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Abstract

Background Two significant limitations of intraperitoneal

drug therapy are limited drug distribution and poor pene-

tration into peritoneal nodules. A possible solution is the

application of the so-called ‘‘therapeutic pneumoperito-

neum,’’ taking advantage of the gaseous nature and the

pressure of capnoperitoneum during laparoscopy. Our

objective was to develop a device able to apply such

therapeutic pneumoperitoneum.

Methods The technology presented here is a spraying

device and can be introduced through a trocar. It is driven

by mechanical pressure and consists of an injector, a line,

and a nozzle. An in vivo experimental study was performed

in five pigs. A transvaginal cholecystectomy was per-

formed. At the end of the procedure, a standard dose of

methylene blue was sprayed/infused into the abdominal

cavity for 30 min (4 test animals w/therapeutic pneumo-

peritoneum (12 mmHg CO2) and 1 control animal w/con-

ventional lavage (2 l intra-abdominal volume with

extracorporeal circulation)). At the end of the procedure,

all animals were autopsied and the peritoneum was

analyzed. Outcome criteria were: (1) drug distribution (as

assessed by the stained peritoneal surface at autopsy), and

(2) diffusion into the peritoneum (presence or not of

macroscopic staining of the outer aspect of the peritoneum

immediately after surgery).

Results Stained peritoneal surface was larger after aero-

sol application compared with peritoneal lavage, and

staining more intense. Hidden peritoneal surfaces and the

anterior abdominal wall were stained only in the aerosol

group. In contrast to peritoneal lavage, the outer aspect of

peritoneal membrane was immediately stained after pres-

surized spraying.

Conclusions This device and the related approach signif-

icantly improve both distribution and penetration of a test

substance into the peritoneal cavity in a large animal model.

This might be a significant progress in treating intraperito-

neal disease, in particular peritoneal carcinomatosis.
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Peritoneal involvement is a significant issue in the treat-

ment of gastrointestinal and gynecological malignancies.

For example, in gastric and ovarian cancer, more than 50%

of patients will present with locoregional metastasis after

‘‘curative’’ surgical removal of the primary tumor. Unfor-

tunately, there is no effective therapy to allow healing or

even long-term palliation in this situation. The efficacy of

intraperitoneal chemotherapy was demonstrated more than

20 years ago, as was the role of peritonectomy [1–3].

Recently, combination of complete cytoreductive surgery

(CRS) and hyperthermic intraperitoneal chemotherapy

(HIPEC) has been shown to significantly improve survival
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in peritoneal carcinomatosis of colorectal origin [4]. Phase

II trials of second-line intraperitoneal chemotherapy of

ovarian cancer have shown the potential for patients to

achieve complete response [5].

However, combined CRS and HIPEC are associated

with morbidity of approximately 40% and mortality of 5%

[6]. Moreover, efficacy of HIPEC is limited to patients with

microscopic disease or tumor nodules smaller than

1–2 mm after CRS [7].

Intracavitary drug administration results in a much

greater drug exposure for the cavity into which the agent

is instilled compared with the plasma. The rationale of

intraperitoneal drug administration is to increase the

exposure of cancer cells within the peritoneal cavity to the

drug while minimizing potential toxic effects to other

organs. However, two significant pharmacokinetic prob-

lems limit the effectiveness of intraperitoneal chemother-

apy: poor tumor penetration by the drug and incomplete

irrigation of serosal surfaces by the drug-containing solu-

tion [8]. Thus, further progress in intraperitoneal chemo-

therapy will be due to better management of these

pharmacokinetic problems.

In this respect, laparoscopic surgery offers an interesting

opportunity: it takes place in a closed space—the peritoneal

cavity, which is distended by the capnoperitoneum.

Parameters, such as composition, temperature, pressure, and

humidity, of the gas are well defined. The novel aspect is that

these parameters could be steered to achieve intraoperative

effects (such as cytotoxicity, prevention of surgical adhe-

sions, antimicrobial effects, pain control, etc.) and in turn to

improve postoperative outcome. Of course, such steering

was impossible during conventional, ‘‘open’’ surgery.

We have developed a second-generation nebulizer that

allows regional drug delivery into anatomical spaces, such

as peritoneal or pleural cavity. The present experimental

study presents the first results obtained with this nebulizer in

the large animal model. Our general goal was to examine

what happens within the abdominal cavity during nebuli-

zation of a vital stain (methylene blue). Our specific goals

were to examine whether better stain distribution throughout

the peritoneal cavity and better direct penetration of stain

into peritoneum can be achieved compared with conven-

tional peritoneal lavage under similar conditions.

Materials and methods

Study design

This is experimental in vivo study in the large animal

model compared the effect of therapeutic capnoperitoneum

(4 animals) with the effect of conventional lavage (1 con-

trol animal).

Nebulizer

The nebulizer consists of several components, including an

injector, a line, and a nozzle. The nozzle had a diameter of

0.2 mm and a pressure of approximately 8 bar was deliv-

ered upfront of the nozzle. The nebulizer was inserted

through a 5-mm trocar and generated an aerosol within the

abdominal cavity. The gaseous phase was consisting of

CO2, the liquid phase of microparticles of methylene blue.

Animal model

After obtaining the authorization of the animal experiment

review board of the State of Thüringen, we operated on five

German female landrace pigs, weighing from 45 to 60 kg,

under anesthesia using routine protocols. Pneumoperitoneum

of 12 mmHg was established using a Veress needle. In the first

step, a transvaginal cholecystectomy was performed in a three-

trocar technique. In the second step, a peritoneal lavage or the

application of therapeutic capnoperitoneum was performed

according to the protocols below. The animals were euthana-

tized at the end of the procedure and immediately autopsied.

Experimental protocol

Similar protocols were applied for the control and test

animals.

• Control animal (n = 1) with conventional peritoneal

lavage. Twenty milliliter methylene blue (1% Methylene

blue VITIS�, Neopharma, Aschau i. Chiemgau, Germany)

were diluted into 6 l of isotonic saline solution (0.9%

NaCl). One inflow line and two outflow lines were placed

into the abdomen, and the abdomen was filled with 2 l of

solution. A continuous peritoneal lavage was maintained

for 30 min with an inflow of 1 l/min over a rolling pump.

• Test animals (n = 4) with therapeutic capnoperitoneum.

Methylene blue (5 ml) was diluted into 10 ml of isotonic

saline solution (0.9% NaCl). The nebulizer was inserted

into a 5-mm trocar. The solution was nebulized by hand

pressure at room temperature (20�C) over a few seconds

into the abdominal cavity and an intra-abdominal

pressure of 12 mmHg maintained for 30 min. The

aerosol was eliminated using a pressure-limited waste

system, including valve and filter (Fig. 1).

Results

Procedures could be performed as planned both in the test

group (4 animals with nebulization) and in the control

animal (conventional peritoneal lavage) and delivered the

expected results.
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The nozzle allowed rapid and effective nebulization of

the methylene blue solution into the abdomen. Videoscopic

control showed an immediate (within 5 s) staining of the

complete abdominal cavity, including bowel loops, liver,

anterior abdominal wall, and diaphragmatic peritoneum

(Fig. 2). No droplet formation was observed and the sur-

geon’s view was not blurred. No hyperpressure developed

in the abdominal cavity, as checked by the CO2 insufflator.

The pressure-controlled valve of the waste filter did not

open. No adverse cardiovascular or pulmonary effect was

registered. No gas leak was detected during the experiment.

At the end of the procedure, the aerosol could be com-

pletely collected into the waste filter.

Adequacy of stain distribution throughout the entire

peritoneal cavity was clearly superior in the nebulization

group compared with the control (Fig. 3). Immediate

autopsy confirmed that staining of the serosal surfaces was

better distributed after nebulization than after peritoneal

lavage. In particular, hidden surfaces were stained in the

nebulization group but not in the control animal; this was

the case for anatomical structures located in the anterior,

upper part of the abdomen (such as the abdominal wall).

Direct penetration of stain into the peritoneum was

enhanced by nebulization (with the application of a pres-

sure of 12 mmHg) compared with the conventional lavage

(Fig. 4). Importantly, this difference was obtained despite

the application of a higher (49) total methylene blue doses

in the control animal. In the nebulization group, the stain

reached the backside of the peritoneum, as demonstrated by

the staining of isolated retroperitoneal capillary vessels.

Discussion

Approximately 10 years ago, we developed a micropump

suitable for minimally invasive surgery procedures that

allowed microdroplets of therapeutic substance to be

Fig. 1 The CO2 line (A) is connected as usual with a 5-mm trocar

(D). The liquid solution (methylene blue) is transported through a

conventional iv line (B) to the nebulizer (C). An overpressure in the

abdominal cavity is prevented by a valve connected to a filter (E)

Fig. 2 Real-time endoscopic monitoring of nebulization showed immediate staining of the complete abdominal cavity, including the anterior

abdominal wall and diaphragmatic peritoneum (A, B), liver (B), bowel loops, and visceral peritoneum (C, D)
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Fig. 3 Adequacy of stain distribution. Autopsy findings in the control

(c1, c2) and test (t1, t2) animals. Staining of the serosal surfaces is

better distributed after nebulization than after peritoneal lavage.

Importantly, the hidden, anterior aspect of the stomach (*) is stained

only in the nebulization group, as is the anterior abdominal wall (?)

Fig. 4 Direct penetration of stain into the peritoneum. Autopsy

findings in the control (c) and test (t) animals. c1 and t1 show the

front side of the peritoneum (towards the abdomen), c2 and t2 show

the backside of the peritoneum. Almost no staining of the peritoneum

is observed in the control group, despite the application of a higher

(49) methylene blue doses. In the nebulization group, staining has a

patchy aspect (t1). Methylene blue staining has reached capillary

vessels in the retroperitoneal fat tissue in the nebulization group (t2,

arrow) but not in the control animal (c2, arrow)
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distributed into the pneumoperitoneum (CO2), creating the

so-called ‘‘therapeutic pneumoperitoneum,’’ or better said,

the ‘‘therapeutic capnoperitoneum’’ [9]. The aerosol was

produced by piezoelectric crystals stimulating three micro-

perforated silicium chips. A feedback system regulated the

amount of drug delivery depending on the effective gas flow.

In vitro, the micropump was shown to be able to aerosolize

various aqueous and ethanol solutions, including cytostatic

and bacteriostatic drugs and adhesion-modulating agents.

However, the function of the micropump was limited in vivo

because of water condensation on the surface of the chips, so

that further development was abandoned.

During the past 10 years, only few papers about lapa-

roscopic nebulizers and their experimental or clinical

applications were published. Alkhamesi et al. [10] showed

that nebulized heparin and hyaluronic acid attenuates per-

itoneal tumor growth after laparoscopic surgery in a rodent

mode. Sharon et al. [11] examined the effect of continuous

intraabdominal nebulization of lidocaine during gyneco-

logical laparoscopic procedures in a limited number of

patients. Druckrey-Fiskaaen et al. [12] examined laparo-

scopic spray application of fibrin sealant effects on

hemodynamics and spray efficiency at various application

pressures and distances. Recently, Greib et al. [13] com-

pared various gas humidifying devices as a means of

intraperitoneal local anesthetic administration, and only

one of them was able to generate a therapeutic aerosol.

However, the opportunities offered by a therapeutic cap-

noperitoneum were recognized as a potential ‘‘revolution in

laparoscopic surgery’’ [14].

To our knowledge, no nebulizer has obtained so far EC

or FDA certification so that it could be used for intraperi-

toneal drug application in the clinical setting. Moreover, no

pharmacokinetics studies are available to prove that ther-

apeutic capnoperitoneum improves drug distribution

throughout peritoneal cavity or drug penetration into the

tissues compared with peritoneal lavage.

This experimental study was designed to examine in the

effect of nebulization of a vital stain into the abdominal

cavity during laparoscopy. In particular, we wanted to

determine distribution of methylene blue within the

abdominal cavity and penetration of stain into the perito-

neal layers. Current standard of care (peritoneal lavage)

was used as a control.

Experimental data obtained in the animal model suggest

limited exposure of the peritoneal surface during conven-

tional peritoneal lavage. When peritoneal dialysis was

performed in rodents with a solution containing methylene

blue and bovine serum albumin, autopsy findings showed

that large parts of the visceral and parietal peritoneum

displayed no stain or very little stain [15]. In particular, the

hidden aspects of the cecum and stomach as well as large

portions of the small and large intestines and of the

diaphragm remained unstained. Our results confirm this

finding, namely that distribution of methylene blue within

the peritoneal cavity is poor after peritoneal lavage.

Our results are encouraging, because they confirm that

peritoneal nebulization allows better distribution of a

substance throughout the abdominal cavity compared with

conventional lavage. Immediate distribution of the stain all

over the peritoneum was an impressive feature of the

videoendoscopic monitoring during the procedure. It

appears legitimate to extrapolate from our qualitative

observations in a large animal model to the human setting.

Unfortunately, quantitative data on the fraction of the

peritoneum exposed to the lavage solution are not available

in human patients. Moreover, functional peritoneal surface

appear highly variable depending on the conditions [16].

To our knowledge, application of a therapeutic capno-

peritoneum is one of the first concepts to increase exposure

of the serosal surface and peritoneal tumor nodules. Such a

therapeutic concept addresses an important medical need,

because much of the residual tumor burden is probably

untreated or undertreated by conventional techniques such

as HIPEC.

Our data also show an advantage in direct penetration of

stain into the normal peritoneum. Peritoneum is a single-

layer cellular, mesothelial membrane that is supported by

connective tissue. It offers protection against infection and

tumor invasion [17]. However, in advanced cancer stages,

tumor cells spread onto the peritoneal surface and into the

surgical wound, and they develop macroscopic nodules up

to several centimeters diameter. Experimental data show

very limited penetration of drugs into the peritoneum and

peritoneal nodules. Los et al. [18] measured platinum

concentrations in CC531 colon adenocarcinoma growing

intraperitoneally in the rat by proton-induced X-ray emis-

sion following intraperitoneal and intravenous administra-

tion of cisplatin. Tumor concentration was significantly

elevated at 1.0 mm from the periphery but not at 1.5 mm.

The same authors obtained similar results in tumor-bearing

rats, in which the drug concentration was significantly

elevated at a depth of 1 mm in the tumor nodules 24 h

(single dose) or 48 h (three injections) after intraperitoneal

administration [19]. Thus, the current principle is to treat

the macroscopic (visible) malignant peritoneal disease with

CRS and, immediately after, to treat the remaining

microscopic (nonvisible) malignant peritoneal disease with

HIPEC. However, efficacy of HIPEC remains hampered by

the pharmacokinetics aspects defined above.

Dedrick and Flessner [8] has shown that limited direct

penetration of drugs into tumor tissue remains an important

practical and theoretical concern for regional drug therapy

in the peritoneal cavity. The present experiment has shown

that, after nebulization, methylene blue reaches the back-

side of the peritoneum and the capillary vessels located in
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the retroperitoneum. This is an exciting experimental

finding, showing that nebulization of a substance into the

abdominal cavity might be a significant progress to master

this penetration problem and could help to improve clinical

results of intraperitoneal drug therapy by allowing therapy

of larger tumor nodules.

This study is a first step toward applying therapeutic

capnoperitoneum with chemotherapeutic agents in the

human patient. Some chemotherapeutic agents (such as

doxorubicin) are approved for intraperitoneal use, so that

regulatory framework conditions are rather favorable.

However, four main problems remain to be addressed:

(1) Drug uptake by capillary flow into the general

circulation might increase systemic side-effects and

paradoxically decrease the delivery of drug to the

tumor. The fundamental goal of intraperitoneal che-

motherapy is to increase exposure of the contents of the

peritoneal cavity while reducing systemic toxic effects.

On the one side, poor drug penetration limits cytotox-

icity and tumor response. On the other side, it may

protect sensitive normal cells, e.g., the mucosa of the

gastrointestinal tract. Thus, increased drug distribution

and tissue penetration (e.g., through nebulization)

could result in an increased regional advantage but a

higher systemic toxicity, because the gradient between

peritoneal and plasma concentrations will narrow

compared with conventional peritoneal lavage. How-

ever, we expect the gradient between local drug

concentration in the peritoneal nodule and systemic

compartment being much more favorable after appli-

cation of the therapeutic capnoperitoneum into the

abdomen than after intravenous administration.

A possible answer to address this question would be to

apply the same dose intraperitoneally as during systemic

chemotherapy. By definition, systemic uptake from the

peritoneal cavity cannot be superior after intravenous,

systemic administration, so that the safety profile would be

favorable.

Until now, there has been a single experimental study to

compare the pharmacokinetics of intraperitoneal ropiva-

caine—a local anesthetic—administered by instillation or

nebulization in five pigs [20]. The pharmacokinetic profile

of ropivacaine nebulization was found to be similar to

direct intraperitoneal instillation, but with a lower absorp-

tion rate. This result supports further development of our

concept of therapeutic capnoperitoneum.

(2) An enhanced local drug delivery might be associated

with specific locoregional toxic effects, such as

abdominal pain, bowel perforation, anastomotic leak-

age, infection, or postoperative ileus, that need to be

carefully evaluated. However, because the total drug

dose (e.g., the same as for systemic chemotherapy)

will be by far (a factor) less than for hyperthermic

intraperitoneal chemotherapy (HIPEC), this problem

is not expected to be limiting.

(3) Administration of drugs via aerosolization can lead to

measurable air concentrations in the breathing zone of

workers providing treatment. Labor safety aspects of

manipulating a toxic aerosol are significant and will

be object of further studies. Our preliminary research

has shown that appropriate technical solutions are

available, which are routinely used in other applica-

tions, in particular in the automobile and chemical

industry. These solutions include development of

standard operating procedures (SOPs), training,

health monitoring, room containment and remote

control, negative pressure room ventilation, down-

ward laminar air flow, use of respiratory protection

and gloves, labeling, waste disposal, decontamination

procedures, etc. These organizational and technical

specifications, rules, and procedures will now be

developed together with specialists from the industry

to protect both the patient and the medical team from

any harm and to meet regulatory requirements.

(4) The micropump itself needs to receive CE and FDA

approval as a medical device. Thus, further studies

are necessary to define the optimal framework for

applying this novel, promising therapeutic approach

in the human patient. Next steps are ex vivo studies

with chemotherapeutic agents (in particular doxoru-

bicin, cisplatin, and oxaliplatin) on fresh peritoneal

samples from patients suffering carcinomatosis, as

well as CE certification as a medical device in

Europe.
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