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1 Background

Of patients admitted to intensive care, 56% possess or will
acquire acute respiratory failure (ARF) with slightly less than one-
third of these patients progress to the most severe form of respiratory
failure known as acute respiratory distress syndrome (ARDS) [1].
Effective methods of oxygen delivery are essential to improve out-
comes in ARF and ARDS; however, with currently available medi-
cal treatments the mortality rate in these cases has been reported at
32–75% [1]. Therefore, research continues to look for more effective

and efficient modalities of oxygen delivery to allow time for healing
of the impaired lung parenchyma seen in ARDS.

Methods of oxygenation which bypass and reduce the strain on
damaged lungs have been explored in an effort to promote lung
rest and recovery. To date, only extracorporeal membrane oxy-
genation (ECMO) has been approved for medical use. However,
inherent to ECMO are several risks—including hemorrhage,
thrombosis, and cannula malfunction—which negate its potential
benefits for several patient populations, including those at risk for
bleeding or who have sustained traumatic brain injury. In addition,
ECMO requires bulky equipment, extensive technical training,
and is expensive—all of which limit its use outside of the inten-
sive care unit setting. These limitations and risks eliminate
ECMO as a viable treatment alternative for many, leaving clini-
cians with little to offer patients and their families.

We have developed a new medical device to provide supple-
mental oxygenation by delivering phospholipid shelled oxygen
microbubbles (OMBs) to the peritoneal cavity. Previously, we
have shown that peritoneal membrane oxygenation (PMO) is a
treatment method for delivering oxygen during hypoxia and acute
lung injury models [2]. We are now exploring PMO therapy for
disease models that have greater clinical relevance, such as
ARDS. Murine models of ARDS have been well established in
the literature and are typically created by intratracheal delivery of
the endotoxin, lipopolysaccharide (LPS) [3]. In this study, we
induce ARDS in rats, deliver OMB or control solutions to the
peritoneal cavity with an ambulatory infusion device, and evaluate
PMO therapy as a treatment compared to control solutions.

We believe that PMO treatment has the potential to be a safe
and reliable lung bypass therapy for patients with severe respira-
tory failure who cannot tolerate the significant risk profile inherent
to ECMO. As we progress to clinical translation, we expect appli-
cation of PMO in intensive care units, military combat settings,
and space exploration vehicles.

2 Methods

Male Wistar rats are housed and cared for according to the
University of Nebraska IACUC guidelines (Protocol #1044).
Animals were acclimated for 4 days after arriving to the facility.
Arterial blood was collected from a catheter placed in the femo-
ral artery. The infusion circuit was created by inserting a
16-gauge catheter and a peritoneal lavage catheter (JP7, MILA
International, Inc., Erlanger, KY) into the intraperitoneal (IP)
cavity. All the catheters are tunneled subcutaneously to the back
where they are fixed to a custom pedestal at least 3 days prior to
the beginning of the study. ARDS was induced by directly
administering LPS to the lungs through the trachea. Baseline
measurements of weight, chest radiographs (Corix Pro 70, Corix
Medical Systems, Mexico, NM), pulse oximetry (PhysioSuite
MouseSTAT

VR

, Kent Scientific Corp., Torrington, CT), and arte-
rial blood are taken. Blood gas analysis was performed with a
handheld blood analyzer (VetScan iSTAT 1, Abaxis, Union City,
CA). Rats are then sedated with 5% isoflurane to deliver 0.5 mL
aqueous solution of LPS (7 mg/kg, Sigma-Aldrich, St. Louis,
MO) mixed with pure saline with a MicroSprayer

VR

Aerosolizer
(Model IA-1B-R, PennCentury, Wyndmoor, PA).

The rat was then placed in the ambulatory delivery system
which continually infused fluid at a dosage of 0.7 mL/min kg to
their IP cavity. The peritoneal dosing system (PDS) was designed
to continuously treat four rats simultaneously with the same or
different infusates (Fig. 1). In preliminary trials, ARDS was
treated with OMBs through a PDS lacking the waste flow line.
Instead, the infused OMBs were removed manually through the
peritoneal lavage catheter every 2 hrs with a syringe (MR).

The PDS includes a storage container to cool the infusate as
OMBs are required to remain between 2 and 8 �C. This requires
warming the infusate before delivery to the animal. The PDS com-
prises a peristaltic pump (FH100M, Thermo Scientific, Waltham,
MA), dynamic restraint for tubing, a 20-gauge dual channel
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swivel (375/D/20, Instech Laboratories, Inc., Plymouth Meeting,
PA), and computer control system. IP pressure was monitored to
prevent the pressure from becoming greater than 8 mm Hg.

Observation and collection of blood samples twice daily, pulse
oximetry, behavior scoring, and daily chest radiographs of each
animal are performed until death or at 3 days post-LPS adminis-
tration. Upon completion of the observation period, living animals
are then euthanized. Bronchoalveolar lavage (BAL) and lung tis-
sue are collected immediately after death. BAL was analyzed for
TNF-a, surfactant protein A, total protein, LDH, and neutrophils.
The left lung was used for determination of wet–dry ratio, while
the right lung was fixed with formalin for hematoxylin and eosin
(HE) staining and lung injury scoring by an independent patholo-
gist. Analysis of collected data will determine the improvement
from PMO therapy, if any, occurred in the treatment of ARDS.

3 Results

Two preliminary trials have been completed. Two rats were
successfully administered aerosolized LPS to induce clinically
and radiologically evident ARDS. One was continuously infused
OMBs for 12 hrs (MR1, m¼ 468 g) and the other for 24 hrs (MR2,
m¼ 611 g). Trial length was determined by the pulse oximeter
and radiograph machine availability. Both MRP rats survived
24 hrs after aerosolized LPS when they were euthanized for
collection of lung tissue and BAL. The overall mortality rate

evidenced in our unpublished work of untreated ARDS rats 24 hrs
after LPS administration is 25% (n¼ 24).

In the preliminary trial, pulse oximetry (SpO2), chest radio-
graphs, and BAL fluid were collected successfully. In ARDS rats,
SpO2 decreases steadily following administration of endotoxin in
untreated controls while the OMB experimental group shows ele-
vated oxygen levels after 24 hrs (Fig. 2). Chest radiographs taken
during the study show clear indications of bilateral infiltrates and
interstitial edema within the lungs (Fig. 3) for both groups.

4 Interpretation

We have developed an alternative extrapulmonary oxygenation
method by delivering OMBs to the peritoneal cavity. We have
completed a pilot study (n¼ 2) to verify the benefits of PMO ther-
apy utilizing a limited PDS and reduced OMB flow rate. Even
with this limited and reduced system, there appears to be short-
term improvement in survival and reduction of hypoxia. Of note,
this treatment effect has not reached statistical significance due to
the small sample size of this pilot study. In future trials, rats will
be infused with either no solution, sterile oxygenated saline, and
inert gas microbubbles (IMBs) as controls or OMBs for PMO
therapy. Four rats will be tested from each group resulting in 16
experiments. OMB and IMB infusate at 70% volume fraction
will be provided by the Borden Laboratory at the University of
Colorado at Boulder, Boulder, CO. Upon completion with the
complete PDS and desired IP infusion rate, the effect of PMO
therapy on survival, lung health, and oxygen saturation will be
evaluated thoroughly.
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Fig. 2 Peripheral oxygen saturation for rats with ARDS (aver-
age with standard error bars) and preliminary trials treated with
OMBs (MR)

Fig. 3 Chest radiographs of MRP versus ARDS rats

Fig. 1 Design of PDS for continuous infusion to a rat
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