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Abstract

In laparoscopic surgery the abdominal cavity is insufflated with pressurized carbon dioxide

gas to create workspace. This pressure is exerted through the diaphragm onto the lungs,

competing with ventilation and hampering it. In clinical practice the difficulty of optimizing

this balance can lead to the application of harmfully high pressures. This study set out to cre-

ate a research platform for the investigation of the complex interaction between insufflation

and ventilation in an animal model. The research platform was constructed to incorporate

insufflation, ventilation and relevant hemodynamic monitoring devices, controlling insuffla-

tion and ventilation from a central computer. The core of the applied methodology is the fixa-

tion of physiological parameters by applying closed-loop control of specific ventilation

parameters. For accurate volumetric measurements the research platform can be used in a

CT scanner. An algorithm was designed to keep blood carbon dioxide and oxygen values

stable, minimizing the effect of fluctuations on vascular tone and hemodynamics. This

design allowed stepwise adjustment of insufflation pressure to measure the effects on venti-

lation and circulation. A pilot experiment in a porcine model demonstrated adequate plat-

form performance. The developed research platform and protocol automation have the

potential to increase translatability and repeatability of animal experiments on the bio-

mechanical interactions between insufflation and ventilation.

Introduction

During laparoscopic surgery, pressurized carbon dioxide (CO2) gas is insufflated into the

abdominal cavity. This gas volume forms the workspace in which the surgeon can operate.

The pressure needed to create this workspace is exerted not only onto the abdominal wall, but

onto the vascular system and internal abdominal organs as well [1]. Moreover, the intra-

abdominal volume competes with the volume of the lungs through displacement of the dia-

phragm, causing a decrease in lung volume with the increase in intra-abdominal gas volume
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[2–4]. This impairs the ability to ventilate patients during laparoscopy, requiring an increase

in intrapulmonary pressure to maintain sufficient inspiratory lung volume and gas exchange

and to prevent collapse during expiration. However, increased intrapulmonary pressures can

result in lung damage and prolonged recovery [5, 6].

Extensive literature exists on the negative consequences of high pressures applied in ventila-

tion and insufflation in patients undergoing laparoscopic surgery [7–9]. Although several stud-

ies have investigated the interaction between insufflation and ventilation, these have not led to

methods for optimization during surgery [10, 11]. Separate guidelines have been developed,

advising minimization of mechanical ventilation (MV) and insufflation pressures [12, 13].

Investigation of the interaction between insufflation and ventilation is complicated by the fact

that both are simultaneously affected by pressure changes on either side of the diaphragm.

An important effect of abdominal insufflation with CO2 gas is an increase in blood CO2 lev-

els [14, 15]. This results from a reduction in lung volume and consequently impaired ventila-

tion, as well as from CO2 uptake from the peritoneal cavity into the blood. In turn, high blood

CO2 levels affect the muscle tone of blood vessel walls, affecting physiological parameters

throughout the body [16–18]. Hence, control of the blood CO2 level is needed to reduce these

effects. Management of oxygen (O2) is equally important, since even short periods of hypoxia

can lead to a marked change in for example heart rate [19]. Other important factors influenc-

ing the interaction between insufflation and ventilation are compliances of the lungs and the

abdomen, and the tone of the diaphragm and other muscles surrounding the abdominal and

thoracic cavities. The muscle tone can be reduced using muscle relaxants, theoretically result-

ing in a more direct interaction between insufflation and ventilation [20–22].

The reproducibility of studies on biomechanics strongly depends on the methods for con-

trolling parameters and on reducing the influence of variation between test subjects on out-

come [23, 24]. A feasible method for investigating the interaction between ventilation and

insufflation involves fixating the tidal lung volume while varying the insufflation pressure.

This makes the abdominal volume and the ventilation pressure outcome parameters of

changes in intra-abdominal pressure (IAP). The most accurate method for the repeated mea-

surement of volumes is computed tomography (CT) imaging, which is only feasible in an ani-

mal model [25]. For investigation of the complex interactions involved, closed-loop control of

ventilation parameters is very suitable for exclusion of the influence of blood gas fluctuations

[26–28]. Although in clinical care closed-loop systems are increasingly used to stabilize patient

conditions, in research such systems are rarely used to stabilize experimental conditions [29].

The aim of this study was to develop a research platform for investigation of the bio-

mechanical interaction between surgical insufflation and mechanical ventilation in an animal

model. To ensure repeatable conditions between experiments, the development of a closed-

loop ventilation system aimed to minimize the effect of blood gas fluctuations. A pilot experi-

ment was set up to evaluate the research platform and investigation method.

Materials and methods

Design considerations

Previous studies have shown that pig models are most representative of human physiology

when investigating pulmonary dynamics and abdominal insufflation as separate topics [2, 30,

31]. The developed research platform had to be transportable and had to fit within the gantry

of a CT scanner. To avoid accidental disconnection of data connections, vascular access or

ventilation, the choice was made to create a single platform that houses the devices and animal.

This provided several restrictions in the choice for the animal size and the number of devices.

Animals with a weight approximating that of an adult human, in combination with the
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required devices, would not fit onto a CT slide and would exceed the maximum weight toler-

ance. To this end, the target weight of the animal model was set to 20 kg.

Selection of devices

Insufflation and ventilation. The core of the research platform are an insufflation device

and a mechanical ventilator (Table 1). Both devices can be read out and controlled through a

serial connection, allowing remote and automated control over all insufflation and ventilation

parameters. Remote control of the ventilator is required to shorten the apneic time during CT

scanning breath holds. Automated control in the form of closed-loop control of ventilation

parameters is needed to adjust blood gas levels. Due to size considerations of both the device

and the animal model, a neonatal/pediatric ventilator was chosen. The following devices were

chosen:

• Insufflation: Endoflator UI 40 (Karl Storz SE & Co. KG, Tüttlingen, Germany).

• Mechanical ventilation: Fabian HFO (Acutronic AG, Hirzel, Switzerland).

In addition to the pressure and flow measurements provided by these devices, a high-resolu-

tion system was chosen to verify insufflator and mechanical ventilator measurements:

• To verify measurements of pressure and flow: heated pneumotachographs (PNT 8410A,

Hans Rudolph Inc., Shawnee, KS, United States) combined with pressure sensors that also

provided the option of connecting an esophageal balloon catheter for intrathoracic pressure

measurements.

List of selected devices, essential devices are required to control oxygenation and carbon

dioxide levels and store data, other devices have been added to gather additional clinical and

Table 1. Devices.

Description Device Manufacturer

Control Mechanical ventilator fabian™ HFO Acutronic Medical Systems AG

Surgical insufflator Endoflator1 40 UI Karl Storz GmbH

Patient monitor Root1 Masimo1 Corporation

Measurement Pulse oximeter Radical-71 Pulse CO-oximeter Masimo1 Corporation

Patient monitor IntelliVue MP20 Koninklijke Philips N.V.

Blood pressure Custom Not applicable

Electrocardiography Custom Not applicable

Hemodynamic monitor Pulsioflex™ Pulsion Medical Systems SE

Hemodynamic monitor PiCCO2™ Pulsion Medical Systems SE

Syringe pump Injectomat Agilia1 Fresenius Kabi AG

Infusion pump Infusomat1 Space1 P B. Braun Melsungen AG

Neuromuscular blockade TOFscan1 Drägerwerk AG & Co. KGaA

Trocar pressure/flow Custom Not applicable

Transcutaneous blood gases SDM / OxiVenT™ Sensor Sentec AG

Infrastructure Wifi router Mi Wi-Fi Mini Xiaomi

Power backup unit SMT1500IC Schneider Electric Industries SAS

Software LabVIEW™ 2018 National Instruments Corp.

Serial device hub (2x) NPORT 5650-8-DT-J MOXA Inc.

Measurement/control computer Universal: requires 3x USB and LabVIEW™ software

Remote control laptop Universal: requires Microsoft Remote Desktop Protocol support

https://doi.org/10.1371/journal.pone.0285108.t001
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scientific data. Auxiliary devices have been added to overcome logistical challenges, for exam-

ple, remote control during CT measurements.

CO2 and O2 monitoring. Monitoring devices were selected to observe the physiological

effects of ventilation and insufflation. To increase the translational value of the measured

parameters, standard of care devices were selected. All monitoring devices were required to

have a connection for data readout. Commonly used technologies for CO2 and O2 monitoring

were selected with response times and accuracy that would be able to provide input to a

closed-loop ventilation algorithm. The following devices were selected:

• Monitoring the arterial oxygen saturation (SaO2): pulse oximetry (Masimo SET1, Masimo,

Irvine, CA, United States) was used which provided a peripherally measured oxygen satura-

tion (SpO2). For redundancy, three pulse oximeters were included, of which one with the

Oxygen Reserve Index (ORI™). The ORI is calculated from arterial and venous saturation

levels, which allows detection of oxygen levels surpassing full arterial hemoglobin saturation

[32]. These sensors were connected to the mechanical ventilator, a Masimo ROOT and

Masimo Radical 7 device.

• Measurement of cerebral and tissue oxygen levels: near-infrared spectroscopy (Masimo O3).

• Oxygen uptake: central venous oxygen saturation (ScvO2) measured with an intravascular

optical catheter (CeVOX) connected to a monitor (PiCCO2, Getinge AB, Getinge, Sweden).

• End-tidal capnography (etCO2) was chosen as the primary CO2 measurement, providing a

continuous measurement with good accuracy during pneumoperitoneum [5, 33]. A main-

stream capnograph (Philips Capnostat 5, Philips, Eindhoven, The Netherlands) was selected

that could be interfaced directly with the mechanical ventilator.

• For non-invasive monitoring of the arterial partial pressures of carbon dioxide (PaCO2) and

oxygen (PaO2), transcutaneous blood gas sensor (Sentec OxiVenT, Sentec AG, Therwil,

Switzerland).

Circulation monitoring. The primary circulatory parameters that needed to be measured

were heart rate, blood pressure and cardiac output.

• Electrocardiography: a compact patient monitor with optional filtering for electric interfer-

ence (Philips MP40, Philips, Eindhoven, The Netherlands).

• Arterial and venous blood pressures were recorded at a sampling rate of 1000 Hz for offline

pulse contour analyses. Pressures were measured using disposable transducers (Meritrans

DTX Plus, Merit Medical Ireland Ltd, Galway, Ireland) combined with two pre-amplifiers

(CPJ2S, SCAIME SAS, Juvigny, France) and an analog-to-digital converter (USB-6002

DAQ, National Instruments, Austin, Texas, United States).

• For cardiac output (CO) measurements, the gold standard involves placement of a Swan-

Ganz catheter within the heart. As the invasiveness of this method is poorly tolerated by the

20 kg porcine model, an alternative method was chosen. An intermittent absolute CO mea-

surement was combined with a continuous relative CO measurement. This combination

allows calibration of the pulse contour measurement at the beginning of an experiment. The

absolute CO was measured with cold fluid thermodilution (PiCCO2 monitor). Continuous

CO was monitored with pressure-based pulse contour analysis (ProAQT sensor and Pulsio-

Flex monitor, Getinge AB, Getinge, Sweden). The catheter for the fluid thermodilution mea-

surement had a temperature sensor at the tip, which provided a continuous core

temperature measurement.
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Anesthesia, sedation and muscle relaxation. Monitoring of anesthetics, sedatives and

fluids was included, as it was considered essential in maintaining hemodynamic stability and

minimizing differences between experiments.

• Infusion and fluid management: pumps with a serial data output (Braun Infusomat1 Space,

B. Braun, Melsungen, Germany and Fresenius Kabi Injectomat1MC Agilia, Fresenius

Health Care Group, Hamburg, Germany).

• To monitor the effect of neuromuscular blockade (NMB) and titrate the administered dose

over time: train-of-four (TOF) and post-tetanic count (PTC) monitoring. The frequency of

TOF and PTC measurements is limited due to the temporary and local depletion of neuro-

transmitters by the tetanic stimulus. To allow both measurements continuously and simulta-

neously two devices were included for placement at different extremities (Dräger

TOFscan1, Drägerwerk AG & Co. KGaA, Lübeck, Germany).

Data acquisition and protocol management

Serial data communication between all devices and a central computer system allows time-syn-

chronized collection of all data streams, as well as control over insufflation and ventilation

whilst running the experimental protocol. The central computer runs the program for manag-

ing the interface and closed-loop controller. The program was created using software for pro-

gramming that included support for interface development, serial communication and

automated file naming based on the study protocol and measurements, as well as timestamp-

ing of files and measurements (LabVIEW 2018 SP1, National Instruments, Austin, Texas,

United States). A protocol management system was programmed that could execute the pre-

programmed experimental steps and monitor progress. Timers and protocol step control were

implemented in the interface. Protocol deviations could be corrected using manual overrides.

Closed-loop ventilation and oxygenation

The aim of the closed-loop controller is to separate the control of O2 levels from the control of

CO2 levels during insufflation by adapting MV settings. To achieve this, a set of possible sys-

tem inputs (e.g. MV settings) and outputs (levels of CO2 or O2) was evaluated. Since all insuf-

flators are pressure-controlled, IAP was selected as the controlled parameter for creating the

surgical workspace. To prevent lung collapse and impairment of ventilation with increasing

IAP, tidal volume-controlled MV was preferred over pressure-controlled MV. Other MV

parameters that can be controlled are the fraction of inspired oxygen (FiO2), tidal volume

(Vt), positive end-expiratory pressure (PEEP), inspiratory-expiratory time ratio (I:E-ratio) and

respiratory rate (RR). These parameters were evaluated for three criteria:

1. Adapting the parameters should have limited impact onto the investigated insufflation-ven-

tilation interaction.

2. Adapting the parameter should control the level of O2 or CO2.

3. O2 and CO2 levels should be controllable separately, with minimal influence on the other

parameter.

For controlling oxygen levels, FiO2 was the only candidate system input. For stabilizing

CO2 levels RR, Vt, PEEP and the I:E ratio were considered. RR was selected as system input,

mainly because Vt and PEEP have a stronger impact on the investigated pressure-volume rela-

tionship and changing the I:E ratio was expected to provide limited control over CO2 levels.
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Any CO2 or O2 measurement that could be obtained was considered as a potential input

parameter. This included the transcutaneously measured partial pressure of carbon dioxide

(tcPCO2), etCO2, SaO2, and ORI measurements. These measurements were evaluated for their

accuracy, sensitivity in identifying changes in O2 or CO2 levels, as well as clinical usability.

Oxygen levels were monitored using both SpO2 and ORI, to allow control over PaO2 levels in

the range where hemoglobin saturation and subsequent SpO2 values have reached 99 to 100%.

SpO2. For management of CO2 levels, etCO2 was chosen as the output parameter. Although a

measurement can be accurate, there is a delay between changing the MV settings and its effect.

Changing the MV settings before observing the effect from the previous change could lead to

swings in O2 and CO2 levels. The minimal time interval at which these effects are observed can

be translated to a maximal control rate at which the closed-loop controller is executed.

Response times and control stability were based on the physiology of the selected animal

model and set to a 40 second interval.

Pilot experiment

Subject. The performance of the closed-loop ventilation system, selected measurements,

data acquisition and protocol management system were evaluated in a pilot experiment. A

female Landrace pig with a targeted weight of 20 kg was selected for this pilot experiment.

Environmentally enriched housing was provided. Until the start of the experiment water was

available to the animal ad libitum, food was available until the morning of the experiment.

Ethics statement. All samples and data were collected using procedures in accordance

with the Dutch Animal Testing act. The license number for this study for the Central Author-

ity for Scientific Procedures on Animals was AVD101002015180. Institutional approval was

given by the Animal Ethics Committee, protocol number 15-180-02,2,1. All experimental steps

were executed according to pre-approved standard operating procedures.

Anesthesia and instrumentation. Before premedication of the animal, all devices were

time-synchronized and pressure and flow measurements were calibrated. Intramuscular pre-

medication was administered to the animal with ketamine 30 mg/kg, midazolam 1 mg/kg and

atropine 0.03 mg/kg, followed by a 15 minute time window for the sedation to take effect. Ade-

quate sedation was confirmed with nociceptive stimuli and by the absence of the corneal reflex.

The animal was placed in supine position and after application of lidocaine onto the vocal

cords it was intubated with a cuffed endotracheal tube. An esophageal balloon catheter was

then placed. For maintenance of anesthesia an auricular intravenous cannula was placed,

through which propofol 14 mg/kg/h and sufentanil 6.5 mg/kg/h were administered continu-

ously. Fluid maintenance was provided with a crystalloid solution. Three-lead electrocardiog-

raphy (ECG) monitoring was started with an electrode configuration tailored to pigs [34].

Using the modified Seldinger technique, intravascular access was obtained; a catheter in the

femoral artery, a PiCCO catheter in the other femoral artery, a sheet in the femoral vein, and a

multi-lumen catheter in the jugular vein in which a CeVOX catheter was placed. Near-infrared

spectroscopy (NIRS) oxygen monitoring was placed over the brain and on the shoulder. A

transcutaneous blood gas sensor was attached to the neck. A bladder catheter was placed. At

the supra-umbilical level, a 12 mm trocar was placed (VersaOne™ Bladeless Optical Trocar

with Fixation Cannula, Medtronic, Fridley, United States). Intraperitoneal placement was veri-

fied endoscopically.

Muscle relaxation. To control the effect of muscle tension on the interaction between

intra-abdominal and intrathoracic pressures muscle relaxation was applied. For this pilot

experiment deep muscle relaxation was chosen to exclude any effects of diaphragmatic muscle

tension. The NMB monitors were attached to both lower limbs. Rocuronium levels were
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titrated to a target TOF of 0 with a 50 mA stimulus and a PTC value of less than 2. Infusion of

rocuronium was provided both cranially and caudally to minimize any blood pooling and

release effects due to compression of abdominal blood vessels during abdominal insufflation

and exsufflation.

Study protocol. After induction of anesthesia, instrumentation and titration of muscle

relaxation, the research platform was transported from the lab to the CT scanner, where the

study protocol was started. Ventilation was closed-loop controlled with a volume guarantee of

7.5 ml/kg and a PEEP of 5.0 hPa. To maintain stable CO2 levels mild hypercapnia was permit-

ted with a target etCO2 of 7.0 kPa. The minimum allowed SpO2 level was set to 97%, the ORI

target range was set to 0.0–0.4. After the CO2 insufflator had been attached to the trocar, insuf-

flation was started and the abdominal insufflation was applied at pressure levels of 0, 5, 8, 10,

12, 14, 16, 18, 20, 16, 10, 5 and 0 hPa in a stepwise fashion. A stabilization time of 3 minutes

was implemented between each step, after which a CT scan was made during an expiratory

and inspiratory breath hold. After the experiment the animal was terminated under general

anesthesia with a bolus of 10 ml potassium chloride 10%. The animal’s organs were inspected

for abnormalities at necropsy.

Measurements and analysis. To evaluate performance of the measurement devices, the

closed-loop ventilation system and the protocol management system parameters on insuffla-

tion, oxygenation, ventilation and hemodynamics were plotted over time. Data was processed

in MATLAB R2021a (The MathWorks, Inc., Natick, MA, United States) and visualized using

Prism 9.2.0 (GraphPad Software, San Diego, CA, United States).

Results

Research platform

A functional and connectivity layout was designed for the research platform (Fig 1). The con-

trol software program was designed in separate modules which managed data acquisition and

storage, protocol control, the interface, closed-loop ventilation and remote control. The sepa-

ration of the modules minimized interdependency, allowing individual re-initialization of

modules in case of failure during the experiment. The devices and central computer were

mounted onto a X-ray translucent slide that, together with the animal, could be placed in a CT

scanner. The entire platform could be transported on a cart that housed the insufflator, infu-

sion pumps and a power backup unit.

Interface and protocol management

An interface was created incorporating all functionalities of the research platform. For moni-

toring the condition of the subject, actual numbers and trends of vital parameters were shown.

This was complemented by the settings and readings from the fluid pumps, insufflator and

ventilator. Graphs of the real-time high-resolution pressure and flow measurements were

implemented for monitoring of the pressure-volume relation. Settings for closed-loop ventila-

tion control were provided, as well as manual control. Protocol management consisted of pre-

programmed experiment steps that could be executed, automatically labelling all acquired data

accordingly. This included storage of all devices settings.

Closed-loop mechanical ventilation

Algorithm. CO2 and O2 levels were separately controlled by an algorithm (Fig 2). Target

ranges of SpO2, ORI and etCO2 could be input to the controller. Based on the provided contin-

uous measurements, the controller determined the commands to be sent to the mechanical
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ventilator within the provided restraints. To provide comparable information on response

times, the execution interval of 40 seconds was kept constant. Actuation was halted during

breath holds. Measurements were checked for validity, the most recent 5 seconds of data were

averaged and input to the algorithm.

Fig 1. Research platform communication diagram. The primary measurement devices were the CO2 insufflator, mechanical ventilator and patient monitor,

which were coupled to the protocol management system and the closed-loop ventilation controller. The other monitoring devices were additionally recorded

continuously. The main computer had four main functions, which included protocol management, closed-loop ventilation control, data acquisition and the

presentation of the user interface. The researcher had the option to manually control all devices, as well as override the protocol and closed-loop system when

needed.

https://doi.org/10.1371/journal.pone.0285108.g001

Fig 2. Automated ventilation control diagram. Targets for O2 and CO2 levels were compared to the measured saturation, ORI and etCO2. The controller

algorithm used SpO2 and ORI values to adjust FiO2 and etCO2 to adjust the respiratory rate. Tidal volume guarantee and inspiration time were set to a fixed

value.

https://doi.org/10.1371/journal.pone.0285108.g002
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Oxygenation. The inspired fraction of oxygen (FiO2) was automatically adjusted to con-

trol SpO2 and ORI levels, with the aim of providing an oxygen buffer for the breath holds by

increasing the FiO2 with 1% when in an SpO2 range of 97–98% and an ORI range of 0.0 to 0.4.

At a higher ORI level FiO2 was decreased with steps of 1%.

Carbon dioxide ventilation. To minimize the effect ventilation adjustments have onto

static and dynamic pulmonary and abdominal mechanics, the tidal volume was fixed using

volume guarantee. To prevent dynamic changes from affecting the lung condition over time,

the inspiratory time was fixed at 0.8 s. This allowed automated adjustment of the RR in a range

of 4 to 37 bpm to achieve the CO2 target. For safety, the RR could only adapt one bpm up or

down every 40 seconds with the lower RR limit set to 10 bpm. To accommodate the expected

increase in CO2 load during insufflation, permissive hypercapnia was applied with an etCO2

target of 7.0 kPa.

Platform evaluation

The platform was evaluated in a pilot experiment on a 21.5 kg pig. The mechanical ventilator’s

volume guarantee mode was set to provide 160 mL per breath. Fig 3 shows the experimental

platform during the experiment. The interaction between insufflation and ventilation and the

resulting effects on other cardiorespiratory measurements during a series of increasing and

decreasing IAP’s is shown in Fig 4. The closed-loop ventilation algorithm approximated etCO2

levels to 7.0 kPa after each IAP step within the set 3 minutes of stabilization time, maintaining

variability of the respiratory rate. Maintenance of an oxygen buffer prevented low saturation

levels following breath holds. Both arterial and venous blood pressures were markedly affected

by the IAP steps and the breath holds, while heart rate and cardiac output remained

unaffected.

Discussion

A research platform was developed for investigation of the interaction between intra-abdomi-

nal surgical gas insufflation and mechanical ventilation in an animal model. Pressures and vol-

umes of insufflation and ventilation were measured with sensors and CT scanning. Closed-

loop control adjusted mechanical ventilation to target preset blood gas levels. A central com-

puter system provided connectivity with all devices and enabled presentation of an interface,

execution of the closed-loop ventilation controller, protocol management and automation of

data acquisition.

This is the first method for the detailed investigation of the direct interaction between insuf-

flation and ventilation through the control of IAP. Key in this method is the fact that insuffla-

tion and ventilation can be controlled through either pressure or flow. Volume control is in

practice based on the integration of flow. Since no available insufflators provide flow control,

there was the necessity to use pressure as the input parameter. The advantage of this method is

that it allows the application of small pressure increments to investigate the resulting intra-

abdominal volume. With only the diaphragm separating the thoracic and abdominal cavities,

the direct pressure interaction during insufflation is ideally studied without mechanical venti-

lation. However, in practice this will lead to a decrease in lung volume and subsequently in

tidal volume, which can only be countered using a mechanical ventilator that guarantees a set

tidal volume. In addition, the investigation of the intra-abdominal insufflated gas volume

resulting from the insufflation pressure is preferably not affected by lung collapse. For these

reasons, the choice was made to use mechanical ventilation with volume guarantee. For inves-

tigations of lung dynamics one could prefer the use of pressure control ventilation, for which

adaptation of the closed-loop ventilation controller is required. Although the PEEP was kept
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constant, most likely the residual lung volume was slightly decreased under the influence of

insufflation pressures. Without the ability to measure and control residual lung volume, the

use of a constant PEEP was preferred to keep experimental conditions constant. Combined

with volume guarantee and a fixed inspiration time, changes in lung compliances could there-

fore be directly related to changes in the peak inspiratory pressure (PIP), as shown in Fig 4D.

This research platform is focused on controlling insufflation and mechanical ventilation,

with the ultimate aim of optimizing patient conditions. The cardiovascular system, however,

poses restrictions to the insufflation and ventilation pressures that can be applied. Despite the

fact that perfusion outside of the thoracic and abdominal cavities is not easily affected due to

the height of arterial blood pressures, venous return can already be affected by low pressures

[35]. Perfusion of intra-abdominal organs such as the kidneys has been shown to be impaired

during insufflation, most likely due to a strong decrease in venous return [36, 37]. In the tho-

racic cavity, similar impairment occurs when the pulmonary capillary wedge pressure is

exceeded. However, pulmonary perfusion is affected by PEEP, PIP and the expiratory time.

Fig 3. Experimental platform. Experimental platform during the pilot experiment with CT measurements in a porcine animal model.

https://doi.org/10.1371/journal.pone.0285108.g003
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Fig 4. Physiological measurements from pilot experiment. The grey vertical bars indicate the respiratory pause for CT

scanning. (A) Intra-abdominal insufflation pressure settings over time. (B) Measurement and control of CO2. The closed-loop

adjusted respiratory rate setting of the mechanical ventilator in breaths per minute (blue line, right y-axis). End-tidal CO2 levels

measured at the airway opening (green line, left y-axis). The asterisks indicate the PaCO2 measured from blood sampling. (C)

Measurement and control of O2. The oxygen reserve index (green line, right axis). Oxygen saturation levels at different
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Investigation of insufflation and ventilation pressures should therefore always consider the

effects on hemodynamics and tissue perfusion. For this reason the presented research platform

includes continuous arterial and venous blood pressures measurements, as well as heart rate

and cardiac output. The pilot experiment showed a stable central circulation, but organ perfu-

sion parameters were not included. Although organ perfusion parameters would be very inter-

esting for the investigation, the required perfusion scans using nephrotoxic contrast agents

and placement of perfusion sensors that require incision of the abdominal wall were likely to

have affected the investigation.

Systems for automated control of ventilation have been developed over the past 30 years

[38]. The initial implementation in clinical devices has become common for functions that are

based on mechanical feedback, such as volume control or pressure control options. Closed-

loop systems in which the cardiorespiratory physiology is part of the loop are more challenging

in terms of controllability due to longer or slower feedback loops, and are less predictable. As a

consequence, clinical implementations have focused on specific single-parameter functions

such as oxygen control [39]. Complex control systems are needed to deal with the variety in

responses during clinical care. For investigation of the interaction between insufflation and

ventilation a simple controller was chosen that was fast enough to compensate the relatively

slow changes and corresponding physiological responses. The main challenge for this control-

ler was to compensate for the respiratory pauses that were needed to minimize movement arte-

facts during CT scanning. Returning to the target levels within the set scanning interval of 3

minutes was therefore essential. Contrary to other controllers, the aim of this platform did not

permit variation in tidal volumes, restricting the variable parameters to the ventilation

frequency.

Using the volume of expired CO2 to investigate peritoneal CO2 uptake requires the etCO2

to be kept constant to rule out the effects of CO2 accumulation. Previous studies suggested that

peritoneal CO2 uptake gradually increases because etCO2 levels and expired CO2 volumes

increase continuously for several hours during laparoscopy [14, 15]. This results from the

assumption that keeping ventilation parameters constant will provide PaCO2 or etCO2 as an

indicator of CO2 load. Unfortunately, lung compliance changes during laparoscopy. If the

mechanical ventilation parameters are not adapted, CO2 accumulates in the bloodstream and

tissues. The accumulation process decouples the relation between peritoneal CO2 uptake and

the expired volume of CO2. Increased etCO2 levels indicate an increase in PaCO2, which is a

consequence of CO2 accumulation. Changes in lung compliance that occur during laparoscopy

should therefore be addressed by adapting mechanical ventilation to keep etCO2 constant. The

expired CO2 volume then approximates the net CO2 output. This is a sum of the metabolic

CO2 production and peritoneal uptake. If the metabolic CO2 production is constant, the

changes in expired CO2 volume reflect the changes in peritoneal CO2 uptake. Factors that

affect the metabolic rate, such as muscle relaxation and anesthesia, should not be adjusted dur-

ing the experiment.

locations: SpO2, ScvO2 and rSO2 (%, blue, green and red lines, left axis). The automatically adjusted FiO2 provided by the

mechanical ventilator (%, black line, left axis). (D) Intrathoracic pressures during insufflation, shown in cm H2O on left y-axis,

mm Hg on right y-axis. For reference the set insufflation pressures are shown (grey). Peak inspiratory, mean and end-

expiratory airway pressures (blue lines), with the end-expiratory pressure set to 5 cm H2O / 3.75 mm Hg. Peak inspiratory and

end-expiratory pressures measured in the esophagus (orange lines). (E) Blood pressures, shown in cm H2O on left y-axis, mm

Hg on right y-axis. Arterial blood pressures; systolic, mean and diastolic (red lines). Central venous blood pressure (blue line).

Insufflation pressures are shown as reference (grey). The pressure spikes are artefacts due to closing of the line to the pressure

transducer for blood gas sampling. (F) Circulation parameters; heart rate (bpm, green line, left axis) and cardiac output (L/min,

red line, left axis).

https://doi.org/10.1371/journal.pone.0285108.g004
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The ORI has been introduced as a parameter to warn for impending hypoxia during induc-

tion of anesthesia and intubation procedures. Rapidly decreasing hyperoxia is masked during

these procedures by the inability to measure the hyperoxic buffer while showing fully saturated

hemoglobin. Maintenance of a hyperoxic buffer could be attractive in procedures in which reg-

ular respiratory holds are either needed or expected. Based on Fick’s principle, the index

remains comparable over time as long as cardiac output and oxygen consumption are constant

[32]. In the experimental setting ORI proved effective in achieving controlled hyperoxia, but

in clinical practice the dynamic changes due to anesthesia and interventions might limit the

use of this parameter. Regardless of the inaccuracy that can be introduced, it is likely that with

the ORI parameter it will be possible to identify severe hyperoxia and adjust FiO2 accordingly.

With complex interactions, the degree of control of experimental conditions determines

the relevance of output parameters. In the case of the presented research platform, lung

mechanics and blood gas levels were identified as factors that should be controlled. If such

indirect interactions are left uncontrolled, they considerably affect outcome and impair the

reproducibility of experiments. In addition, the repeatability of results within experiments is

increased as long as parameters are kept in check by closed-loop control. In our pilot experi-

ment this was demonstrated by the return of CO2 and O2 values to the defined targets before

each CT measurement. Exclusion of the vasotonic and cardiotonic influence of these factors

increases comparability of heart rate, blood pressure and cardiac output measurements at

these points in time. Similarly, by keeping Vt, PEEP and the inspiratory time constant they did

not affect the PIP required for the target Vt, making the PIP and intra-abdominal volume

direct interaction outcome parameters for the applied IAP.

During the pilot experiment, only the level of IAP was adapted to investigate its effect onto

PIP, intra-abdominal volume, CO, HR and BP. In future studies, this platform could be used

to accurately investigate factors influencing the interaction between insufflation and ventila-

tion, such as the depth of muscle and diaphragm relaxation, the effect of body size and other

inter-individual differences in tissue compliance. The clinical consequences of surgical insuf-

flation are substantial, and mostly related to the applied pressure and interaction with ventila-

tion. Amongst the most important topics that can be investigated using this research platform

are the effects of insufflation on venous return and organ perfusion [40], the optimal ventila-

tion strategy during minimal access surgery [41], and the benefits of personalized insufflation

pressure [42]. Other potential applications include research on ventilation methods, for which

other animal models can be considered [43]. The research platform, animal model and experi-

mental procedure have been selected to minimize the translational gap to clinical care. With

the exception of repeated CT scanning all measurements can be reasonably applied in a clinical

setting. Closed-loop control could therefore be used in a similar manner to increase the repro-

ducibility of outcome in clinical investigations.

Conclusions

• The developed research platform enables the investigation of the interaction between insuf-

flation and ventilation in a porcine model.

• Closed-loop ventilation is able to maintain CO2 and O2 at target values in a model for lapa-

roscopic CO2 insufflation.

• Automated control of experiment protocol, insufflation and ventilation enhances reproduc-

ibility of in vivo studies and minimizes the translational gap between animal research and

clinical application.
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