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Abstract

Background Several factors may affect volume and
dimensions of the working space in laparoscopic surgery. The
precise impact of these factors has not been well studied. In a
porcine model, we used computed tomographic (CT) scan-
ning for measuring working space volume and distances. In a
first series of experiments, we studied the relationship
between intra-abdominal pressure (IAP) and working space.
Methods Eleven 20 kg pigs were studied under stan-
dardized anesthesia and volume-controlled ventilation.
Cardiorespiratory parameters were monitored continu-
ously, and blood gas samples were taken at different IAP
levels. Respiratory rate was increased when ETCO,
exceeded 7 kPa. Breath-hold CT scans were made at IAP
levels of 0, 5, 10, and 15 mmHg. Insufflator volumes were
compared to CT-measured volumes. Maximum dimensions
of pneumoperitoneum were measured on reconstructed CT
images.

Results Respiratory rate had to be increased in three
animals. Mild hypercapnia and acidosis occurred at
15 mmHg IAP. Peak inspiratory pressure rose significantly
at 10 and 15 mmHg. CT-measured volume increased rel-
atively by 93 % from 5 to 10 mmHg IAP and by 19 %
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from 10 to 15 mmHg IAP. Comparing CT volumes to
insufflator volumes gave a bias of 76 mL. The limits of
agreement were —0.31 to 4+0.47, a range of 790 mL. The
internal anteroposterior diameter increased by 18 % by
increasing IAP from 5 to 10 mmHg and by 5 % by
increasing IAP from 10 to 15 mmHg. At 15 mmHg, the
total relative increase of the pubis—diaphragm distance was
only 6 %. Abdominal width did not increase.

Conclusions CT allows for precise calculation of the
actual CO, pneumoperitoneum volume, whereas the vol-
ume of CO, released by the insufflator does not. Increasing
IAP up to 10 mmHg achieved most gain in volume and in
internal anteroposterior diameter. At an IAP of 10 mmHg,
higher peak inspiratory pressure was significantly elevated.

Keywords Animal model - CO, - Computed tomography -
Laparoscopy - Pneumoperitoneum - Working space

Minimal access surgery is used for a wide variety of sur-
gical conditions in both adults and children [1, 2]. An
essential precondition for this approach is sufficient
working space providing good view and ease of instrument
handling [3-5]. In laparoscopy, this is mostly achieved by
intraperitoneal insufflation of CO, [6]. Within limits, the
higher the pressure, the more working space is generated.
On the other hand, the CO, pneumoperitoneum has adverse
effects. Absorption of CO, may cause acidosis, and the
increased intra-abdominal pressure (IAP) interferes with
cardiorespiratory function and regional perfusion [6—14].
In pediatric minimal access surgery, the working space is
inversely related to the patient’s size and thus also to age. It
is tempting to increase intraperitoneal insufflation pressure,
but the adverse consequences of CO, insufflation may be
more evident in children [10, 15]. Therefore, a delicate



Surg Endosc (2013) 27:1668-1673

1669

Table 1 Factors that determine

Factor Description

laparoscopic working space

Patient factors Agelsize

Bowel content

Body wall thickness (e.g., obesity)

Organomegaly

Space occupying lesions

Muscular rigidity (e.g., cerebral palsy)

Pneumoperitoneum Pressure

Positioning of the patient

Anesthesiologic
factors

Influencing muscle tone (direct effect of anesthetic drugs on muscle tone, depth of
anesthesia, use of systemic neuromuscular blocking agents, locoregional
techniques)

Type of ventilation (volume- vs. pressure-controlled ventilation)

Ventilator settings

balance between intra-abdominal CO, insufflation pressure
and ventilatory settings is needed for patient safety on the
one hand and having a good working space on the other
[16-22]. Because there are few experimental data in the
literature addressing this delicate balance, we decided to
study it in a porcine model.

Working space in laparoscopy is determined by three
types of factors: patient related, pneumoperitoneum rela-
ted, and anesthesiology related (Table 1).

In a first series of experiments, we addressed the rela-
tionship between one of the pneumoperitoneum-related
factors—CO, insufflation pressure—and working space in
a porcine model with volume-controlled ventilation. The
effects of different CO, insufflation pressures on pneu-
moperitoneum volume and intra-abdominal linear dimen-
sions were investigated by computed tomography (CT).

Materials and methods

The institutional animal ethics committee granted approval
for the experiments. Female pigs weighing approximately
20 kg were used. The animals were not fasted. On the day
of the experiment, they were given an intramuscular
injection of 1 mg/kg midazolam and 30 mg/kg ketamine.
Spontaneous breathing was maintained. They were then
transferred from the animal housing facility to the labora-
tory, where a cannula was placed in the auricular vein. A
continuous intravenous infusion of 6—8 mg/kg/h propofol
and 4 pg/kg/h sufentanil was initiated. No neuromuscular
blocking agents were used throughout the experiments.
Next, tracheotomy was performed through a midline cer-
vical incision, and volume-controlled ventilation (EvitaXL;
Driger, Liibeck, Germany) was started with an air-oxygen
mixture (FiO, 40 %), I:E ratio at 1:2, a tidal volume of
10 mL/kg, and a rate of 40/min. Positive end expiratory
pressure (PEEP) was set at 5 cm H,O. End-tidal CO,

(ETCO,) was monitored on the ventilator. Tidal volume
was kept constant; peak inspiratory pressures (PIP) were
recorded during the experiment. Respiration rate was
adjusted to maintain ETCO, within a range of 3.5-7 kPa.

A nasal temperature probe was placed and normother-
mia (38—40 °C) was maintained with the use of an electric
heating blanket (Inventum, Veenendaal, The Netherlands).
Cardiac monitoring was initiated at this point with a three-
lead ECG. An intra-arterial line (Arrow 20 G; Arrow,
Reading, PA, USA) was placed in the right carotid artery
for continuous blood pressure measurement and sampling
of blood for hematocrit and blood gas analysis. A venous
line (Percutaneous Sheath Introducer Set 8.5F; Arrow) was
placed in the right internal jugular vein via a separate low-
cervical incision.

A supraumbilical midline abdominal trocar was placed
after insufflation of the abdominal cavity with CO, through
a Veress needle to an IAP of 5 mmHg. Insufflation was by
means of an electronic insufflator (Endoflator, Storz,
Tuttlingen, Germany). To prevent leakage of CO, and
trocar-site bleeding, a radially expanding trocar (VersaStep
5 mm; Covidien, Dublin, Ireland) was used [23, 24].
Correct intra-abdominal placement was verified by lapa-
roscopy (Storz Telepack and 5 mm 30° telescope). The
abdomen was then desufflated by opening the CO, inlet of
the trocar. A 30 min infusion of 500 mL of colloid
(Voluven; Fresenius Kabi, Halden, Norway) was provided,
followed by continuous infusion of 10 mL/kg/h of isotonic
saline. When hemodynamic and respiratory parameters
were stable, the pig was transported to a CT scanner
(Definition Flash Dual Source; Siemens, Erlangen, Ger-
many). The electronic CO, insufflator was attached to the
abdominal trocar after the pig was installed on the scanning
tray. Thorax and abdomen were scanned at IAPs of O, 5,
10, and 15 mmHg. To minimize respiratory motion arti-
facts, scans were made during expiratory arrests while
maintaining PEEP at 5 cm H,0. Scanning duration for a
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CT run was approximately 5 s. At each new pressure level,
further scanning was paused until PIP and ETCO, had
stabilized, which always was within 5 min. Blood gas
samples were taken directly after scanning before pro-
ceeding to the next pressure level, and values of cardio-
respiratory parameters were recorded at these points. Pigs
were humanely killed after scanning.

Three different measures of working space were ana-
lyzed: linear dimensions as measured on CT (Fig. 1) in a
sagittal midline plane; maximum internal abdominal
anteroposterior (AP) diameter from the front of the verte-
bral column to the anterior peritoneal lining; maximum
distance between the upper border of the pubic symphysis
and the highest diaphragmatic peritoneal lining; in a

Symphysis to

diaphragm W

Internal APZ.
distance '

Fig. 1 Reconstructed CT images at an IAP of 5 mm. A Internal AP
diameter and pubis—diaphragm diameter, sagittal view. B Internal
width, coronal view
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transverse and coronal plane; maximal internal diameter of
the abdomen between the lateral peritoneal linings; and
volume of the free intra-abdominal CO, as measured on
CT. Intra-abdominal volumes were calculated with the
Syngo 3D volume module of a Siemens Navigator work-
station using a data set of 5 mm slices. Free CO, in the
abdomen on transverse slices was detected semiautomati-
cally after appropriate thresholds were defined. Slices
could be integrated to a total volume of free intra-
abdominal CO,. All volumes were visually checked for
inadvertent inclusion of intraluminal gas in the bowel,
which has the same CT density as CO,. Volume of insuf-
flated CO, as given by the insufflator (Endoflator, Storz).

All data were analyzed by SPSS software for Windows,
version 16 (SPSS, Chicago, IL, USA). The increase in
linear dimensions of abdominal working space with
increasing IAP was measured on reconstructed CT images.
The volume indicated by the electronic insufflator was
compared to the volume measured on CT. Agreement
between these volume measurements was visualized in a
Bland-Altman plot [25]. The significance of changes in
cardiorespiratory measurements at the different [APs was
calculated with paired 7 tests. A p value of less than 0.05
was taken to signify a statistical difference.

Results

Twelve pigs entered the study. Mean body weight was 22.8
(range, 19.2-25.2) kg. However, one pig died during sur-
gical preparation; data of 11 pigs were analyzed.

Cardiorespiratory monitoring data including blood gas
analysis are presented in Table 2. As described in the anes-
thesia protocol, respiratory rate was adjusted to compensate
for hypercapnia during the experiments (ETCO, > 7 kPa).
This was done in three pigs: in two with an increase of five
breaths per minute, and in one with a two-stepped increase to
a total of 10 breaths/minute. Table 2 shows that the PIP
significantly increased to a maximum of 28 cm H,O when
IAP was raised to 15 mmHg. Mild hypercapnia (ETCO,
6.49 kPa) occurred with this increased IAP.

Regarding the linear dimensions on CT (Fig. 2), the
mean internal AP diameter increased by 3.2 cm (from 8.8
to 12 cm) when IAP was raised from 0 to 5 mmHg; a
relative increase of 36 %. This diameter increased by
another 2.2 cm (to 14.2 cm) when IAP was raised from 5 to
10 mmHg, a relative increase of 18 %. At the final step
from 10 to 15 mmHg, the mean AP diameter increased by
0.8 cm, a relative increase of 5 %.

In contrast to the AP diameter, the transverse diameter
did not significantly increase with increasing pressure. It
even slightly, but nonsignificantly (p = 0.154), decreased
at the maximum IAP of 15 mmHg.
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Table 2 Cardiorespiratory monitoring data

Characteristic

Intra-abdominal pressure of:

0 mmHg 5 mmHg 10 mmHg 15 mmHg

Heart rate (beats/min) 84 (15) 81 (17) 83 (18) 88 (16)
Respiratory rate (breaths/min) 30 (7) 30 (7) 30 (8) 31 (7)
pH (n = 7 pigs) 7.44 (0.07) 7.43 (0.02) 7.40 (0.07) 7.37 (0.02)*
pCO, mm kPa (n = 7) 5.45 (0.96) 5.66 (0.65) 5.99 (1.40) 6.62 (0.27)*
ETCO,; kPa 5.81 (1.08) 5.94 (1.18)* 6.27 (1.29)* 6.49 (1.67)
PIP cm H,O 19 (2) 19 (2) 22 (2)* 28 (3)*
BP (mmHg)

Systolic 102 (12) 99 (15) 104 (18) 109 (13)

Diastolic 70 (15) 69 (17) 67 (18) 74 (17)

ETCO; end-tidal CO, measured by capnography, pCO, partial pressure of CO, measured by blood gas analysis, PIP peak inspiratory pressure,
BP blood pressure measured by arterial cannula, JAP intra-abdominal pressure

Data are presented as mean (SD)

* Statistically significant change from value at IAP 0 mmHg
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Fig. 2 Graph illustrating linear dimensions of the working space with
increasing IAP

The mean distance between the pubic symphysis and the
highest point of the peritoneal lining of the diaphragm
increased a total of 2.2 cm (6 % relative increase) with
increasing IAP. This increase was statistically significant
(p <0.01).

A combined pressure—volume curve for all 11 pigs is
depicted in Fig. 3. It shows the CT-measured volumes of
intra-abdominal CO, at the predefined IAPs. Mean volume
of insufflated CO, at the lowest pressure of 5 mmHg was
1.271 L. It increased to a mean of 2.459 L at 10 mmHg, a
relative increase of 93 %. At 15 mmHg, it increased fur-
ther to a mean of 2.919 L, a relative increase of 19 %.

Figure 4 shows a Bland—Altman plot in which the vol-
umes of intra-abdominal CO, measured on CT are plotted
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Fig. 3 Graph illustrating CT volume with increasing IAP

against the volumes as indicated on the electronic insuf-
flator. The bias is 0.076 L, indicating that CT measures a
somewhat larger volume than the insufflator. The limits of
agreement are —0.31 to 4+0.47, a range of 0.79 L.

Discussion

“The higher the pressure, the better the view” is a remark
heard from laparoscopic surgeons [26]. This axiom is only
true within limits. Pressure increments at higher pressures
will cause less gain in working space than increments at
lower IAP levels. This can be explained by the mechanical
properties of the abdominal wall. The abdominal wall
becomes progressively less compliant at higher levels of
deformation (stretch) [27]. Song et al. [28, 29] described
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anisotropic mechanical properties of the abdominal wall on
the basis of the orientation of stiff connective tissue fibers.
As explained in physiology textbooks, muscle-containing
tissues have active and passive states where muscle tone
greatly influences mechanical properties [30]. The
stretching of muscles also influences the maximum force
their sarcomeres can generate [31]. This makes the
abdominal wall a nonlinear, anisotropic, dynamic, and
difficult-to-describe mechanical entity. Moreover, increas-
ing TAP negatively affects cardiorespiratory function and
tissue oxygenation, and may result in more postoperative
pain [6-14].

With this study, we aimed to gain a more precise insight
into the effects of increasing IAP on working space dis-
tances and volume against the background of cardiorespi-
ratory function. We created a stable porcine model using an
anesthesia protocol that allowed for an ETCO, limit of
7 kPa (permissive hypercapnia). Levels of ETCO, rose with
increasing IAP. Ventilator rate needed to be adjusted in three
animals only in order to keep ETCO, within the desired
limit. A statistically significant rise in PIP occurred when the
insufflation pressure was raised to 10 and 15 mmHg. Such
high pressures may damage the lungs [32, 33]. A pneumo-
peritoneum pressure of 15 mmHg is considered high for a
juvenile 20 kg pig [34] and is considered to be the upper
limit in laparoscopy in adult humans as well [6, 19].

CT revealed a nonlinear increase of the abdominal
volume with increasing pressure (Fig. 3). The pressure rise
to 10 mmHg achieved the most gain in working space; the
next step to 15 mmHg achieved much smaller gain.

We found a marginal but statistically significant cranial
displacement of the diaphragm with increasing IAP. The
limited displacement is due to the volume-controlled ven-
tilation with PEEP. The pneumoperitoneum transverse
diameter did not change significantly. Therefore, the
internal AP diameter was the only dimension substantially
influenced by the IAP created by CO, insufflation. For the
best result, this should be taken into account when posi-
tioning the patient and presenting the area of surgical
interest [35, 36].

Use of the volume of CO, released by the insufflator as
the only indicator of the amount of CO, that is in the
abdomen results in errors due to gas leakage, absorption of
gas, and effects of temperature and compressibility. In
contrast, multiplanar CT analysis of the working space is a
reliable way to measure CO, peritoneum and its linear
dimensions because it clearly depicts the boundaries of the
actual working space (Fig. 1) [37].

As shown in Fig. 4, the limits of agreement between the
volumes measured on CT and the volumes indicated by the
insufflator span a large range of 0.79 L. This inaccuracy is
comparable to the size of the effect of interventions aimed
at increasing working space.
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Fig. 4 Bland-Altman plot. Ordinate, CT volume minus insufflator
volume (volume difference); abscissa, mean of volumes as measured
by the 2 methods. Dashed lines represent limits of agreement

Determining an optimal relationship between working
space and homeostasis during laparoscopic procedures is
not easy [16-22]. In contrast to our experiments, complex
minimal access surgery in humans can take several hours,
adding to the negative effects of the CO, pneumoperito-
neum. Avoiding high insufflation pressure will counteract
the negative influences of CO, insufflation [6, 14, 19, 26].

Exact measurement of the working space against the
background of cardiorespiratory monitoring is imperative
when studying how certain factors can influence the
working space. CT scanning allows for such an exact
measurement. Pressure of pneumoperitoneum was the first
factor we investigated. Experiments on the effects of other
factors mentioned in Table 1 are in preparation. The find-
ings can help improve surgical and anesthesia management
in minimal access surgery.
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