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Abstract
Background: Bleeding is a known and CO2 embolization
a suggested risk factor for increased morbidity after la-
paroscopic liver resection. Devices for laparoscopic liver
parenchymal transection must be evaluated for safety in
this context.
Method: Twelve piglets underwent laparoscopic surgery
during CO2 pneumoperitoneum, each animal receiving
three 6 cm long transections into the liver parenchyma
made with ultrasonic dissector, ultrasonic shears and
vessel sealing system, respectively. Endpoints were
bleeding, operation time and gas embolization. The
transections and embolization events, evaluated with
transesophageal echocardiography, were video re-
corded. Bleeding and embolization were also assessed on
video tapes and operating time measured. Arterial blood
gases were recorded on line.
Results: The ultrasonic dissector was least advantageous
in terms of bleeding and operation time. Gas emboli-
zation was more frequent with the vessel sealing system
than with the ultrasonic dissector and ultrasonic shears.
During two episodes of gas embolization, pCO2 in-
creased and pO2 and pH decreased.
Conclusions: Use of all three devices is feasible. Bleeding
and operation time are greatest with the ultrasonic dis-
sector. Gas embolization occurs during transection,
though in most instances it is completely harmless. La-
paroscopic liver surgery with these techniques used may
pose a risk of gas embolization with clinical implica-
tions. Monitoring for such events is probably to be re-
commended.
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Laparoscopic liver surgery, originally used mainly for
diagnostic procedures such as laparoscopically guided
liver biopsies [1], has now expanded to include a wide
variety of curative procedures. The first laparoscopic liver
resection was reported in 1992 [2]. Currently, virtually all
liver surgery can be performed laparoscopically, and such
procedures are being performed at a growing number of
institutions [3]. Laparoscopic techniques now can be used
to perform liver resections formalignant tumors [4, 5] and
donor hepatectomies [6, 7], among other procedures.
Laparoscopic liver resections have the advantage of being
minimally invasive, and further expansion of laparo-
scopic liver procedures is likely [8–10].

Two of the major risks posed by laparoscopic liver
resection are bleeding and carbon dioxide (CO2)
embolism. Parenchymal transection is a particularly
critical moment in this context. To minimize peri- and
postoperative morbidity, the transection technique
should be safe and quick. This demand is accentuated in
malignant liver surgery because of frequent comorbidity
among the patients and during transplants from living
relatives with laparoscopic donor hepatectomy. Intra-
operative bleeding is recognized as negatively influenc-
ing morbidity [11] and recurrence of malignant disease
[12, 13] after open procedures, and this is likely to occur
also after laparoscopic liver resections.

Furthermore, laparoscopic procedures pose the
additional risk of CO2 embolization to the pulmonary
circulation, known to occur during pneumoperitoneum
and dissection in the highly vasculated liver parenchyma
[14]. This complication is poorly studied, and there is an
ongoing discussion regarding its clinical relevance.

The traditional method of transecting liver paren-
chyma is digitoclasia, the ‘‘finger-fracture technique,’’ in
which the parenchyma is broken up and divided be-
tween the fingers and the palpable parenchymal vascular
structures are secured and severed. A refinement of this
technique is the ‘‘clamp-crush technique,’’ in which aCorrespondence to: U. Jersenius
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clamp is used to fracture and divide small sections of the
parenchyma before securing and severing the suppos-
edly spared vessels. In addition, vascular inflow to the
liver is commonly occluded to reduce blood loss when
the parenchyma is transected. However, occlusion can
cause ischemic injury to the liver and increase the mor-
bidity among the patients.

As improvements of parenchymal transection, new
techniques and technology have evolved such as linear
stapling cutters, water jet dissectors, ultrasonic dissec-
tors, ultrasonic shears, vessel sealing systems, and
others. These are now being applied to laparoscopic li-
ver procedures. To date, however, the selection of a
technique is based mostly on the surgeon�s preference
rather than on objective data. The three devices in
common use for laparoscopic liver transection are the
ultrasonic dissector, the ultrasonic shears, and the vessel
sealing system. These are considered safe and their use
feasible [15–18].

Several animal studies have been performed, but
with different end points, techniques, and study designs,
making the results are difficult to interpret. The optimal
method for transecting liver parenchyma, preferably one
that does not necessitate vascular inflow control, has not
been established, and a variety of techniques are in use.
There still is room for improvement and evaluation.

This study aimed to compare the safety and efficacy
of the ultrasonic dissector, the ultrasonic shears, and the
vessel sealing system using the end points of bleeding,
operation time, and CO2 embolization during a stan-
dardized laparoscopic liver transection and CO2 pneu-
moperitoneum in vivo with the pig liver.

Material and methods

The study protocol was approved by the Local Ethics Committee on
Animal Experiments in Uppsala, Sweden.

Animal preparation

For this study, 12 piglets of Swedish country breed (mean weight,
31.2 ± 4.3 kg) were used. The animals were fasted overnight with free
access to water before the experiment. Anesthesia was induced with an
intramuscular (IM) injection of Zoletil forte veterinary (Tiletamin 50
mg/ml and zolazepam 50mg/ml) 6mg/kg, Rompun veterinary (xylazine
20 mg/ml) 2.2 mg/kg, and Atropin (atropine sulfate 0.5 mg/ml) 0.04 mg/
kg. A peripheral ear vein was cannulated for further induction and
maintenance of anesthesia and for fluid administration.Morphine 20mg
and ketamine 100 mg were given as a bolus IV injection. The anesthesia
wasmaintainedwith a continuous IV infusionof ketamine 0.20mg/kg/h,
pancuronium bromide 0.24 mg/kg/h, and morphine 0.5 mg/kg/h.

A tracheotomy was performed, whereby the piglets were intubated
(7-mm tube) and mechanically ventilated (Servo Ventilator 900C; Sie-
mens Elema, Solna, Sweden) with a 70/30 mixture of N2O/O2 during
the preparation. Volume-controlled ventilation was used. Minute ven-
tilation was adjusted to maintain the partial pressure of arterial CO2

(pCO2) within the range 37 to 41 mmHg (5.0–5.6 kPa), and a peak end-
expiratory pressure (PEEP) of 5 cm H2O was applied. The ventilation
was not further adjusted during the study period. A pulmonary artery
catheter (Swan-Ganz, CritiCath Ohmeda, Singapore, Singapore, 7.5
Fr) was inserted into the right external jugular vein for pressure mon-
itoring, and an artery catheter (Boston Dickinson, Franklin, Lakes, NJ,
USA, 18 G) was inserted via a branch of the right external carotid
artery into the aortic arch for pressure monitoring and blood sampling.
A central venous catheter (7 Fr) was inserted into the right external

jugular vein, and an artery catheter (Boston Dickinson, 20 G) was
inserted via a branch into the left iliac artery for insertions of the
Paratrend sensor (Trendcare Monitoring System, TCM 17000; Diam-
etrix Medical Inc., Roseville, Minnesota, USA).

The urinary bladder was incised, and a urinary catheter was in-
serted and secured. After the operation, the animals were killed with a
potassium injection.

Operative technique

The operations were performed with the pigs in a supine position. All
the operations were performed by one surgeon (U.J.) experienced in
the handling of all three devices. A 10-mm trocar was introduced be-
low the umbilicus, and a pneumoperitoneum of 12 mmHg was ob-
tained with CO2 insufflation. The laparoscope was introduced, and two
additional 10-mm trocars were placed under direct visualization on
each side of the laparoscopic trocar.

To facilitate the optimal operation site on the liver, a hand-as-
sisted approach was used. The laparoscopic handport device, Omni-
port (Advanced Surgical Concepts, Bray, Ireland) was placed below
the right costal arch. On each pig liver, three 6-cm transections were
performed peripherally in the right lateral lobe, the right middle lobe,
and the left middle lobe (Fig. 1). The transections were performed by
alternating each device between the three lobes.

The parenchymal division was performed with three different de-
vices: ultrasonic dissector (Cavitron Ultrasonic Surgical Aspirator,
CUSA Excel, 10 mm; Valley Lab Inc., Boulder, CO, USA), ultrasonic
shears (Autosonix, 5 mm; USSU, Norwalk, CT, USA), and vessel
sealing system (LigaSure; 10 mm (Valley Lab Inc., Boulder, CO,
USA). All three devices were adjusted to the settings recommended for
liver operations by the manufacturer. No further resetting was per-
formed during the operations.

The transection technique differed between the devices. During the
transection with the ultrasonic shears and the vessel sealing system,
one of the end blades was blindly inserted into the liver parenchyma
before the blades were closed and energy was applied. In contrast, the
ultrasonic dissector was used in a dissecting manner. That is, it was not
blindly inserted into the liver parenchyma, and the dissecting area was
visible when the liver cells were dissected. Spared vessels and ducts
were secured and divided with diathermia EndoGrasp and EndoShears
(Auto Suture, Tyco Health-Care, MA, USA). After the surgery, the
operation field was observed 5 min for recurrent bleeding.

Measurements

Each operation was videotaped. Embolization in the right outflow
tract of the heart was evaluated with transesophageal echocardiogra-

Fig. 1. Pig liver segmentation based on the portal segmentation. The
segments are indicated with Roman numerals. The arrows indicate,
from left to right, the right lateral lob, the right median lobe, and the
left median lobe. The dotted lines indicate the approximate sites of
dissections.
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phy (TEE) during the transections (Sonos 1000 Ultrasound system,
Omniplane Probe; Hewlett Packard, Aliso Uiejo, California, USA).
Bubbles visible with TEE were considered as gas embolization. The
operations and the TEE image were video recorded simultaneously for
later evaluation. The operation time was measured.

Experimental protocol

Nitrous oxide administration was discontinued after preparation of the
animals, and they were ventilated with 30% O2 in air. After approxi-
mately 45 min, baseline values were obtained.

The lateral right, middle right, and middle left lobes were sub-
jected to surgery. The transections were intended to be 6 cm long. All
the operations started with the lateral right liver lobe, then moved to
the right middle lobe, and finally to the left middle lobe, whereas the
order in which the devices were used alternated. Thus, each device was
used four times on each of the three different lobes.

The overall bleeding with each transection was estimated from the
monitor and recorded in the following arbitrary units: no bleeding
(grade 0), slight bleeding (grade 1), and profuse bleeding (grade 2). The
most extensive CO2 embolism during each operation was estimated
from the monitor and recorded in the following arbitrary units: no gas
bubbling (grade 0), slight gas bubbling (grade 1), and extensive gas
bubbling (grade 2). The amount of bleeding and the grade and dura-
tion of gas embolism were judged by two blinded observers. During the
operations, the arterial blood gases were monitored online by a
Paratrend sensor (Trendcare Monitoring System, TCM 17000; Di-
ametrix Medical Inc., Roseville, Minneston, USA). After the liver had
been harvested, the dissected area was calculated as the length, mul-
tiplied by the base, of the dissection.

Statistical analysis

To compare the three devices, Friedman�s analysis of variance
(ANOVA) was performed, followed by multiple comparisons among
the three different techniques based on ranks. All p values less than
0.05 were considered statistically significant.

Results

All the animals that underwent surgery survived the
procedure, and no major complications occurred. Two
small piglets were excluded. One experienced circulatory
instability during the preparation with the catheters
before surgery, making it impossible to obtain baseline
values. For one piglet, we were not able to obtain the
correct TEE image. The results from this animal were
included in the study except for the embolization
parameters. For the remaining nine animals, the exper-
iments were completed as planned. The results are pre-
sented in Tables 1 and 2.

The use of all three devices was feasible, and
no technical failures occurred. No difference was seen
between the transected areas when the three devices were
compared (p = 0.56).

The operation time was longer with the ultrasonic
dissector than with the vessel sealing system (p = 0.001)
and the ultrasonic shears (p = 0.0073), but did not
differ between the vessel sealing system and the ultra-
sonic shears (p = 0.18). During the transection, bleed-
ing was more extensive with the ultrasonic dissector
than with the ultrasonic shears (p = 0.03), but there was
no difference between the ultrasonic dissector and the
vessel sealing system (p = 0.07), or between the ultra-
sonic shears and the vessel sealing system (p = 0.65;
Table 1).

There was an overall statistically significant difference
in the grades of embolization in the right heart between
the devices (p = 0.05), but nodifferencewas provedwhen
the devices was compared in pairs. The total time for
emboli relative to the total operation timewas longer with
the vessel sealing system thanwith the ultrasonic dissector
(p = 0.0047), and longer with the vessel sealing system
than with the ultrasonic shears (p = 0.0047). No differ-
ence was observed between the ultrasonic dissector and
the ultrasonic shears (p = 1.0; Table 2).

Five episodes of grade 2 embolization were recorded:
three with the vessel sealing system, one with the ultra-
sonic dissector, and one with the ultrasonic shears.
When two of these events occurred, both of them during
vessel sealing system transections, there was an imme-
diate rise in pCO2 and decreases in pO2 and pH, as
illustrated in Fig. 2. No recurrent bleeding was observed
during the 5-min observation after the operations.

Discussion

Long operation time and excessive bleeding during
laparoscopic liver surgery are associated with a higher

Table 1. Transection areas, operation time and estimated bleeding for
ten piglets

Transection areas (cm
2)

Median (range)

Autosonix 7.20 (5.00–10.5)
LigaSure 6.21 (3.42-11,25)
CUSA 7.46 (4.00-10.92)

Operation times (s)

Median (range)
Autosonix 450 (300–690)
LigaSure 337 (240–420)
CUSA 1111 (480–1320)

Bleeding

0 1 2

Autosonix 6 4 0
LigaSure 5 5 0
CUSA 0 8 2

Statistically significant differences are indicated: * p £ 0.05,
** p £ 0.01, *** p £ 0.001
The overall bleeding in arbitrary units: No bleeding = grade 0, slight
bleeding = grade 1 and profuse bleeding = grade 2

**

*

***

Table 2. Gas emboli time as proportion of total transection time and
estimated most extensive grade of embolism for nine piglets

Emboli time/operation time (%)

Median (range)

Autosonix 0 (0–8)
LigaSure 16.4 (0–38)
CUSA 0 (0–20)

Emboli grade

0 1 2

Autosonix 6 2 1
LigaSure 2 4 3
CUSA 6 2 1

Statistically significant differences are indicated: ** p £ 0.01
The most extensive emboli in arbitrary units: No gas bub-
bling = grade 0, slight gas bubbling = grade 1 and extensive gas
bubbling = grade 2

**
**
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rate of complications and shorter long-term survival.
Carbon dioxide embolization to the cardiopulmonary
circulation is considered a risk factor during laparo-
scopic surgery with CO2 pneumoperitoneum. This risk
would theoretically be increased during surgical tran-
section of the highly vasculated liver parenchyma. The
risk of CO2 embolism at different CO2 pressures and
with different transection devices has not been fully
evaluated, and surgeons apparently select different
strategies mainly according to personal preference.
Moreover, the clinical relevance of emboli, which
probably is affected by their size and number, is not
clear. Enhanced monitoring of the patient is important
for detecting and evaluating the effect of the emboli. We
do not consider that the optimal pressure for pneumo-
peritoneum, optimal transection strategies, and optimal
methods for monitoring cardiovascular variables have
yet been found.

This study aimed to increase the safety of laparo-
scopic liver resections. We evaluated three devices for
liver parenchymal transection using the end points of
operation time, bleeding, and CO2 embolism in a porcine
model. We monitored embolism by using TEE, which is
considered a sensitive method for detecting CO2 emboli.
To assess the clinical relevance of CO2 emboli, we also
performed online monitoring of arterial blood gases.

The main finding in our study was that two of five
extensive emboli events were associated with alteration
in blood gases, which can indicate clinical relevance.
Four different strategies have been developed to reduce
hemorrhage during transection through the liver
parenchyma: vascular occlusion of various types (e.g.,
the Pringle maneuver, in which vascular inflow is oc-
cluded by compression of the hepatoduodenal liga-
ment), reduction of the pressure in the hepatic veins,
direct prevention of bleeding when the vessels in the
transection plane are severed, and finally, use of hemo-
static agents. Occlusion of the vascular inflow clearly
entails a risk of ischemic injury to the liver. Thus, the
ideal liver transection technique should not necessitate

vascular inflow occlusion. Refinement of the transection
technique is therefore important.

Carbon dioxide embolization during laparoscopic
liver parenchymal transection using a pneumoperitone-
um is a matter of discussion. The clinical relevance of
these events is still unclear, but they are considered a
potential complication [19]. Embolic events have been
reported in animal studies [14, 20]. During laparoscopic
cholecystectomies in human patients, CO2 embolism has
been reported, as detected through TEE monitoring,
when the gallbladder is dissected from the liver [21]. In
the cited study, slight cardiorespiratory instability was
observed. However, arterial blood gases were not mea-
sured. In two patient series of laparoscopic liver resec-
tions, no clinically relevant gas embolization events were
observed [9, 22].

Although no serious clinical events have, to our
knowledge, been reported in the literature, surgeons
consider embolization to be a risk. One factor is the
pressure used to achieve pneumoperitoneum. Higher
pressure could theoretically increase the risk. In the lit-
erature, three different pressure strategies are recog-
nized. Kaneko et al. [10] reported the use of abdominal
wall lifting to avoid embolism. In contrast, Buell et al.
[23] reported the use of an 18- to 20-mmHg pneumo-
peritoneum in their series of laparoscopic liver resec-
tions. Most surgeons use the standard pressure of 12 to
14 mmHg. This pressure, considered sufficient for most
laparoscopic procedures, was used in this current report.
The influence of different pneumoperitoneum pressures
on the risk of CO2 embolism was not examined in this
study, and must be further evaluated in animal studies.

The implications of embolization for the cardiopul-
monary circulation could depend on the size and num-
ber of emboli. To evaluate the emboli, we used TEE for
detection, but we also used Paratrend to evaluate the
impact on arterial blood gases. The Paratrend enables
online monitoring of arterial blood gases, as well eval-
uation of rapid, transient, and persisting changes.
A change in blood gases indicates aberration in the gas
exchange in the lungs and could imply clinical relevance.
Also, an embolic event could be rapid and thus over-
looked if monitoring is performed only with TEE.

End-tidal carbon dioxide (EtCO2) also is commonly
used to detect emboli. In an earlier experimental study,
we found changes in arterial blood gases that lasted 4 h
after an experimental embolization in a porcine model.
In contrast, EtCO2 was back to preembolic values after
less than 30 min [24]. Therefore, we consider monitoring
with TEE and EtCO2 appropriate methods for detecting
emboli, and we consider continuous monitoring of
blood gases a superior means of identifying emboli of
clinical relevance.

All three devices used in this study are in general
clinical use for various procedures [4, 7, 25] and con-
sidered safe and effective [15–18]. We consider these
three devices important to evaluate for other reasons.
The ultrasonic dissector is commonly used also in cen-
ters that perform advanced liver surgery [26]. Use of the
ultrasound activated scalpel, including the ultrasonic
shears, was reported to entail a high risk of severe gas
embolism with cardiac arrhythmias in a pig study [14].

Fig. 2. The course for arterial blood gases during 15 min after a
carbon dioxide (CO2) embolization in the course of a vessel sealing
system transection. The line indicates maximal changes in arterial
blood gases.
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The vessel sealing system is a relatively new and
promising technique for parenchymal transection [18].
This new technique should perhaps be described in
greater detail. A monopolar technique for heat necrosis
in the parenchyma before resection was presented a few
years ago [27]. InLine, a device for resection of the
parenchyma after coagulative ablation, also has been
developed. This device uses radiofrequency energy to
achieve coagulative ablation in a plane. In this plane,
the resection is performed as the surgeon sees fit, for
instance, using diathermy, scalpel, or some other
implement. The device is reported to reduce bleeding
during transection, as compared with diathermy and
suturing [28] or the ultrasonic dissector [29]. The vessel
sealing system device used in this study is supposedly a
bipolar refinement of this technique, combining heat
necrosis of the parenchyma and the crush technique.

The operation time was longest with the ultrasonic
dissector device. This can be explained by the fact that
dissection of the vessels during the transection is more
time consuming, requiring a supplementary diather-
mia grasp procedure to secure disrupted and bleeding
vessels. Considering the small fragile vessels peripherally
in the pig liver, the dissection is a challenge, and the
result not as good as could be desired. The procedure
can be refined by the use of a monopolar diathermia tip
on the ultrasonic dissector. A time-consuming factor
that might affect the other two devices is adhesion of
carbonized liver parenchyma to the ultrasonic shears
and vessel sealing system blades. However, we did not
experience any such problems during the operations.

When using the vessel sealing system or the ultrasonic
shears, the surgeon usually begins the transection by
carefully but blindly inserting one end blade of these
devices into the liver tissue. The ability of the devices to
occlude vessels has been studied elsewhere, and they
reportedly occlude vessels safely up to the size of 3.5 mm
[30, 31]. Considering the peripheral location in the liver
where the operations in this study were performed, no
larger vessels could be anticipated. When larger resec-
tions are performed closer to the major vasculature in the
liver, the risk of embolism is likely to be higher, and this
must be evaluated in further animal studies.

When the end blade is inserted, disrupted vessels
could cause bleeding unless they are properly occluded.
In this study, the bleeding was significantly more
extensive only for the ultrasonic dissector, as compared
with the ultrasonic shears. Apparently no major bleed-
ing was caused by the blind insertion of the ultrasonic
shears or the vessel sealing system. One weakness of our
study is that the blood loss was estimated, not measured.
Our impression is that no major bleeding occurred that
would be difficult to handle during the operations, and
we saw no bleeding during the 5-min observation time
after the operations. The possibility of a recurrent
bleeding after the 5-min observation time must be con-
sidered, but was not evaluated in this study. The clinical
relevance of the minor difference in bleeding between the
devices is unclear.

In this study, a statistically significant difference was
observed between the devices when we evaluated the
time during which emboli were seen with TEE relative to

the total transection time, and the ratio was least
favorable for the vessel sealing system. Whether the
total time with emboli has implications for the cardio-
pulmonary circulation is unclear. The size of the emboli
could be more important. During two dissections with
the vessel sealing system, in which grade 2 emboli were
recorded on TEE, there was an influence on the arterial
blood gases (Figure 2), with pO2 decreasing to approx-
imately 8.6, pCO2 increasing to 8.6, and pH decreasing
to 7.2. This finding implies that there could be differ-
ences between the different devices in the negative effects
of emboli also during a peripheral transection in the
liver.

In this study, embolization was more frequent and
serious when the vessel sealing system was used. The
reason for this is difficult to interpret and unknown to us.
One plausible explanation could be the use of a 10-mm
rather than a 5-mm vessel sealing system device.

In conclusion, our study supports the feasibility of
using the three reported devices for laparoscopic liver
parenchymal transection. The operation time was longer
and bleeding was more of a problem with the ultrasonic
dissector, but these disadvantages are probably of little
clinical relevance. The study strengthens our apprehen-
sions about the risk of gas embolism during laparo-
scopic liver resection. The number and severity of
emboli were greatest when vessel sealing system was
used. We recommend further studies of patients under-
going laparoscopic liver surgery with TEE supervision
for early detection of emboli and blood gas monitoring
online for evaluation of their severity. Postoperative
morbidity after laparoscopic liver surgery using different
transection strategies also should be evaluated further in
clinical studies.
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