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Abstract

Background—To provide long-term ambulatory cardiopulmonary and respiratory support for
adult patients, a novel wearable artificial pump-lung device has been developed. The design
features, in-vitro and acute in-vivo performance of this device are reported in this paper.

Methods—This device features a uniquely designed hollow fiber membrane bundle integrated
with a magnetically levitated impeller together to form one ultra-compact pump-lung device,
which can be placed like current paracorporeal ventricular assist devices to allow ambulatory
support. The device is 117 mm in length and 89 mm in diameter and has a priming volume of 115
ml. In-vitro hydrodynamic, gas transfer and biocompatibility experiments were carried out in
mock flow loops using ovine blood. Acute in-vivo characterization was conducted in ovine by
surgically implanting the device between right atrium and pulmonary artery.

Results—The in-vitro results showed that the device with a membrane surface area of 0.8 m?
was capable of pumping blood from 1 to 4 L/min against a wide range of pressures and
transferring oxygen at a rate of up to 180 ml/min at a blood flow of 3.5 L/min. Standard hemolysis
tests demonstrated low hemolysis at the targeted operating condition. The acute in-vivo results
also confirmed that the device can provide sufficient oxygen transfer with excellent
biocompatibility.

Conclusions—Base on the in-vitro and acute in-vivo study, this highly integrated wearable
pump-lung device can provide efficient respiratory support with good biocompatibility and it is
ready for long-term evaluation.

INTRODUCTION

Lung disease is the third largest cause of death in the U.S!. Acute respiratory distress
syndrome (ARDS) afflicts approximately 190,000 U.S. patients yearly with mortality of
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25%-40%:. Irreversible and chronic lung disease can only be treated by lung transplantation.
Unfortunately, survival rates after lung transplantation are below other solid organs with a
half life of only 5.3 years2. The performance is also limited by the availability of donor
lungs and the lack of bridge to transplantation options. Current techniques to provide
respiratory support include mechanical ventilation and extracorporeal membrane
oxygenation (ECMO). Mechanical ventilation is effective for short term support but the
prolonged use can often cause other lung injuries. Conventional ECMO could be used as a
bridge to transplantation, but it is cumbersome, expensive, and has high mortality and
morbidity. Recently, some compact ECMO systems combining new blood pumps and new
low-resistance oxygenators have been implemented by innovative physicians in clinics and
favourable outcomes were reported3-’.

Inspired by these developments, we envision a paracorporeally placed artificial lung device
may impact quality of life for many respiratory failure patients by opening options for more
aggressive medical therapies which may extend survival as well. This device might be
reasonably introduced clinically as short-term therapy for ARDS and as a temporary bridge
to transplantation. For this purpose, a wearable artificial pump-lung (APL) was developed
based on an integrated maglev pump-oxygenator (IMPO)8: © which was designed for bed-
side applications. The in-vitro and acute in-vivo experimental results of the APL are
presented here.

MATERIALS AND METHODS

Features of Wearable APL

The wearable APL is intended to be used as an ambulatory cardiopulmonary or respiratory
support device. It is conceived to draw blood from the vein of the patient through a
percutaneous cannula or the right atrium through a surgically implanted cannula and to
return oxygenated blood to the pulmonary artery or a large artery. The APL can be
paracorporeally placed and the whole system, including motor/controller unit and battery,
can be wearable to allow the patient to be mobile. The followings design specifications are
proposed: (1) blood flow of 3.5 L/min; (2) oxygen delivery rate of 180 ml/min; (3) pressure
head of minimum 100 mmHg; (4) minimized surface area for gas exchange; (5) minimal
RBC injury/hemolysis and platelet activation; and (6) support duration of up to 30 days and
exchangeable.

To meet the above requirements, a very small magnetic levitation/motor system, currently
used for the UltraMag® blood pump (Levitronix, LLC, Waltham, MA, USA)0, was
selected to drive the magnetically levitated impeller and a similar flow configuration was
adopted from the previously developed bed-side IMPO8: . The impeller, diffuser, and flow
path from the inlet to outlet, all blood contacting surfaces and surface area of the hollow
fiber membranes (HFM) were optimized for pumping function, oxygen transfer and
biocompatibility using computational fluid dynamics (CFD) based modeling and design
analysis!®. A plasma resistant HFM material (Oxyplus®, Membrana GmbH, Wuppertal,
Germany) was used for the long-term durability.

Figure 1(a) shows the cross-sectional view and magnetically levitated impeller of the APL
device. Venous blood is drawn into the pump chamber via the center tube. Driven by the
magnetically levitated impeller, the blood flows into the diffuser section, where the diffuser
blades guide the blood flow toward the HFM bundle and convert velocity into pressure for
improved flow dynamics. Then the blood flows across the HFM bundle radially while
rotating around the bundle circumferentially. With oxygen supplied to the HFM bundle, the
oxygen is transferred from the fiber lumen to the blood while the carbon dioxide is removed
from the blood. The oxygenated blood is collected at the space between the HFM bundle
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and the center tube and returned back. The sweep gas enters the HFM bundle lumen from
the top and exits the device at the bottom via the channels imbedded in the diffuser fins.

The photographs of the APL device and magnetic suspension/motor drive controller unit are
shown in Figure 1(b) and 1(c), respectively. The APL device is 117 mm in length and 89
mm in diameter. The priming volume of the device is 115 ml. The combined weight of the
APL device and the motor/controller unit is only 0.54 kg. The port located at the upper right
side of the outer housing is used to remove the potentially trapped gas bubbles. The total
surface area of the HFM bundle is 0.8 m? and the porosity is 0.5, defined as the ratio of the
actual volume occupied by the blood to the total volume of the bundle. All the housing
components of the wearable APL device are made of medical grade polycarbonate by
injection molding except the thin bottom housing that sits into the motor cup and is required
for the magnetic levitation. This housing is made of biocompatible titanium. The rotor/
impeller assembly consists of a permanent ring-shaped magnet enclosed by a thin titanium
shell and a polycarbonate impeller bonded on the top of the rotor (Figure 1(a)). In the future
production version, the top gas inlet manifold will be made of opaque polycarbonate and the
blood sampling ports will be enclosed into the manifold. A comparison between the APL
device and the previous IMPO device is shown in Table 1. Note that the total weight of the
IMPO device doesn’t include controller.

In-vitro Experiment

The prototype of the APL was fabricated and tested in-vitro first. Filtered and heparinized
ovine blood collected from a local slaughter house was used as the testing fluid for all of the
in-vitro experiments. The in-vitro pumping performance was tested in a mock circulatory
flow loop using blood with 36% hematocrit (Hct) at 37 °C. The in-vitro gas transfer
performance was evaluated according to the 1SO standard 719912 and the ratio of the sweep
gas flow rate versus blood flow rate was kept at 1. The in-vitro hemolysis test was
conducted according to the ASTM standard F1841-9713. A detailed description of the in-
vitro e;<periment setup and procedure can be found in the previous experimental study of the
IMPO”.

Acute In-vivo Experiment

Four acute (one 6-hour and three 24-hour) animal studies were conducted in the ovine model
to assess in-vivo hemodynamics, gas exchange function, and biocompatibility of the APL
device. The device was surgically connected between the right atrium (RA) and pulmonary
artery (PA) of adult Dorsett hybrid sheep. During the course of the study, all animals
received humane care in accordance with the Guide for Care and Use of Laboratory Animals
(NIH publication 86-23, revised 1996). The surgical protocol and animal care were
approved by the Institutional Animal Care and Use Committee of the University of
Maryland Baltimore.

The sheep was induced with Pentothal, intubated with ET tube and anesthetized using
mechanical ventilation with 1-3% isoflurane. A Swan-Ganz catheter was placed in the PA
via the right jugular vein to monitor right atrial pressure, central venous pressure (CVP) and
pulmonary artery pressure. A left fourth rib interspace thoracotomy was performed to
expose the RA and PA. The sheep was then heparinized to achieve an ACT of above 200
seconds. 10 mm Dacron graft attached to the 10mm outflow cannula was anastomosed end-
to-side to the distal PA. A 32 Fr inflow cannula was placed in the RA through the right atrial
appendage. A transonic flow probe was placed around the outflow cannula to measure the
device flow.
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Once the above procedure was completed, both the inflow and outflow cannulae were
tunneled and exited the skin. For the 6-hour study, a pre-primed device was connected to the
inflow and outflow cannulae and de-aired. Then the device was initiated for the 6-hour in-
vivo functional and biocompatibility evaluation. Mechanical ventilation and inspired gas
content were adjusted to ensure the normal pH and carbon dioxide partial pressure (pCOy) in
the venous blood. The blood pressure rise across the device, the device flow rate, animal
arterial and PA pressures were continuously monitored. Blood samples at the inlet and outlet
of the APL device were collected every 30 minutes for blood gas analysis (pO2, O,
saturation, pCO,, Hematocrit, etc) and PFH measurement. For the three 24-hour in vivo
experiments, the animals were allowed to recover from the surgery. Continuous heparin
infusion was used to maintain the ACT between 150 and 180 seconds. The APL device was
operated to produce a blood flow targeted at 3 L/min from the RA to PA. A mixture of 95%
oxygen with 5% carbon dioxide was used as sweep gas targeted at 1 L/min to maintain the
blood pCO,, at the inlet of the APL device within the physiological range (between 40 and
50 mmHg). Blood samples at the inlet and outlet of the device were collected every two
hours for the first 12 hours and every four hours for the last 12 hours for blood gas analysis
and PFH measurement.

In-vitro Results

The pumping performance of the wearable APL is shown in Figure 2(a). These curves
represent the ability of the device to generate a pressure head against a pressure afterload at
a specific flow rate and a specific rotation speed. At 7000 rpm, the device can deliver a
blood flow rate of 3.5 L/min at a pressure head close to 100 mmHg. At the same rotational
speed, the pressure head decreases as the flow rate increases. This is achieved by reducing
the pressure afterload of the flow loop. This is different from the pressure afterload versus
flow rate curve where the pressure afterload increases with the flow rate. To match with the
higher pressure afterload, the rotational speed of the pump can be increased to generate a
higher pressure head.

The gas transfer performance of the device is shown in Figure 2(b). In general, the oxygen
transfer rate increases almost linearly with blood flow rate. This is because the blood was
near fully oxygen saturated at the device outlet. At the standard blood hematocrit of 36% for
the gas transfer testing, the device was capable of delivering an oxygen transfer rate up to
180 ml/min at a blood flow of 3.5 L/min. The carbon dioxide removal increases almost
linearly with blood flow rate until it reaches a plateau at 3 L/min. At the same blood flow
rate, the in-vitro CO, removal is about 50~70% of the O, transfer. At 3 L/min, the CO»
removal is about 100 ml/min, half of the total CO, production for average human. To further
increase the CO, removal, the sweep gas flow rate can be increased.

The in-vitro blood damage tests at three different blood flow rates with the same rotational
speed of 7000 rpm were conducted. The normalized index of hemolysis (NIH) was
calculated from the plasma free hemoglobin (PFH) measurements of the blood samples3.
The results showed that the NIH decreases linearly with the increase of blood flow rate. At
the targeted flow rate of 3.5 L/min and higher, the NIH values are less than 0.04, which are
comparable to the bed-side IMPO device®. This indicates that the wearable APL should have
excellent hemo-biocompatibility performance under normal operating conditions. The high
NIH at 1.5 L/min may be attributed to the longer blood exposure time to higher shear stress
and flow interactions at the interface between the impeller blades and diffuser fins at off-
design flow conditions.
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In-vivo Results

All the acute in-vivo animal experiments are summarized in Table 2. After surgery, all the
three 24-hour animals were able to stand up, eat and drink normally. As shown in Figure 3,
the whole system is very compact so it can be fixed on the back of the sheep. Since a
mixture of 95% oxygen with 5% carbon dioxide was used as sweep gas, the CO, removal
capability of the APL device could not be reliably evaluated and was not included in the
table. For the first 2 animal studies, the blood flow rate was adjusted intentionally to study
its correlation with the oxygen transfer rate. For the last 2 animal studies, the flow rate was
kept around 3 L/min. The PFH values of all the animal studies were lower than 20 mg/dI
(Table 1) and no significant difference was found between the post implantation values and
the baseline values. The in-vivo oxygen transfer performance is shown in Figure 4. In spite
of varying inlet blood conditions, the oxygen saturation of the blood at the device outlet was
always higher than 95%. A linear trend can still be observed between the oxygen transfer
rate and the blood flow rate. The highest oxygen transfer rate was 188 ml/min at a blood
flow rate of 4 L/min. Necropsy results of the animals exhibited that there were no infarcts in
heart, lung and kidney. Examination of the explanted device indicated that there was no
thrombus in the fiber bundle and flow-path of the device.

DISCUSSION

Conventional ECMO systems are inadequate due to their size, complexity, risks and
complications. These issues can be substantially alleviated by integrating pumping and
oxygenation function together into one device. The major advantages of our APL over other
integrated pump-oxygenators14-20 include magnetically levitated impeller, ultra-compact
motor/controller, and unique circumferential-radial flow path design. The only moving
component is the impeller and no mechanical shaft, bearing or seal is required. Therefore the
risks of blood trauma and component failure are greatly reduced. The size and weight of the
motor/controller are very small so the patient can walk and practice wearing the whole
system. The CFD optimized flow path design ensures the flow fields across the HFM bundle
are uniform without stagnation and highly efficient gas transfer can be achieved.

The application of APL could be flexible to match multiple clinical needs. Although only
one configuration was tested in-vivo, APL may be used in three configurations: right atrium
to pulmonary artery, right atrium to descending aorta, and percutaneous connection. The
required pressure head against the afterload for these configurations will vary from 15
mmHg to 100 mmHg and the rotational speed can be adjusted to meet the requirements.
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Figure 1.
(a) Drawing of the cross-section and the impeller/diffuser assembly of the APL device; (b)
Photo of the device; and (c) Photo of the motor/controller system.
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Figure 2.

(@) In-vitro pumping performance of the APL device; and (b) In-vitro gas transfer
performance of the APL device (Error bar represents standard deviation.).
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(a) APL device fixed on the back of the sheep (b) Enlarged view of the APL device

Figure 3.
Photos of the in-vivo animal study: (a) The APL device fixed on the back of the sheep; and
(b) Enlarged view of the APL device.

J Heart Lung Transplant. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 10

— 200 120
£ o
% svE . & 100 o
= ° = o
© 150 023%3-: o 5 PF% 8 ¢ % 3 8 3
& o e T 80

o A H
8 8 £
17} ° » oo
2 100 % ° 2 60 ]e oo g0, . e
,‘i 9 ‘é’ o® H LI ° ° °

x
§ 8 e  AnimalNo. 1 o 40
g s0 o Animal No. 2 g
° ° v Animal No. 3 z 20 ® APLInlet
2 A Animal No. 4 = o APL Outlet
£ 0 ‘ : 0 . :
0 1 2 3 4 5 0.0 0.2 04 0.6 0.8 1.0 1.2
Flow Rate (L/min) Postoperative Day
(a) (b)

Figure 4.
(a) Oxygen transfer results of the in-vivo studies; and (b) Inlet and outlet oxygen saturation
variation during the in-vivo studies.
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Comparison between APL and IMPO

IMPO APL
Diameter (mm) 97 89
Height (mm) 144 117
Surface Area (m?) 1.05 0.8
Porosity 0.55 0.50
Priming VVolume (ml) 200 115
Total Weight (kg) 1.9 0.54
Flow Range (L/min) 1~7 1~4
Fiber Material Polypropylene  Polymethylpentene
Usage Bedside Wearable
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