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Background: Capnoperitoneum provides a ventilatory challenge due to reduction
in end-expiratory lung volume and peritoneal carbon dioxide absorption in both
children and adults. The primary aim of this controlled interventional trial was to
determine the positive end-expiratory pressure (PEEP) level needed to ensure for
adequate carbon dioxide clearance and preservation of carbon dioxide homeostasis
in an experimental model of infant laparoscopy. The secondary aim was to evaluate
potential effects on cardiac output of PEEP and abdominal pressure level variations
in the same setting.

Methods: Eight chinchilla bastard rabbits were anesthetized and mechanically venti-
lated. Intra-abdominal pressures were randomly set to O, 6, and 12 mm Hg by carbon
dioxide insufflation. Carbon dioxide clearance using volumetric capnography, arterial
blood gas data, and cardiac output was recorded, while PEEP 3, 6, and 9 cmH,O were
applied in a random order.

Results: A PEEP of 9 cmH,0 showed restoration of carbon dioxide clearance without
causing changes in arterial partial pressure of carbon dioxide and bicarbonate and
with no associated deterioration in cardiac output.

Conclusion: The results promote a PEEP level of 9 cmH, 0O in this model of infant cap-
noperitoneum to allow for adequate carbon dioxide removal with subsequent preser-
vation of carbon dioxide homeostasis. The use of high PEEP was not associated with

any decrease in cardiac output.
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1 | INTRODUCTION

Laparoscopic surgery is becoming increasingly common even in
neonates and infants.® The abdominal insufflation of carbon diox-
ide (CO,) that is necessary for adequate surgical visualization does,
however, produce a double challenge with regards to the ventilation.
First, the patient is subjected to a peritoneal CO, absorption that
will require an increase in CO, excretion by the lungs to preserve
normocapnea.?® Second, the increase in intra-abdominal pressure
(IAP) will cause an upward displacement of the diaphragm that will
reduce end-expiratory lung volume, which in turn will negatively
influence ventilation and make adequate CO, removal more diffi-
cult.# In addition to this, maintaining stable CO, levels is particularly
important in neonates and infants, were the CO, absorption seen
during capnoperitoneum has been shown to proportionally increase
with smaller age and size,? and fluctuations in PaCO, is a main factor
in the regulation of cerebral blood flow and thus a key component in
preventing of neurological injury.s'7

An increased respiratory rate and/or an increased driving pres-
sure, resulting in larger tidal volumes and minute ventilation, are the
most frequently used option to increase ventilatory CO, removal in
the setting of capnoperitoneum.z'5 However, these actions are rel-
atively poor in preserving lung volume.®” A potentially more effec-
tive measure to preserve lung volume is the application of positive
end-expiratory pressure (PEEP) and, thus, to apply a correct PEEP
during laparoscopic surgery in children can be hypothesized as being
a potentially more suitable action in this context. However, it is cur-
rently not known which PEEP level may be the most appropriate in
this setting. Available recommendations regarding PEEP levels are
few and variable but PEEP levels of approximately 5 cmH,O have
been described.® Furthermore, using excessive PEEP may cause
unwanted reductions in cardiac output, by reducing venous return,
and thereby interfere with hemodynamic stability and adequate gas
exchange.

The primary aim of this experimental study was therefore to
characterize the PEEP level needed to assure for adequate CO,
clearance (VCO,) and preservation of arterial CO, partial pressure
(PaCO,), in a pediatric model mimicking laparoscopic surgery. A sec-
ondary aim was to estimate cardiac output (CO), by transpulmonary
thermodilution, to monitor any potential repercussions in CO of the

increased PEEP and intra-abdominal pressure levels.

2 | METHODS
2.1 | Animal preparation

The study was performed at the Unit for Anaesthesiological
Investigations, Department of Anesthesiology, Pharmacology and
Intensive Care, University of Geneva, Geneva, Switzerland.

The experimental protocol was approved by the institutional eth-
ics committee (registration number GE/4/17) for experimental re-

search of the University of Geneva and animal welfare committee of
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Editorial Comment

The use of laparoscopic techniques is increasing in pedi-
atric patients. This experimental study, in a rabbit laparos-
copy model, shows that a PEEP of 9 cm H,0O is optimal to

counteract negative effects of abdominal CO, insufflation.

the Canton of Geneva, Switzerland (Chairperson Marjolaine Philit),
February 2, 2017. The rabbit model was chosen since the weight
span and lung volumes of the animals are within the range of normal
human neonates and small infants with mature lungs. The use of this
model in the context of mechanical ventilation has previously been
reported by our research group.”*°

Eight adult chinchilla rabbits (median weight of 3.7 kg, range
3.6-3.9 kg), purchased from the animal farm of the University of
Geneva, received pre-medication with intramuscular injection of
xylazine (3 mg kg™) and ketamine (15 mg kg™). Anesthesia was then
induced by iv injection of propofol (2 mg kg'l) via an ear vein. The
animals were subsequently tracheostomized and an endotracheal
tube (4 mm i.d., Portex®; Smiths Medical) was inserted for airway
management. The jugular vein and carotid artery were cannulated
for pressure measurements and blood sampling. The animals were
mechanically ventilated in volume-control mode (tidal volume 7 mL/
kg) using an inspired oxygen fraction of 0.4, and the respiratory
rate was adjusted to maintain end-tidal normocapnia (5.5-6.0 kPa).
Anesthesia was maintained with a continuous intravenous infu-
sion of propofol (10 mg kg™ h™) and fentanyl (50 pg kg™ h™) via
the ear vein. All animals were given a continuous crystalloid infu-
sion (Ringer-acetate) for volume replacement (4 mL kg™ h™), and
atracurium (0.5-1.0 mg kg *h™) was administered for muscle relax-
ation after confirming an adequate anesthetic and analgesic depth.
An intra-abdominal CO, insufflation device (Electronic Endoflator;
Karl Storz) was placed in the abdominal cavity through a small air-
tight incision for regulation of IAP. Airway pressure, heart rate, and
rectal temperature were measured and stored on a computer at a
sampling rate of 1 kHz via an analog/digital interface converter (AD
Instruments, PowerLab model 8/35 and LabChart 7).

2.2 | Volumetric capnography and arterial
blood gases

Carotid arterial blood gas samples were taken for measurement
of PaCO, and HCO,  using a blood gas analyzer (Abbott i-STAT 1
Handheld Blood Gas Analyzer).

VCO, was estimated using volumetric capnography with data
from standard measurements of end-tidal CO, concentration with
a mainstream infrared CO, sensor (Capnostat-3, Respironics Inc) as
previously described.'**? Mean VCO, values recorded over 1 min-
ute were used for further statistical analysis (on average 30 VCO,

values).
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2.3 | Assessment of Cardiac output using
transpulmonary thermodilution

Cardiac output (CO) was monitored by using a transpulmonary
thermodilution technique (PiCCO; PULSION Medical Systems,
Feldkirchen, Germany). A 3-ml thermal indicator bolus (<8°C) was
injected in the right atrium via the central venous catheter for each
measurement.’® Due to the large number of measurements in each

subject, single dilutions rather than average of triplets were used.

2.4 | Study protocol

The rabbits were allowed a 15 minutes stabilization period before
starting the study protocol. To standardize lung volume, a recruit-
ment maneuver with PEEP 3 cmH,0 and 14 mL/kg tidal volume was
performed while applying two consecutive periods of 10 seconds

inspiratory hold.1®

This recruitment procedure was performed after
surgical preparation and prior to each established PEEP level.

Figure 1 depicts the order of the experimental protocol. Baseline
measurements were first performed at an IAP of O mm Hg and a PEEP
of 3 cmH, 0. After this, IAP was elevated to either 6 or 12 mm Hg
in random order and recordings were repeated twice after return-
ing to IAP O mm Hg. Another randomization was done for the PEEP
level, which was either 6 or 9 cmH,O and the whole procedure was
repeated. The overall sequence was randomized prior to the study,
whereas the sequence was not individually randomized for each
animal. VCO,, PaCO,, HCO,', and CO recordings were performed
3 minutes after the target IAP level was established. The time frame
for each measurement block was approximately 2 minutes.

Following completion of the protocol, the animals were killed
with an overdose of iv sodium thiopental (100 mg/kg).

e

IAP =0 mm Hg

3 min 2 min

>

A

2.5 | Statistical analysis

Data were checked for normal distribution with Shapiro-Wilk K2
test. Data are presented as mean + standard deviation (SD).

A priori and based on previous studies,”*°

we calculated a sample
size of 7 animals in order to detect significant differences in VCO,,
PaCO,, HCO,, and CO for the interventions (power 80%, alpha
error 0.05).

Two-way repeated measure analysis of variation with subse-
qguent Bonferroni multiple comparison tests was used to detect sig-
nificant changes in the parameters measured by considering PEEP
level and IAP as within-subject factors. P < .05 was considered to
indicate statistical significance.

GraphPad Prism (version 7.0 for Windows; GraphPad Software)
was used for all statistical calculations and Microsoft Excel for Mac
2011 version 14.5.7 for data handling (Microsoft Corp.).

3 | RESULTS

All 8 animals survived the interventions associated with the proto-
col. Data from one rabbit is missing for PEEP 9 cmH,O due to techni-
cal sampling problems.

No significant changes in VCO, were found between IAP O, 6,
and 12 mm Hg at PEEP 3. When increasing IAP from O to 6, a signif-
icant increase in VCO, was observed both at PEEP 6 and 9 (P < .05).
Increasing IAP from 6 to 12 did not induce any further differences
in VCO, at any PEEP level. At PEEP 6 and 9, VCO, was significantly
higher for IAP 6 and 12 compared with the same intra-abdominal
pressures at PEEP 3.

No significant alteration of PaCO, was observed when increas-
ing IAP from O to 6 to 12 at PEEP 9. However, a significant increase

TN
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FIGURE 1 Scheme of the experimental protocol. Carbon dioxide elimination (VCO,), arterial blood gas (ABG), and cardiac output (CO)
measurements were performed at positive end-expiratory pressure (PEEP) levels of 3, 6, and 9 cmH,O while intra-abdominal pressure (IAP)
of 0, 6, and 12 mmHg was randomly maintained by capnoperitoneum. After the measurements, lung volume estimations associated with

another study were made
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in PaCO, was seen for both PEEP 3 and 6 when IAP was increased
from O to 6 (P < .05). Increase in IAP from 6 to 12 did not cause any
further significant changes in PaCO, at PEEP 6 and 9. For baseline
values, PaCO, was slightly higher at PEEP 9 than PEEP 3 (P < .05).

At PEEP 9, no significant changes in HCO; were seen between
the different IAP levels. HCO,- was at all times significantly lower at
PEEP 9 when compared with PEEP 3 and 6.

No significant changes in CO were seen for PEEP 3 in response to
increased IAP. For PEEP 6, CO was significantly higher at IAP6 than
IAP 0. A similar difference in CO was seen between IAP 0 and 6 for
PEEP 9 and also between IAP O and 12 for PEEP 9. At PEEP 6 and 9,
CO was significantly higher than PEEP 3 for IAP 6. For PEEP 9, CO
was significantly higher than PEEP 3 also at IAP 12.

The changes in VCO,, PaCO,, HCO,", and CO for each PEEP
level and IAP step are shown in Figure 2. Additional blood gas
data not associated with the aim of this study are presented in
Appendix S1.

acta
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4 | DISCUSSION

The present study used an experimental model that mimics lapa-
roscopic surgery in infants to investigate the effect of PEEP and
various intra-abdominal pressures on VCO,, PaCO,, HCO,’, and CO.
The results indicate that the PEEP level needs to be adjusted to a
minimum of 9 cmH,0 during abdominal insufflations of CO, to allow
for adequate CO, removal and maintaining stable arterial CO, ten-
sion without any associated increase in HCO,". This effect of PEEP 9
was obtained with no subsequent impairment in CO when compared
with PEEP 3 and 6.

As mentioned above, the use of laparoscopic techniques is
steadily increasing in the pediatric population. Although the tech-
nique provides benefits for the patient and offers optimal conditions
for the surgeon, this is partly achieved at the expense of adequate
CO, removal and thus provides the anesthesiologist with a substan-

tial challenge with regards to choice of ventilation strategy. Various
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FIGURE 2 Ventilation and hemodynamic parameters. Mean + SD. PEEP, positive end-expiratory pressure; IAP, intra-abdominal pressure;
PaCO,, arterial partial pressure of carbon dioxide; HCO, bicarbonate level; VCO,, tidal elimination rate of carbon dioxide; CO, cardiac
output by transpulmonary thermodilution. *P < .05 vs IAPO within a PEEP, Sp < .05 vs IAP6 within a PEEP, *P < .05 vs PEEP 3 within an IAP,

%P < .05 vs PEEP 6 within an IAP
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ventilation approaches have been considered to counteract the del-
eterious effects of laparoscopy on lung volume. The application of
appropriate PEEP level is the most suitable means to avoid reduced
lung volumes, atelectasis formation, and subsequent gas exchange
deterioration.'* Therefore, the results of the present study provide
new and interesting information on how to ventilate neonates and

small children who undergo laparoscopic surgery.

4.1 | CO,clearance and preservation of carbon
dioxide homeostasis

A prerequisite for CO, homeostasis during a period of increased
CO, load is that the lung is in a state that allows for increased CO,
removal. Although PEEP 3 was capable of achieving adequate arte-
rial CO, tension at normal IAP, it was found to be insufficient to
allow for increased VCO, in response to the CO, load associated
with IAP 6 and 12. PEEP 6 performed appropriately in this aspect
at IAP 6 and appeared still partly effective at IAP 12. PEEP 9 per-
formed well both at IAP 6 and 12 thus indicating that a PEEP level
of 9 appears to be the most suitable with regards to maintaining
CO, homeostasis in this particular setting. Furthermore, even if
the differences in absolute numbers of PaCO, were relatively small
between the altered PEEP levels for all IAP, this appears to be at
the expense of activation of the bicarbonate buffer system.'® This
is reflected by the significant increase in HCO,  seen at PEEP 3 and
6, whereas a stable and at all times significantly lower HCO;™ was
seen at PEEP 9.

The ability to increase VCO, in response to external CO, load
seen at PEEP 6 and 9 is potentially mediated through decreased
shunting. We suggest that this then is caused by a larger end-ex-
piratory lung volume, with an increased part of the lung taking part
in effective gas exchange. This will in turn indicate a more open and

homogenous lung at the higher PEEP levels.

4.2 | Study limitations

Since animal data cannot be immediately transposed to human ba-
bies, the use of exactly PEEP 9 cannot instantly be recommended
in the clinical scenario of pediatric capnoperitoneum. However, our
data indicate that an inadequate PEEP will impede CO, elimination
as CO, is insufflated and IAP becomes raised. The inadequate VCO,
resulting from low PEEP is probably even more likely to cause further
increases in PaCO, if the insufflation period is prolonged beyond
the relatively short 3 minutes used in this study. Thus, to provide a
situation of unrestricted CO, elimination by the lungs in this clinical
setting, a higher PEEP than usually used appears advisable.

The assessment of CO in this study is associated with certain
limiting issues regarding absolute values. The method should ideally
be based on triplicate injection of ice-cold saline but in this study, it
was based on a single injection. The rationale for this is that the small

animals otherwise would have been exposed to clearly excessive

volume load, both regarding animal well-being and potentially af-
fecting CO per se. Additionally, the injected volume was reduced to
only 3 milliliter instead of the customary 10 milliliters, a fact that
potentially can result in a certain overestimation of CO.® However,
our data are in line with what has previously been reported in this
setting.17 Since the aim of assessing CO in this study only was to
demonstrate that PEEP increases are not associated with reduced
CO, the absolute value of CO in this setting is of less importance.
Thus, the fact that CO did not change during the various changes in
PEEP and IAP is still indicative of stable hemodynamics throughout

the various experimental manipulations.

5 | CONCLUSION

In conclusion, PEEP 9 cm H,0 was found to be the most effective
PEEP to ensure optimal CO, clearance without fluctuations in PaCO,
at intra-abdominal pressures of 6 and 12 mm Hg. Furthermore, PEEP
9 could be used without being associated with any decrease in car-
diac output compared to lower PEEP levels.
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