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ABSTRACT: Persistent pulmonary hypertension is an important
cause of mortality and morbidity in term infants. The lung assist
device (LAD) is a novel, pumpless, low-resistance extracorporeal
oxygenator to supplement mechanical ventilation. The LAD may be
associated with fewer complications compared with conventional
extracorporeal membrane oxygenation. The objective was to test the
feasibility and efficacy of the LAD in juvenile piglets with hypoxia-
induced pulmonary hypertension. Pulmonary hypertension was
acutely induced by hypoxia in six 3- to 4-wk-old acutely instru-
mented and intubated piglets. The LAD was attached between a
carotid artery and jugular vein. Gas exchange and hemodynamic
variables, including pulmonary arterial pressure (PAP) and cardiac
output (CO), were measured. Successful LAD cannulation was
achieved without complications in all animals. Extracorporeal shunt
flow through the device averaged 18% of CO. The LAD achieved
oxygen delivery of 20% of total oxygen consumption. PAP was
reduced by 35% from 28 � 5 to 18 � 4 mm Hg (p � 0.05) and
systemic PaO2 increased by 33% from 27 � 2 to 36 � 4 mm Hg (p �
0.05). Other hemodynamic variables remained stable. The novel
LAD shows feasibility and efficacy in improving gas exchange and
reducing PAPs in a juvenile animal model of hypoxia-induced pul-
monary hypertension. (Pediatr Res 66: 677–681, 2009)

Persistent pulmonary hypertension of the newborn (PPHN)
is a serious clinical problem, affecting approximately 0.2%

of liveborn infants, and it is associated with high morbidity
and mortality (1). PPHN is characterized by delayed relax-
ation of the pulmonary vascular bed. The high pulmonary
vascular resistance causes pulmonary hypertension, leading to
right-to-left shunting resulting in severe hypoxemia (2). The
mainstay of management is supportive care with mechanical
ventilation in addition to adjunctive therapies, such as high-
frequency ventilation, surfactant therapy, inhaled nitric oxide,
and extracorporeal membrane oxygenation (ECMO) (3–6).
Because of serious inherent risks, such as coagulopathy and
the need for systemic anticoagulation, which predisposes to
systemic and intracranial hemorrhage, ECMO is currently
reserved for newborn infants with reversible pulmonary dis-
ease in whom conventional or high frequency ventilation with
inhaled nitric oxide has failed. An essential element in the

ECMO circuit is the mechanical pump, which causes shear
stress injury to blood components (7–10).
Advances in membrane and oxygenator technology have

led to low-resistance membrane gas exchange devices that
allow adequate flow even when the circuit is not driven by a
pump. These pumpless extracorporeal lung assist devices
(pECLA) and pumpless extracorporeal CO2 removal devices
have been evaluated in animal studies (11–14) and adult
patients (15–19). The lung assist device (LAD; MC3, Ann
Arbor, MI) was initially designed as an artificial lung serving
as a bridge for lung transplantation, to be placed in series with
the main pulmonary artery (20,21). The LAD could support
full gas exchange, and survival up to 7 d with complete
diversion of pulmonary blood flow through the LAD with
maintenance of hemodynamic stability has been shown with
this device (22). Modifications of the LAD design have greatly
improved cardiac function and initial survival in a healthy ovine
model (23). In a prospective, randomized, unblinded study, the
artificial lung decreased ventilator-induced lung injury in a severe
ARDS model and improved 5-d survival (24). Recently, the
thoracic artificial lung was found to be suitable for 7-d attach-
ment (25) and 30-day respiratory support (26).
In this study, we used an acutely instrumented 3- to 4-wk-

old piglet model to evaluate the feasibility and efficacy of the
LAD in improving gas exchange and reducing hypoxia-
induced pulmonary arterial hypertension. We hypothesized
that the LAD would improve gas exchange and reduce hy-
poxia-induced pulmonary hypertension in a juvenile whole
animal model.

METHODS

The Institutional Animal Care and Use Committee of the University of
Alabama at Birmingham approved the research protocol. All animal care and
handling were in accordance with the guidelines of the National Institutes of
Health (27).

The LAD design. The LAD was based on MC3s proprietary radial flow
design. The device was composed of a series of parallel microporous hollow
fibers (�30 240 Membrana-Celgard, Inc., Charlotte, NC) potted at both ends
to separate the gas flow inside the fibers from the blood flowing outside the
fibers. The blood entered an inlet centrally located within the fiber bundle,
flowed radially over the microporous hollow fibers, and then exited a tangen-
tially placed outlet (Fig. 1). The membrane surface area of the LAD used in
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this study was 0.5 m2. Previous bench studies of the LAD have characterized
the relationship between surface area, gas exchange, blood flow rate, and
sweep gas flow rate. MC3 was able to adapt the housing geometry to alter the
device size and fiber bundle surface area to meet our requirements of smaller
priming volume (60 mL) and gas exchange rates for the piglet model.

Surgery. Six 3- to 4-wk-old piglets were heavily sedated with pentobar-
bital, endotracheally intubated, and mechanically ventilated using an Infant
Star ventilator (Infant Star 950, Nellcor Puritan Bennett, Pleasanton, CA).
Animals were placed on a table with a heating pad to maintain body
temperature at 37 to 38°C. Pentobarbital (10 mg/kg/h i.v.) and diazepam (1
mg/kg/h i.v.) were used for sedation. The aorta, inferior vena cava, and
pulmonary arteries were catheterized as previously described (28). Briefly,
5-Fr catheters were inserted into the thoracic aorta and inferior vena cava
through the right femoral artery and right femoral vein, respectively, through
a right groin incision. After a left thoracotomy between the second and third
ribs, the pericardium was opened. A 10- or 12-mm precalibrated ultrasonic
flow transducer (HT110, Transonic systems, Ithaca, NY) was affixed around
the main pulmonary artery. A 5-Fr polyurethane catheter was then placed into
the main pulmonary artery using purse-string sutures, and a similar catheter
was placed into the left atrial appendage.

The left carotid artery and internal jugular vein were surgically exposed
and cannulated with low-resistance cannulae (Medtronic, Minneapolis, MN)
of 5 or 7 Fr and 8 or10 Fr diameter, respectively. The LAD was primed with
60 mL of heparinized normal saline, debubbled of air, and attached to the
vascular cannulae. Animals were anticoagulated with a bolus of 50 units/kg of
heparin after cannulation.

Experimental protocols. Experiments were performed on sedated piglets
after stabilization after surgery. After baseline recording of hemodynamic
measurements for 15 min and ensuring stability of the recordings, hypoxia
was induced by combining air with nitrogen to attain a delivered endotracheal
FiO2 of 0.10. Final oxygen concentration was measured using an oxygen
analyzer placed in series with the ventilator tubing. After additional contin-
uous recording for 15 min and ensuring stability of the recordings, 100%
oxygen at 1 L/min was allowed to flow through the LAD for 15 min. The
oxygen flow through the LAD was then turned off for 15 min for a second
baseline recording during hypoxia, followed by resumption of oxygen flow
through the LAD. The duration of the experiment for each animal was limited
to 2 h, after which the animal was killed with an overdose of pentobarbital.

Blood samples. Femoral arterial and pre- and post-LAD blood gases were
monitored using a blood gas analyzer (ABL 700 series, Radiometer America
Inc., Westlake, OH) at the following time points: at baseline, 15 min after
initiation of hypoxia, and 15 min after initiation of flow through the LAD.

Measurements. Throughout the experiment, the heart rate, systemic arte-
rial pressure (SAP), pulmonary arterial pressure (PAP), left atrial pressure
(LAP), pulmonary blood flow [� cardiac output (CO)] were recorded using
pressure transducers (Spectramed P23XL, Oxnard, CA) attached to the phys-
iologic recorders (Gould-Brush 2400S, Oxnard, CA) and the ultrasonic flow
transducer. Oxygen saturation was continuously monitored by pulse oximetry
(N-100 C, Nellcor, Pleasanton, CA) on a forelimb. Extracorporeal flow was
continuously measured by another ultrasonic flow probe (12XL, Transonic
systems, Ithaca, NY) placed on the arterial side of the LAD. Pulmonary
vascular resistance index (PVRI) was calculated as (PAP-LAP)/cardiac index
(CI), and systemic vascular resistance index (SVRI) was calculated as
(SAP�central venous pressure)/CI [CI � CO (mL/min)/weight (kg)]. The
oxygen consumption (V̇O2) was calculated by measuring CO, femoral arterial
oxygen tension and saturation, femoral venous oxygen tension and saturation,
and Hb concentration, and calculations using the Fick equation [V̇O2 � CO �
(CaO2 � CvO2)]. The capacity of the LAD to provide additional oxygen was

calculated as the product of the flow rate through the device times the
difference between the postdevice oxygen content and predevice oxygen
content [oxygen transfer (mL/min) � LAD flow rate (mL/min) � difference
in oxygen content as volume %].

Statistical analysis. Data were expressed as mean � SEM and analyzed by
SigmaStat v. 3.5 (Jandel Scientific, San Rafael, CA). A p value of �0.05 was
considered statistically significant.

Hemodynamic variables, blood gases, PAP, CO, and flow through the
device before and after the experimental conditions were analyzed using
ANOVA. If significant differences were found by repeated measures
ANOVA, multiple comparisons by Holm-Sidak’s test (for hemodynamic
variables) or Tukey’s test (for blood gases) were performed.

RESULTS

The six piglets were healthy 3- to 4-wk old female piglets
weighing 4 to 6 kg. Successful LAD cannulation was achieved
in all six animals with no complications. Five animals re-
mained alive throughout the experiment, and one died during
the hypoxic exposure.
At baseline, all the animals were ventilated at FiO2 of 1.0

with corresponding mean PaO2 of 453 � 21 mm Hg, whereas
PAP and PVRI were 11 � 1 mm Hg and 0.041 � 0.004 mm
Hg�mL/min/kg, respectively. Hypoxia significantly reduced
PaO2 and PaO2/FiO2 (Table 1), with a parallel increase in PAP
and PVRI (Fig. 2).
Insertion of the LAD did not significantly affect the CO.

Blood flow through the device was stable throughout the
experiment (Fig. 3). Extracorporeal shunt flow through the
LAD was proportionally related to the catheter size. It in-
creased from 7% of CO when 5 and 7 Fr catheters were used
to cannulate the carotid artery and jugular vein, respectively,
to 20% when 8 and 10 Fr catheters were used to cannulate the
same respective vessels (Fig. 4). The LAD increased mean
PaO2 from 37 � 13 mm Hg (predevice) to 501 � 90 mm Hg
(postdevice) and decreased PaCO2 from 28 � 8 mm Hg
(predevice) to 7 � 3 mm Hg (postdevice) (p � 0.05). Prede-
vice arterial oxygen saturation averaged 78 � 7%. Mean oxygen
consumption V̇O2 was 6 � 1 mL O2/kg/min, whereas the mean
LAD capacity to add oxygen was 1.2 � 0.5 mL O2/kg/min or
20% of total oxygen consumption.
The passage of 100% oxygen at 1 lpm through the LAD

while endotracheal FiO2 was maintained at 0.10 reproducibly
reversed the hypoxia effect on PaO2, PaO2/FiO2, PAP, and
PVRI (Fig. 5). Mean PAP and PVRI were reduced by 35%

Figure 1. Schematic of the device design along the long axis showing blood
entering centrally and flowing radially over the parallel microporous hollow
fibers while the sweep gas runs inside the fibers in a counter-current fashion.
(Courtesy of MC3, Ann Arbor, MI.)

Table 1. Blood gases changes secondary to inducing hypoxia or
running sweep gas (100% O2) through the LAD

Hypoxia LAD on Hypoxia LAD on

PaO2 30 � 4* 39 � 5* 23 � 1* 33 � 1*
PaO2/FiO2 296 � 39* 390 � 50* 233 � 9* 330 � 10*
PaCO2 39 � 7† 29 � 7† 30 � 8† 28 � 10†
pH 7.38 � 0.07† 7.41 � 0.11† 7.53 � 0.11† 7.54 � 0.11†
HCO3 23 � 2† 19 � 2† 23 � 2† 22 � 2†

Hypoxia: piglet exposed to endotracheal 10% oxygen without sweep gas
flow through the LAD. LAD on: piglet exposed to endotracheal 10% oxygen
in combination with sweep gas running through LAD. During induced
hypoxia, blood gases were drawn from the pulmonary artery. (Mean � SEM;
n � 6).
* p � 0.05, difference in PaO2 and PaO2/FiO2 between levels at baseline,

after induction of hypoxia, and after running sweep gas through LAD.
† p � 0.05, difference in PaCO2, pH, and HCO3 between levels at baseline,

after induction of hypoxia, and after running sweep gas through LAD.
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from 28 � 5 mm Hg to 18 � 4 mm Hg and from 0.147 �
0.030 mm Hg�mL/kg/min to 0.088 � 0.001 mm Hg�mL/kg/
min, respectively (p � 0.05). PaO2 increased by 33% from
27 � 2 mm Hg to 36 � 4 mm Hg (p � 0.05), and mean
systemic CO2 tension (PaCO2) decreased from 35 � 7 mm Hg

to 29 � 8 mm Hg (p � 0.05). Mean SAP decreased by a
statistically insignificant 14% from 70 � 8 mm Hg to 60 � 5
mm Hg, and SVRI from 0.45 � 0.05 mm Hg�mL/kg/min to
0.38 � 0.03 mm Hg�mL/kg/min (p � 0.05), but no vasopres-
sors were required. No significant changes were noted in the
pH or calculated bicarbonate (Table 1).

DISCUSSION

We evaluated the feasibility and efficacy of a pumpless
low-resistance membrane oxygenator in reducing PAP and
improving gas exchange in hypoxia-induced pulmonary hy-
pertension in juvenile piglets. We intended to study the LAD
under experimental conditions that resembled the clinical
situation of PPHN. The animal model used has been exten-
sively studied by our group and shown to be a reliable model
for the study of pulmonary hypertension (28–30).
ECMO provides for comprehensive gas exchange, but it is

associated with many inherent complications, including con-
sumption of blood components because of the large surface
area of the ECMO circuit and shear stress effects of the
mechanical pump. In theory, the LAD reduces these risks
because of its small surface area that limits the interaction of
blood with foreign material while still providing adequate
surface area for partial gas exchange, and its low resistance
that eliminates the need for a mechanical pump. An increasing
recent emphasis on maintenance of large surface areas and
short path lengths have enabled the development of low-
resistance membrane oxygenators (pressure drop through the
device �10 mm Hg), such as those used in the LAD. Gas
exchange through these devices depends on sweep gas flow
through the device, surface area of the hollow fiber membrane,
and the extent of extracorporeal shunt. Compared with other
commercially available gas exchangers, the LAD offers sev-
eral advantages, including significantly smaller priming vol-
ume and pressure drop, hence reducing blood damage and
allowing its application in situations with less than optimal
CO and hemodynamic status. Because of the low resistance of
the LAD and very efficient gas exchange through the hollow
fiber membrane, the magnitude of the extracorporeal shunt is
the most important variable in gas exchange. This is primarily
determined by CO and luminal diameter of the catheters used
to cannulate the vessels. The amount of oxygen added to the
venous blood stream depended on the blood flow rate through
the device and the magnitude of desaturation of Hb. The lower
the oxygen saturation entering the LAD, the higher the amount
of oxygen added to it, because the LAD adds a significant

Figure 2. Effect of the LAD on PAP, PVRI, mean SAP, and SVRI. Hypoxia:
piglet exposed to endotracheal 10% oxygen without sweep gas flow through
the LAD. LAD on: piglet exposed to endotracheal 10% oxygen in combina-
tion with sweep gas running through LAD. During induced hypoxia, blood
gases were drawn from the pulmonary artery. (*p � 0.05. Mean � SEM; n �
6; p � 0.05 by ANOVA for PAP and PVRI; p � 0.05 by ANOVA for SAP
and SVRI.)

Figure 3. Extracorporeal blood flow through the LAD and CO over time.
Filled circles represent flow through the LAD. Open circles represent CO. All
values are mean � SEM.

Figure 4. Percentage of extracorporeal blood flow through the LAD of CO
over time. All values are mean � SEM.

Figure 5. Tracing of pulmonary arterial pressure in a representative piglet on
exposure to hypoxia (10% O2) followed by initiation of oxygen flow through
the LAD. Hypoxia increased pulmonary arterial pressure, which was lowered
by the LAD.
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amount of dissolved oxygen thereby significantly increasing
the oxygen content of blood leaving the device compared with
the blood entering it {V̇O2 � flow � [(1.34 � Hb � SaO2) �
(0.0031 � PaO2)] � [(1.34 � Hb � SvO2) � (0.0031 �
PvO2)]}. These findings were consistent with the results of
Zick et al. (14) who showed that oxygen delivery linearly
correlated with the arterial oxygen saturation and the oxygen-
ator blood flow.
Hemodynamically, the animals had stable heart rate and

SAP after connecting the LAD and had sufficient and stable
blood flow through the device. Under optimal in vitro exper-
imental conditions and extrapolating from higher flow rate
results, the LAD was expected to provide 2 to 2.5 mL O2/kg/
min. In our current in vivo study, the oxygen delivery through
the LAD was significantly increased by the higher shunt flow
rate that was achieved with increasing catheter size. Increasing
the catheter size from 5 Fr to 7 Fr internal diameter on the
arterial side and from 8 Fr to 10 Fr on the venous side enabled
us to improve the device oxygen delivery by 6-fold, up to a
maximum of 40% of total oxygen consumption. Increasing the
catheter sizes and hence the flow through the device to around
20% of the CO was well tolerated by the animals because
there was no significant change in arterial pH or other sys-
temic hemodynamic variables. Although Hb oxygen satura-
tion is a more important determining factor in calculating
blood oxygen content and hence oxygen delivery, we found
that the capability of the LAD to improve oxygenation was
positively affected by additional factors. First, the LAD
provided a significant amount of dissolved oxygen, an addition of
up to 14% compared with fully oxygen-saturated Hb, as de-
scribed in the previous paragraph. Second, although similar
devices are known for their capacity to remove CO2, PaCO2

decreased only by 17% in our study. This may be due to the
fact that PaCO2 at the start of the experiment was low. Still,
this decrease in PaCO2 may have positively affected oxygen-
ation by increasing pH, thereby shifting the oxygen dissocia-
tion curve to the left and improving Hb oxygen saturation. The
efficacy of CO2 removal would have been more pronounced if
permissive hypercapnia was allowed. PAP and PVRI were
significantly reduced, whereas PaO2 and PaO2/FiO2 were sig-
nificantly increased in all animals. The effect of the LAD on
PAP was immediate because PaO2 consistently increased
whenever sweep gas through the LAD was turned on.
Our study had several limitations. Juvenile piglets may have

different hemodynamic responses to hypoxia or to extracor-
poreal shunts compared with newborn humans. However, our
laboratory has demonstrated similar responses to hypoxia in
acutely instrumented newborn piglets (28–30). In addition,
because this experiment was a feasibility study over a limited
period of time, coagulation variables that would be of impor-
tance over a longer duration of extracorporeal support were
not evaluated. In this preparation, the use of the LAD required
cannulation of the carotid artery, which has been associated
with complications when used in conventional arterio-venous
ECMO. Finally, the LAD depends on normal or near-normal
cardiac function and hence would be much less effective in
low CO situations, such as cardiogenic shock.

In summary, we demonstrated the feasibility and efficacy of
a pumpless low-resistance hollow fiber membrane oxygenator
in the management of hypoxia-induced pulmonary hyperten-
sion in juvenile piglets. Although oxygen delivery through the
LAD comprised only 20% of total oxygen consumption, the
contribution of the LAD to oxygenation was significant with a
subsequent reduction in pulmonary vasoconstriction second-
ary to hypoxia. Our results may have been accentuated by the
fact that the induced arterial hypoxemia was severe. However,
the PaO2 values in our study are similar to those seen in the
clinical situation of PPHN. Full oxygenation through the LAD
would require a higher shunt flow rate that may not be feasible
with the currently available technology or CO. To reduce the
risks of carotid artery cannulation, a trial of the LAD through
the umbilical vessels is required. Still, this technology has
potential as a simple, relatively inexpensive adjunct in the
management of severe neonatal respiratory failure, perhaps
reducing the need of conventional ECMO, or as a tool to be
used during transport. Further studies on efficacy, safety, and
biocompatibility are required before human clinical trials can
be performed.
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