40 laparoscopic liver resections. Hong Kong Med J. 2006; 12: 419-25. 

184. Bryant R, Laurent A, Tayar C, Cherqui D. Laparoscopic liver resection—
understanding its role in current practice the Henri Mondor hospital 
experience. Ann Surg. 2009; 250. 

185. Hu MG, Liu R, Luo Y, Huang XQ, Huang ZQ. [Laparoscopic hepatectomy for 
hepatocellular carcinoma.]. Zhonghua Wai Ke Za Zhi. 2008; 46(23): 1774-6. 

186. Schmandra TC, Mierdl S, Bauer H, Gutt C, Hanisch E. Transoesophageal 
echocardiography shows high risk of gas embolism during laparoscopic hepatic 
resection under carbon dioxide pneumoperitoneum. Br J Surg. 2002; 89: 870-6. 

187. Eliott CG. Pulmonary physiology during pulmonary embolism. Chest. 1992; 
101: 163S-71S. 

188. Fors D, Eiriksson K, Arvidsson D, Rubertsson S. Gas embolism during 
laparoscopic liver resection in a pig model: frequency and severity. Br J 
Anaesth. 2010; 105(3): 282-8. 

189. Muth CM, Shank ES. Gas Embolism. New Eng J Med. 2000; 342: 476-82. 
190. Alpert JS, Godtfredsen J, Ockene IS, Anas J, Dalen JE. Pulmonary 

hypertension secondary to minor pulmonary embolism. Chest. 1978; 73: 795-7. 
191. Barak M, Katz Y. Microbubbles pathophysiology and clinical implications. 

Chest. 2005; 128: 2918-32. 
192. Brager AB, Eckmann DM. Theoretical and experimental intravascular gas 

embolism absorption dynamics. J Appl Physiol. 1999; 87: 1287-95. 
193. Epstein PS, Plesset MS. On the stability of gas bubbles in Liquid-gas solution. 

J Chem Phys. 1950; 18: 1505-9. 
194. Cavabagh DP, Eckmann DM. Interfacial dynamics of stationary gas bubbles in 

flows in inclined tubes. J Fluid Mech. 1999; 398: 225-44. 
195. Butler BD, Hills BA. The lung as a filter for microbubbles. J Appl Physiol. 

1979; 47: 537-43. 
196. Butler BD, Hills BA. Transpulmonary passage of venous air emboli. J Appl 

Physiol. 1985; 59: 543-7. 
197. Vik A, Brubakk A, Hennessy TR, Jenssen BM, Ekker M, Slørdal SA. Venous 

air embolism in swine: transport of gas bubbles through the pulmonary 
circulation. J Appl Physiol. 1990; 69: 237-44. 

198. Hara H, Jones TK, Ladich ER, Virmani R, Auth DC, Eichinger JE, et al. Patent 
foramen ovale closure by radiofrequency thermal coaptation first experience in 
the porcine model and healing mechanisms over time. Circulation. 2007; 116: 
648-53. 

199. Min SK, Kim JH, Lee SY. Carbon dioxide and argon gas embolism during 
laparoscopic hepatic resection. Acta Anaesthesiol Scand. 2007; 51(7): 949-53. 

200. Stojeba N, Mahoudeau G, Segura P, Meyer C, A. S. Possible venous argon gas 
embolism complicating argon gas enhanced coagulation during liver surgery. 
Acta Anaesthesiol Scand. 1999; 43: 866-7. 



 101 

201. Veyckemans F, Michel I. Venous gas embolism from an Argon coagulator. 
Anesthesiology. 1996; 85(2): 443-4. 

202. Sezeur A, Partensky C, Chipponi J, Duron JJ. Death during laparoscopy: can 1 
gas push out another? Danger of argon electrocoagulation. Surg Laparosc 
Endosc Percutan Tech. 2008; 18(4): 395-7. 

203. Croce E, Azzola M, Russo R, Golia M, Angelini S, Olmi S. Laparoscopic liver 
tumour resection with the argon beam. Endosc Surg Allied Technol. 1994; 2: 
186-8. 

204. Lentschener C, Benhamou D, M'Jahed K, Moutafis M, Fischler M. Increased 
intraperitoneal pressure up to 15 mm Hg does not reliably induce 
haemodynamic changes in pigs. Br J Anaesth. 1997; 78: 576-8. 

205. Richard L, Bures E, Lacoste L, Declerck A, Carretier M, Debaene B, et al. Pigs 
are not a reliable experimental model in the study of the haemodynamic and 
respiratory effects of CO2 pneumoperitoneum. Acta Anaesthesiol Scand. 2002; 
46: 74-9. 

206. Handy JM. Science, Anaesthesia and animal studies: what is 'evidence'? 
Anaesthesia. 2010; 65: 223-6. 

207. Dion YM, Lévesque C, Doillon CJ. Experimental carbon dioxide pulmonary 
embolization after vena cava laceration under pneumoperitoneum. Surg 
Endosc. 1995; 9: 1065-9. 

208. O'Sullivan DC, Micali S, Averch TD, Buffer S, Reyerson T, Schulam P, et al. 
Factors involved in gas embolism after laparoscopic injury to inferior vena 
cava. j Endourol. 1998; 12: 149-54. 

209. Glenski J, Cucchiara R, Michenfelder J. Transesophageal echocardiography 
and transcutaneous O2 and CO2 monitoring for detection of venous air 
embolism. Anesthesiology. 1986; 63: 541-5. 

210. Jersenius U, Fors D, Rubertsson S, Arvidsson D. Laparoscopic parenchymal 
division of the liver in a porcine model: comparison of the efficacy and safety 
of three different techniques. Surg Endosc. 2007; 21: 315-20. 

211. Clutton-Brock TH, Fink S, Luthra AJ, Hendry SP. The evaluation of a new 
intravascular blood gas monitoring system in the pig. J Clin Mon. 1994; 10: 
387-91. 

212. Moise SF, Sinclair CJ, Scott DH. Pulmonary artery blood temperature and the 
measurement of cardiac output by thermodilution. Review article. Anaesthesia. 
2002; 57: 562-6. 

213. Campagnacci R, Sanctis AD, Baldarelli M, Emiddio MD, Organetti L, Nisi M, 
et al. Hepatic resections by means of electrothermal bipolar vessel device 
(EBVS) LigaSure V: early experience. Surg Endosc. 2007; 21: 2280-4. 

214. Descottes B, Lachachi F, Sodji M, Valleix D, Durand-Fontanier S, Laclause 
BPd, et al. Early experience with laparoscopic approach for solid liver tumors: 
Initial 16 cases. Ann Surg. 2000; 232: 641-5. 

215. Sugo H, Mikami Y, Matsumoto F, Tsumura H, Watanabe Y, Kojima K, et al. 
Hepatic resection using the harmonic scalpel. Surg Today. 2000; 30: 959-62. 

216. Hodgson WJB, DelGuercio LRM. Preliminary experience in liver surgery 
using ultrasonic scalpel. Surgery. 1984; 95: 230-4. 



 102 

217. Romano F, Garancini M, Caprotti R, Bovo G, Conti M, Perego E, et al. 
Hepatic resection using a bipolar vessel sealing device: technical and 
histological analysis. HPB. 2007; 9: 339-44. 

218. Koo BN, Kil HK, Choi J-S, Kim JY, Chun DH, Hong YW. Hepatic resection 
by the cavitron ultrasonic surgical aspirator® increases the incidence and 
severity of venous air embolism. Anesth Analg. 2005; 101: 966–70. 

219. Jayaraman S, Khakhar A, Yang H, Bainbridge D, Quan D. The association 
between central venous pressure, pneumoperitoneum, and venous carbon 
dioxide embolism in laparoscopic hepatectomy. Surg Endosc. 2009; 23(10): 
2369-73. 

220. Hung S, Saunders CJ, Corso FA, Wolfe BM. The effects of CO2 
pneumoperitoneum on hemodynamics in hemorrhaged animals. Surgery. 1993; 
114: 381-8. 

221. Mayer KL, Ho HS, Mathiesen KA, Wolfe BM. Cardiopulmonary responses to 
experimental venous carbon dioxide embolism. Surgical Endoscopy. 1998; 
12(8): 1025-30. 

222. Rasmussen I, Berggren U, Arvidsson D, Ljungdahl M, Haglund U. Effect of 
pneumoperitoneum on splanchnic hemodynamics: an experimental study in 
pigs. Eur J Surg. 1995; 161: 819-26. 

223. West JB. Blood flow and mechanism. How the pulmonary circulation removes 
gas from lungs and alters some metabolites. In: Duffy N, editor. Respiratory 
physiology, the essentials. 8 ed. Baltimore: William & Wilkins; 2008. p. 35-53. 

224. Hannon JP, Bossone CA, Wade CE. Normal physiological values for conscious 
pigs used in biomedical research. Lab Anim Sci. 1990; 40(3): 293-8. 

225. Jersenius U, Fors D, Rubertsson S, Arvidsson D. The effects of experimental 
venous carbon dioxide embolization on hemodynamic and respiratory 
variables. Acta Anaesthesiol Scand. 2006; 50(2): 156-62. 

226. No-authors-listed. Fatal gas embolism caused by overpressurization during 
laparoscopic use of argon enhanced coagulation. Health Devices. 1994; 23(6): 
257-9. 

227. Palmer M, Miller CW, van Way CW, 3rd, Orton EC. Venous gas embolism 
associated with argon-enhanced coagulation of the liver. J Invest Surg. 1993; 
6(5): 391-9. 

228. Stojeba N, Mahoudeau G, Segura P, Meyer C, Steib A. Possible venous argon 
gas embolism complicating argon gas enhanced coagulation during liver 
surgery. Acta Anaesthesiol Scand. 1999; 43: 866-7. 

229. Croce E, Azzola M, Russo R, Golia M, Angelini S, Olmi S. Laparoscopic liver 
tumour resection with the argon beam. Endosc Surg Allied Technol. 1994; 2(3-
4): 186-8. 

230. Mastragelopulos N, Sarkar MR, Kaissling G, Bahr R, Daub D. [Argon gas 
embolism in laparoscopic cholecystectomy with the Argon Beam One 
coagulator]. Chirurg. 1992; 63(12): 1053-4. 

231. Kizer N, Zieghelboim I, Rader JS. Cardiac arrest during laparotomy with 
Argon beam coagulation of metastatic ovarian cancer. International Journal of 
Gynecological Cancer. 2009; 19(2): 237-8. 



 103 

232. Kaneko H, Otsuka Y, Tsuchiya M, Tamura A, Katagiri T, Yamazaki K. 
Application of devices for safe laparoscopic hepatectomy. HPB. 2008; 10: 219-
24. 

233. Buell JF, Cherqui D, Geller D, O´Rourke N, al DIe. The international position 
on laparoscopic liver surgery, the Louisville statement, 2008. Annals of 
Surgery. 2009; 250(5): 825-30. 

234. Mann C, Boccara G, Grevy V, Navarro F, Fabre JM, Colson P. Argon 
pneumoperitoneum is more dangerous than CO2 pneumoperitoneum during 
venous gas embolism. Anesth Analg. 1997; 85(6): 1367-71. 

235. Junghans T, Böhn B, Neudecker J, Mansmann U, Gründel K. Auswirkungen 
von argon-gasembolien während eines pneumoperitoneums. Chirurg. 1999; 70: 
184-9. 

236. Zeebregts CJ, Heijmen RH, Dungen JJvd, Schilfgaarde Rv. Non-suture 
methods of vascular anastomosis. Br J Surg. 2003; 90: 261-71. 

237. McEntee GP, Nagorney DM. Use of vascular staplers in major hepatic 
resections. Br J Surg. 1991; 78: 40-1. 

238. Voyles CR, Vogel SB. Hepatic resection using stapling devices to control the 
hepatic veins. Am J Surg. 1989; 158: 459-60. 

239. Wang W-X, Fan S-T. Use of the Endo-GIA vascular stapler for hepatic 
resection. Asian J Surg. 2003; 26: 193-6. 

240. Ramacciato G, Balesh AM, Fornasari V. Vascular endostapler as aid to hepatic 
vein control during hepatic resections. Am J Surg. 1996; 172: 358-62. 

241. Kaneko H, Otsuka Y, Takagi S, Tsuchiya M, Tamura A, Shiba T. Hepatic 
resection using stapling devices. Am J Surg. 2004; 187: 280-4. 

242. Scudamore CH, Buczkowski A, Chung W, Poostizadeh A. Stapler technique 
for extrahepatic vascular control during hepatic resection. J Invest Surg. 1997; 
10: 59-61. 

243. Wrightson WR, Edwards MJ, McMasters KM. The role of the ultrasonically 
activated shears and vascular cutting stapler in hepatic resection. The American 
Surgeon. 2000; 66: 1037-40. 

244. Yanaga K, Nishizaki T, Yamamoto K, Taketomi A, Matsumata T, Takenaka K, 
et al. Simplified Inflow Control Using Stapling Devices for Major Hepatic 
Resection. Arch Surg. 1996; 131: 104-6. 

245. Fong Y, Blumgart LH. Useful stapling techniquesin liver surgery. . J Am Coll 
Surg. 1997; 185: 93-100. 

246. Ramacciato G, Aurello P, D'Angelo F, Caramitti A, Barillari P, Fornasari V. 
Effective vascular endostapler techniques in hepatic resection. Int Surg. 1998; 
83: 317-23. 

247. Gamblin TC, Holloway SE, Heckman JT, Geller DA. Laparoscopic resection 
of benign hepatic cysts: A new standard. J Am Coll Surg. 2008; 207: 731-6. 

248. Balaa FK, Gamblin TC, Tsung A, Marsh JW, Geller DA. Right Hepatic 
Lobectomy Using the Staple Technique in 101 Patients. J Gastrointest Surg. 
2008; 12: 338-43. 

249. Khan AZ, Prasad R, Lodge JPA, Toogood GJ. Laparoscopic left lateral 
sectionectomy: Surgical technique and our results from Leeds. J Lap Adv Surg 
Tech. 2009; 19: 29-32. 



 104 

250. Linden BC, Humar A, Sielaff TD. Laparoscopic stapled left lateral segment 
liver resection—technique and results. J Gastrointest Surg. 2003; 7: 777-82. 

251. Jurim O, Colonna JO, Colquhoun SD. A stapling technique for hepatic 
resection. J Am Coll Surg. 1994; 178: 510-1. 

252. Belli G, Fantini C, D'Agostino A, Belli A, Cioffi L, Russolillo N. Laparoscopic 
left lateral hepatic lobectomy: a safer and faster technique. J Hepatobiliary 
Pancreat Surg. 2006; 13: 149-54. 

253. Gumbs AA, Gayet B, Gagner M. Laparoscopic liver resection: when to use the 
laparoscopic stapler device. HPB. 2008; 10: 296-303. 

254. Saidi RF, Ahad A, Escobar R, Nalbantoglu I, Adsay V, Jacobs MJ. 
Comparison between staple and vessel sealing device for parynchemal 
transection in laparoscopic liver surgery in a swine model. HPB. 2007; 9: 440-
3. 

255. Consten ECJ, Dakin GF, Robertus J-L, Bardaro S, Milone L, Gagner M. 
Perioperative outcome of laparoscopic left lateral liver resection is improved 
by using a bioabsorbable staple line reinforcement materal in porcine model. 
Surg Endosc. 2008; 22: 1188-93. 

256. Zilling T, Walther BS, Holmin T. Segmental liver resection with linear stapling 
device. An experimental study in pigs. In vivo. 1990; 4: 273-6. 

257. Ito H, Are C, Gonen M, D’Angelica M, DeMatteo RP, Kemeny NE, et al. 
Effect of postoperative morbidity on long-term survival after hepatic resection 
for metastatic colorectal cancer. Ann Surg. 2008; 247: 994-1002. 

258. Katz SC, Jinru Shia M, Liau KH, Gonen M, Ruo L, Jarnagin WR, et al. 
Operative blood loss independently predicts recurrence and survival after 
resection of hepatocellular carcinoma. Ann Surg. 2009; 249: 617-23. 

259. Ho HS, Gunther RA, Wolfe BM. Intraperitoneal carbon dioxide insufflation 
and cardiopulmonary functions. Laparoscopic cholecystectomy in pigs. Arch 
Surg. 1992; 127: 928-33. 

260. McLaughlin JG, Scheeres DE, Dean RJ, Bonnell BW. The adverse 
hemodynamic effects of laparoscopic cholecystectomy. Surg Endosc. 1995; 9: 
121-4. 

261. Volz J, Köster S, Weis M, Schmidt R, Urbaschek R, Melchert F, et al. 
Pathophysiologic features of a pneumoperitoneum laparoscopy: A swine 
model. Am J Obstet Gynecol. 1996; 174: 132-40. 

 
 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 756

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine.

Distribution: publications.uu.se
urn:nbn:se:uu:diva-171735

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2012


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Anatomy and physiology
	Human liver
	Porcine liver

	Liver surgery
	Historical facts
	Access and efficacy of laparoscopy
	Dividing the liver parenchyma
	Instruments in focus–technical aspects
	Ultrasonic aspiration dissector, ultrasonic scalpel, or Cavitron Ultrasonic Surgical Aspirator (CUSA™)
	Ultrasonic scissors (Autosonix™ with 5 mm Ultra Shears™)
	Vessel sealing system (Ligasure™)
	Staples (Endo-GIA™ Universal Stapling System)

	Pneumoperitoneum
	Pressure
	Choice of gas
	Physical effects of gas
	The patient’s position
	Temperature and humidity of gas
	Establishing pneumoperitoneum

	Complications in focus
	Bleeding during laparoscopic liver surgery
	Gas embolism during laparoscopic liver surgery


	Objectives
	Animal model
	Choice of animal
	Anesthesia
	The operation
	Evaluation of embolism
	Evaluation of bleeding
	Evaluation of gas exchange and pH
	Measurements of pulmonary and systemic hemodynamics
	Calculations
	Randomization and reduction of animal use
	Statistics

	Experimental protocol
	Study I
	Study II
	Study III
	Study IV

	Results
	Study I
	Study II
	Study III
	Study IV

	Discussion, findings, and implications
	Study I
	Study II
	Study III
	Study IV

	Conclusions
	Acknowledgments
	Appendix A.
	Appendix B.
	References
	Acta Universitatis Upsaliensis



