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DEVELOPMENT OF THE PARACORPOREAL AMBULATORY ASSIST LUNG
(PAAL)
Shalv Madhani, Ph.D.

University of Pittsburgh, 2017

Lung disease is a major healthcare problem as the third leading cause of death in the United
States. Extracorporeal membrane oxygenation (ECMO) and mechanical ventilation are the only
means for respiratory support once patients reach a critical condition. Confinement during these
treatments causes muscle deconditioning which increases morbidity and mortality after lung
transplant. Advancements in ECMO have improved treatment outcomes by introducing
ambulation into the clinical practice. Current systems are cumbersome and limited to short term

use.

We are developing the Paracorporeal Ambulatory Assist Lung (PAAL), an artificial lung
device that is durable, wearable and simplifies ambulation. The PAAL integrates a hollow fiber
membrane (HFM) bundle for oxygenation and a centrifugal blood pump into a compact unit.
Device size is reduced by decreasing the HFM area and increasing the oxygenation efficiency

(oxygenation per unit area).

This dissertation investigates passive flow, active mixing and recirculation as means for
increasing oxygenation efficiency. A 1D mass-transfer model guided the choice of the HFM

bundle form factor. Prototypes were manufactured for evaluating hydrodynamics, oxygenation,



and hemolysis on the bench. The passive flow PAAL was selected for in-vivo testing in sheep (6-
hours) while hemodynamics, oxygenation and hemolysis were assessed. The device was then

optimized using computational fluid dynamics and tested for 5-days in-vivo.

In-vitro performance targets were met for all proposed designs. Hemodynamics did not
change relative to baseline in all in-vivo studies. The PAAL fully oxygenated blood, and plasma-
free hemoglobin remained under 20 mg/dL in all in-vivo studies. Gross examination of devices
after in-vivo testing showed minimal to no thrombus in the HFM bundle and no thrombus in the

centrifugal pump. Platelet activation remained under 15% after 5-days.

Artificial lungs incorporating passive flow, active mixing and blood recirculation have
been designed. Relative to the clinical standard, HFM area was reduced by ~1.7 times using
passive flow and active mixing, and by ~3 times using recirculation. An integrated and wearable
PAAL was developed based on the passive flow design. This design was evaluated up to 5 days
in sheep with no device related complications. Chronic (30-day) in-vivo studies on the PAAL are

in progress.



TABLE OF CONTENTS

THTLE PAGE ... .ottt et ekttt b et e bt e sbe et e e e be e e nteenaeeenns |
COMMITTEE MEMBERSHIP PAGE ... s 1
A B ST R A T ettt h ettt sh e bR et b e Re et e ae et et e b nreas v
TABLE OF CONTENTS ...ttt ettt sttt st e b nneas VI
LIST OF TABLES ... oottt ettt b e b et e e nte e naeeanbeentee s X
LIST OF FIGURES ...ttt bbbttt b et be e Xl
LIST OF ABBREVIATIONS ...ttt X1
ACKNOWLEDGEMENTS ...ttt sttt snee s XVI
1.0 INTRODUCTION . ...ttt b et san e 1
11 END STAGE LUNG FAILURE........coiii e 1

1.2 CONTEMPORARY ECMO DEVICES ...t 6

1.3 ARTIFICIAL LUNG DEVICES ... 8
1.3.1 Potential Applications for Artificial LuNgS..........ccoovoviiiiiininencseeins 8

1.3.2 Artificial Lung Devices under Research Development ...........ccccocoevninnnnnns 9

14 THE PARACORPOREAL AMBULATORY ASSIST LUNG (PAAL)....... 12

2.0 DARCY PERMEABILITY OF HOLLOW FIBER MEMBRANES................... 14
2.1 INTRODUCTION ..ot 14

2.2 METHODS ... ettt sae e nneas 16

2.3 RESULTS AND DISCUSSION ..ottt 17

Vi



2.4 CONCLUSION ..o 20

ACTIVE MIXING IN THE PAAL ... 21
3.1 INTRODUCTION ..ottt 21
3.2 METHODS ...t 23
3.2.1  TESUPIOTOLYPES ...t 23
3.2.2  IN-VIEO TESTING ...eiviiiiiiieieieie ettt 25
3.2.3  Statistical ANaAlYSIS.........cooiiiiiiie 26
3.3 RESULTS ettt sb ettt sre e 26
3.4 DISCUSSTON ...ttt sttt nae e 28
3.5 CONCLUSIONS ...ttt 30
PASSIVE BLOOD FLOW IN THE PAAL ...oooiie e 31
4.1 INTRODUCTION ..ottt bbb 31
4.2 METHODS ...ttt nbe e saeas 33
4.2.1 Oxygen Transfer MOl ... 33
4.2.2 Fiber Bundle ManufaCturing..........ccocuoeiiiiiiinine s 35
4.2.3  IN-ViItro Gas EXCRaNQE ......cccooviiiiiiiiiiieeee s 36
4.2.4  IN-VITrO HEMOIYSIS ...cviiiiiiiiiiiee it 38
4.3 RESULTS et bttt e st nte e nnee e 39
4.4 DISCUSSTON ...ttt ettt ettt sree e 42
4.5 CONCLUSIONS ...ttt 44
IN-VITRO AND ACUTE IN-VIVO STUDIES OF THE PAAL .....cccocovvviiiieenen. 45
5.1 INTRODUCTION ..ot 45
5.2 METHODS ... ettt sae e nneas 47

vii



6.0

7.0

5.3

5.4

5.5

6.1

6.2

6.3

6.4

6.5

7.1

7.2

7.3

7.4

7.5

5.2.1 PAAL DEVICE DESIGN ...ttt 47

5.2.2  IN-VIIO TESTING ....eitiiiiiiieieieeie sttt 48
5.2.3  IN-VIVO TESTING ..ttt 50
RESULTS ettt ettt see e 51
DISCUSSTON ...ttt nne e 56
CONCLUSIONS ...t 58
IN-VITRO CHARACTERIZATION OF A CFD OPTIMIZED PAAL................ 59
INTRODUCTION ..ottt 59
METHODS ... et eeas 61
6.2.1 Computational Fluid Dynamics ANAlYSIS.........ccccovririiieieieiesc e 61
6.2.1 Hydrodynamic performancCe ..........cccuoieirieiine et 61
6.2.2  IN-VILrO NEMOIYSIS .. .eiiiiieiieieie et 62
RESULTS ettt sb e bt nte e sre e 62
DISCUSSTON ...ttt ettt enre e 65
CONCLUSIONS ...ttt 66
CHRONIC IN-VIVO STUDIES OF THE PAAL .....coiiiiiiiieeeee e 68
INTRODUCTION ..ottt 68
METHODS ...ttt nneas 70
721 IN-VIVO TESTING ..etiiteiiieiiiieiiete ettt 71
7.2.2  Statistical ANAIYSES .....c.ooiiieie i 73
RESULTS ettt et et e e nteenree s 74
DISCUSSTON ...ttt ettt ettt et e e sree s 79
CONCLUSIONS ...ttt 81

viii



8.0 FLOW RECIRCULATION IN THE PAAL .....ooiiiiiie e 82

8.1 INTRODUCTION ..ot 82

8.2 METHODS ...t 84
8.2.1 Proposed Design Evaluation .............ccooveiiiiiiniiiiiiiceeece e 84

8.2.2 In-Vitro Prototype Fabrication and Testing..........cccceevvieieieiincieniieias 85

8.3 RESULTS ettt ettt see e 87

8.4 DISCUSSTON ...ttt nne e 91

8.5 CONCLUSIONS ...ttt 95

9.0 CONGCLUSIONS ...ttt bbb nb e sbe e tee s 96
9.1 SUMMARY ettt ettt st e be e nee s 96

9.2 FUTURE VISION OF RESPIRATORY SUPPORT .....ccocceiiiieiieeie e 97
BIBLIOGRAPHY ..ottt ettt st sbe e ssbeenbeesnte e 101



LIST OF TABLES

Table 2-1: Measured Darcy permeability and predictions using the Pacella et. al. correlation ... 18

Table 3-1: Characteristics of prototypes USed IN-VILr0..........ccccueierreriiinininineeeeeee s 24
Table 4-1. Bundle form factors manufactured for in-vitro testing...........ccocovevvveeieienenenininenn 34
Table 5-1 Hemodynamics during the iN-VIVO StUAY ...........ccoouiiiiiiiiiiencneseseeeeeee s 55
Table 7-1 Daily measurements of hemodynamics and device parameters...........ccecvvvvvveriennennn. 75
Table 7-2 Hematology and end organ function parameters over the study course..............c........ 78
Table 8-1 Efficiency comparison across devices at 3.5 L/min blood flow...........ccccccoovvviinnnenne. 93
Table 8-2 Oxygenation comparison across varied fiber bundle diameters...........ccccceeevvereenenne. 94



LIST OF FIGURES

Figure 1-1 Transplantation data procured from the OPTN database..........cc.ccooeviiiiiiiiiniiins 2
Figure 1-2 ECMO patient being rehabilitated ..o 3
Figure 1-3 Single center experience of the Columbia UniVersity group .........cccceoevereneneneniennnns 4
Figure 1-4 ECMO patient rehabilitating on a treadmill............c.cocooiiiiiiiiiie 5
Figure 1-5 Cross section (a), prototype (a) and controller (c) for the APL .........ccccoeiiiiivinnnnne 10
Figure 1-6 The TAL Deing teSted IN-VIVO .......ccoiiiiiiiiiiiiiiiieiee e 11

Figure 2-1: Percent difference in permeability prediction between new and old correlations. .... 19

Figure 3-1 Active mixing PAAL prototype. Red arrows indicate blood flow................ccccoeenee. 23
Figure 3-2: Weft spacing drawn to scale. Fiber wefts are shown inred..........ccccocevvniiiicnnnnnne 24
Figure 3-3 Hemolysis measured in the test PrototyPes.........coeieiereriieneniseeeeee e 27
Figure 3-4 Oxygenation measured in teSt ProtOtYPES ........cvieiiriierererie st 28
Figure 4-1 Schematic showing flow paths and prototype of an assembled test module. ............. 36
Figure 4-2 The single pass loop system for measuring in-vitro gas exchange in blood................ 37
Figure 4-3 Oxygenation efficiency for the FB-1 (A), FB-2 (B), and FB-3 (C).....cccccocvvvivrinnnnne 40
Figure 4-4 Experimentally determined and modeled oxygenation of FB-F............c.ccccciinnnnne. 41
Figure 4-5 Normalized index of hemolysis (NIH) of the full system and control........................ 41
Figure 5-1 Cross section drawing of the PAAL device (A); and machined prototype (B) .......... 48
Figure 5-2 In-vitro pump function (A) and oxygenation (B) of the PAAL device....................... 52
Figure 5-3 In-vitro CO2 removal of the PAAL UEVICE .......ccccvrireiiiiceiineeese s 52

Xi



Figure 5-4 In-vitro hemolysis in the PAAL deVICE .........coiiiiiiiiieiee e 53

Figure 5-5 In-vivo gas exchange in the PAAL dEVICE ..........ccoieiiiiiiiiieieeeee e 53
Figure 5-6 In-vivo hemolysis in the PAAL TEVICE ..........cooiiiiieiiiiiee e 54
Figure 6-1 Computational fluid dynamics guided design improvements..........ccccceeerererenennnn 63
Figure 6-2 Hydrodynamic performance of the optimized PAAL ... 64
Figure 6-3 Hemolysis in the optimized PAAL ..o 65
Figure 7-1 Cross section drawing of the PAAL device (A) and machined prototype (B)............ 70
Figure 7-2 Photograph of the animal wearing the PAAL in the stanchion............cccccccoivninnne. 72
Figure 7-3 In-vivo oxygenation (A) and blood saturation (B) in the PAAL........ccccceeeiiiinnnnnne 76
Figure 7-4 In-vivo hemolysis in the PAAL TEVICE. ........ccooiiiiiiiiiecie e 77

Figure 8-1 CFD design (A), experimental prototype (B). Red arrows indicate blood flow. ........ 87
Figure 8-2 Model simulations (A) and CFD prediction of hydrodynamics (B) ...........c.ccccvvenee. 88
Figure 8-3 Shear stress (A) and velocity contours (B) in the proposed design at 2500 RPM....... 89
Figure 8-4 In-vitro measured and model predicted oxygenation in the experimental prototype.. 90

Figure 8-5 Experimentally measured hemolysis from the HFM bundle. ............cccoooiiiiiinnnene. 91

xii



LIST OF ABBREVIATIONS

ACT Activated Clotting Time

ALT Alanine Transferase

AM Active Mixing

APL Ambulatory Pump Lung

ARDS Acute Respiratory Distress Synrome
AST Aspartate Transferase

BL Baseline

BTR Bridge to Recovery

BTT Bridge to Transplant

BUN Blood Urea Nitrogen

COPD Chronic Obstructive Pulmonary Disorder
CF Cystic Fibrosis

CFD Computational Fluid Dynamics

CK Creatinine Kinase

CTAL Compliant Thoracic Artificial Lung
CVP Central Venous Pressure

DLC Dual Lumen Cannula

ECMO Extracorporeal Membrane Oxygenation

Xiii



EGF Early Graft Failure

EOS End of Study

FB Fiber Bundle

HCT Hemotocrit

HFM Hollow Fiber Membrane

ICU Intensive Care Unit

ISO International Organization for Standardization
IvC Inferior Vena Cava

LA Left Atrium

LAS Lung Allocation Score

MAP Mean Arterial Pressure

MV Mechanical Ventilation

NIH Normalized Index of Hemolysis
OPTN Organ Procurement and Transplant Network
OR Operating Room

PA Pulmonary Artery

PAAL Paracorporeal Ambulatory Assist Lung
PAP Pulmonary Artery Pressure

PAF Platelet Activating Factor

PfHB Plasma-free Hemoglobin

POD Post-operative Day

PP Polypropylene

PMP Polymethylpentene

Xiv



RA

RBC

SvC

TAL

UHMWPE

WBC

Right Atrium

Red Blood Cell

Superior Vena Cava

Thoracic Artificial Lung

Ultra-High Molecular Weight Polyethylene

White Blood Cell

XV



ACKNOWLEDGEMENTS

I would like to thank my advisor Dr. William Federspiel for his mentorship and guidance. He has
provided countless opportunities that have developed my skills as a scientist and an engineer. He
has always pushed me to simplify a large problem through simple order of magnitude
calculations or modeling approaches which have helped me develop a better understanding of the
basic problem. He has also helped me develop as a lecturer through teaching assistantships. I'm
grateful for the guidance he has provided in drafting manuscripts and scientific presentations.
I’m thankful for the collaboration opportunities with clinicians and industry professionals that he

created, and for his support in my participation in the Artificial Heart Program.

I would also like to thank my committee members Drs. James Antaki, Harvey Borovetz,
Jonathan D’Cunha, Marina Kameneva and William Wagner. Each of them have provided
mentorship and guidance extending beyond this dissertation. Their boundless knowledge and
experience has been valuable to our projects. I'm also thankful and grateful for the mentorship
and training I’ve received through the Artificial Heart Program. The clinical exposure through

participating in surgeries and patient care has given me a practical perspective on our projects.

I’m also appreciative for the support and opportunity to work with the Medical Devices
Lab personnel. Their input and help along the course of our projects have been helpful. Their

feedback has also assisted in improving experimental technique and interpretation of results. I'm

XVi



especially grateful for working with Brian Frankowski. His mentorship in design and
manufacturing has given me a practical approach to problems. | believe that all the “small stupid
stuff” he has taught me has amounted to valuable experience. I’d like to extend a special thanks
to the personnel of the McGowan Center for Preclinical Studies. Their involvement and
dedication to our in-vivo work has been instrumental in the success of our studies. A very special

thanks to my family and friends for supporting me through graduate school.

I’d also like to thank and acknowledge my funding sources including the McGowan

Institute for Regenerative Medicine, the Commonwealth of PA, the NIH (RO1 HL117637).

XVii



1.0 INTRODUCTION

1.1 END STAGE LUNG FAILURE

Lung disease is a major healthcare problem as the third leading cause of death in the United
States®. Chronic obstructive pulmonary disorder (COPD) is the most common form of lung
disease which affects 12.7 million annually and is associated with a mortality of over 135,000%3
patients. COPD is a chronic inflammatory lung disease that reduces airflow to the lungs. Another
common lung disease is acute respiratory distress syndrome (ARDS) which affects 190,000
patients annually and is associated with a mortality of 30-40%*>%. ARDS is an acute
inflammatory disease which leads to fluid buildup in the lungs. A third common form of lung
disease is Cystic Fibrosis (CF) which affects 1000 new patients annually (30,000) living with CF
currently)’. The median life expectancy of patients with CF is 35 years’. CF is a lung disease
caused by a genetic disorder that leads to mucous buildup in the lung which makes breathing
difficult. These diseases can be treated with non-invasive ventilation in the initial stage.
Mechanical ventilation (MV) or extracorporeal membrane oxygenation (ECMO) may be
required as the disease progresses. These treatments are effective and life-saving in the short
term, however long term use can increase morbidity in patients. Prolonged MV injures the

patient in the form of barotrauma and volutrauma, and results in poor transplant outcomes®®.



Patients are confined to an ICU bed during treatment with MV and ECMO which leads to muscle

deconditioning®°. Patients ultimately require a lung transplant at the end stage of their disease.
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Figure 1-1 Transplantation data procured from the OPTN database



Lung transplantation has become a clinical reality and is a last resort for extending lives
of patients suffering from end stage respiratory failure. Lung transplant data from the OPTN
database' show that there is a shortage of donor lungs (Figure 1-1). The waitlist has been growing
with ~100 patients added to the wait list every year. Waitlist mortality' has decreased from 40%
to 20% presumably from the introduction of the Lung Allocation Score (LAS) system in May
2005, improvements in technology and improvements in patient management. Yet, organ
shortage remains a clinical problem. The median wait time for donor lungs in 2013 was 4.5
months and ranged from 2 to 12 months based on the diagnosis. The annual mortality on the wait
list was 174 patients for that year. More durable lung support is required for bridging patients to

transplantation or recovery.

"—- .. 73 J ‘ 3¢

Figure 1-2 ECMO patient being rehabilitated'

i OPTN Database, data as of May 23, 2017

" Waitlist mortality is calculated as: 100(Number of Deaths/Waitlisted Patients Not Transplanted)
" Javidfar et. al. JTCVS 2012 DOI: http://dx.doi.org/10.1016/j.jtcvs.2012.05.040. Reproduced with publisher
permissions
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Patient health at the time of surgery is an important predictor of lung-transplant
outcomes. The 5-year post transplant mortality for primary lung transplant was 44% and for
repeat lung transplant was 63%'". Ambulating and rehabilitating patients before lung transplant
has improved these outcomes!*!21314, Several centers have recently implemented ambulation on
ECMO using new clinically approved technology including Quadrox oxygenators or the Maquet
Cardiohelp, often aided by the use of a cannula such as the Avalon Elite®. ECMO was initiated in
the patient shown in Figure 1-2 using a Quadrox-Centrimag-Avalon DLC circuit. This
configuration facilitated rehabilitation and allowed her to perform daily functions including

checking her phone and computer?2,

(00]
o

o O O

O Total
M Active PT

o

No. of MICU ECMO patients

o

P <0.001

o

2009-2010 2011-present

Figure 1-3 Single center experience of the Columbia University group¥

v OPTN Database, transplants performed between 2008 and 2011. Data as of June 9, 2017

v Figure reproduced from Ambrams et. al., Critical Care 2014 DOI: 10.1186/cc13746. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.
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The Columbia University group reported an increase in actively rehabilitated patients at
their center (Figure 1-3). ECMO served as a bridge to transplant (19 patients) or bridge to
recovery (16 patients) patients in the patients that were rehabilitated. There were no
rehabilitation related complications over the study course. The University of Kentucky and
University of San Francisco groups have ambulated and rehabilitated CF patients (Figure 1-4).
The physicians deployed ECMO early during hypercapnic failure and successfully bridged all
patients to lung transplantation. Ambulation during ECMO improves patient outcomes post lung
transplant as this allows patients to walk, eat and exercise during therapy — reducing muscle

deconditioning>16:17:18,

Figure 1-4 ECMO patient rehabilitating on a treadmill"

Vi Hayes et. al., J Cystic Fibrosis. DOI: https://doi.org/10.1016/j.jcf.2011.07.009. Reproduced with publisher
permission.
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Surgical advances in cannulation modes have made ambulation in the clinical setting
possible. 141920 Cyrrent techniques ‘retro-fit” ambulatory systems out of devices designed for
short runs of ECMO and cardiopulmonary bypass. Timing and patient selection for ambulatory
ECMO is also dependent on currently available technology*?. Active rehabilitation including
ambulation does require the assistance of experienced and multidisciplinary teams.
Consequently, ambulation can be challenging to implement in smaller or inexperienced centers.

This leads to ambulation on ECMO being a reality at select centers.

There is a clear need for the development of more compact and less cumbersome
respiratory support devices and modalities. Artificial lungs potentially reduce the complexity of
contemporary ECMO by integrating components further. Artificial lungs can consequently
provide a viable therapeutic option before lung transplantation. One could envision a day when
even this technology may progress outpatient management. With this vision in mind, the
Paracorporeal Ambulatory Assist Lung (PAAL) is being developed as another approach to a

wearable respiratory assist system.?!

1.2 CONTEMPORARY ECMO DEVICES

ECMO devices have become portable which has simplified patient transport within a single
center or between multiple centers. Contemporary devices improve upon traditional devices by
reducing oxygenator size, reducing circuit length and increasing oxygenator durability. The

introduction of hollow fiber membranes (HFM) was a significant step in improving traditional



ECMO devices?>%. HFM bundles have now become the standard gas exchange membrane in
contemporary devices?42>26:2728 'HEM bundles are typically manufactured from either Celgard®
Polypropylene (PP) hollow fiber mats or Membrana® polymethylpentene (PMP) hollow fiber
mats. PMP based HFM bundles are being increasingly used in clinical blood oxygenators 24
2526293031 The Membrana® PMP fiber has an asymmetric membrane wall with closed surface
pores, rather than a microporous membrane wall which prevents compromise in oxygenator
performance from blood plasma wetting3233, Oxygenators are used in conjunction with
centrifugal blood pumps for generating blood flow. Centrifugal pumps have also seen significant
development through tedious experiments and computational fluid dynamics analyses#3°:36:37.38,
These pumps are magnetically supported or fully magnetically levitated. VVascular access has
also been addressed in the recent years through improvements in surgical technique and cannula
design. Novel cannulation techniques (central, peripheral, percutaneous) have been developed as
opposed to traditional groin cannulation®. Contemporary devices have made the clinical practice

of ECMO simpler and safer.

Contemporary ECMO devices intended for increasing portability are manufactured by
Maquet (Rastatt, Germany), TandemLife (Pittsburgh, PA) and Xenios (Heilbronn, Germany).
These are full respiratory support devices intended for use during cardiopulmonary bypass or
short (6h) ECMO runs. Maquet manufactures the CardioHelp system which can be configured
with a ‘small adult’ (1.3m?) or ‘adult’ (1.8m?) stacked oxygenator. Blood flow is controlled with
a pump built into the CardioHelp console. Maquet also manufactures the Quadrox oxygenator
which has been commonly in conjunction with the Centrimag pump (Abbott Labs, Chicago, IL)

or the Rotaflow pump (Maquet) in ECMO cases. Veno-venous ECMO can conducted in patients



using Maquet’s Avalon Elite dual lumen cannulas (up to 31 Fr.) which have been popularly used
for ambulating patients. Neck cannulation using the Avalon DLCs free the patients’ legs which
simplifies ambulation (Figure 1-2, Figure 1-4). TandemLife has recently introduced the
TandemLung oxygenator which works with the TandemHeart and ProtekDuo dual lumen
cannula. The TandemLung is a 1.8 m? surface area oxygenator that allows portable ECMO when
with the TandemHeart centrifugal pump. TandemLife also produces the ProtekDuo dual lumen
cannula which is the only cannula that allows veno-venous ECMO with right heart support.
Xenios devices offer high flow ( >3L/min) mid flow (~1L/min) and low flow ( ~500 ml/min)
oxygenators for varying degrees of respiratory support. These oxygenators can be coupled with a
centrifugal pump for forming an ECMO circuit. Xenios also manufactures the NovaLung
oxygenator which can be used as a pumpless oxygenator for providing low flow CO> removal.
Xenios manufactures single lumen cannula up to 18 Fr. and dual lumen cannula up to 23 Fr.
These are devices designed for portable ECMO and simpler cardiopulmonary bypass. Next
generation artificial lung designs further compact these devices making them wearable

ambulatory systems.

1.3  ARTIFICIAL LUNG DEVICES

131 Potential Applications for Artificial Lungs

The patient population benefiting from an artificial lung device would be a subset of the general
population suffering from acute and chronic lung disease. ECMO is the only option for acute

respiratory failure patients who are failing on MV. Both treatments are effective in the short



term, but increase mortality if used long term. Artificial lungs can replace ECMO and MV in
long term treatment. Conventional ventilation strategies lead to ventilator induced injury which

is associated with high mortality rates®*°. Studies do report that protective ventilation can reduce
mortality as much as two fold (30-38% vs. 53-71%) compared with invasive ventilation*!4,
However, not all patients can be supported with protective strategies. A nationwide population
based study on acute respiratory failure indicated invasive conventional ventilation is used in 300
patients per 100,000 US residents with acute respiratory failure, and non-invasive ventilation was
used in only 50 patients per 100,000*%. An artificial lung may replace the ventilator in the
(~5000) patients requiring conventional ventilation improving outcomes while bridging them to
transplant or recovery. Artificial lungs may also replace the ventilator in patients with chronic
end-stage respiratory which would improve patient quality of life**4546. An artificial lung may
replace ECMO in treating other bridge to recovery scenarios including as flu induced ARDS*
and CF*®and early graft failure (EGF)*. EGF occurs in 10-30% of lung transplant cases with a
mortality of about 65 annually®®>!. Advances in ECMO have allowed early mobilization of
patients requiring full respiratory support. Artificial lungs can further simplify ambulation
facilitating a widespread adoption of the practice of rehabilitating patients with respiratory

failure.

1.3.2  Artificial Lung Devices under Research Development

The University of Maryland and Michigan groups have developed artificial lung devices in the
laboratory. The Ambulatory Pump Lung (APL) device has been developed by the University of
Maryland group (Figure 1-5). The APL integrates a 0.8m? annular PMP based fiber bundle with

a magnetically levitated impeller adapted from the clinically used Centrimag (Abbott Labs)



impeller into a since housing. The APL device is designed for cannulation in the right atrium
(RA) and pulmonary artery (PA). The device provides partial to complete respiratory support and
right heart support. The APL was designed and optimized using computational fluid dynamics

analyses®2. The device was then evaluated in-vitro and in-vivo up to 30 days?.

8lood Outlet

Gas Inlet |~
Manifold
Fiber
Bundle

Figure 1-5 Cross section (a), prototype (a) and controller (c) for the APLH

The Thoracic Artificial Lung (TAL) has been developed by the University of Michigan.

The TAL is a pump-less 1.7 m? PMP- based device. The TAL is attached to the by cannulating

Vil Zhang et. al., JHLT 2012 DOI: https://doi.org/10.1016/j.healun.2011.08.022. Reproduced with publisher
permissions.
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the PA and left atrium (LA). The right ventricle flows blood through the device in parallel to the
native lung and to the LA. The TAL has been developed through in-vitro, in-vivo and
computational studies over 18 years?*°3. The TAL has also been successfully tested up to 30
days in sheep (Figure 1-6)°*. These studies demonstrated successful long-term use with the RA-
PA approach using the APL and successful long-term use with the pumpless approach using the

CcTAL.

Figure 1-6 The TAL being tested in-vivo"'

Vil Sato et. al., Ann. Thorac. Surg. 2007. DOI: https://doi.org/10.1016/j.athoracsur.2007.05.051. Reproduced with
publisher permissions.
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1.4  THE PARACORPOREAL AMBULATORY ASSIST LUNG (PAAL)

This dissertation presents work toward an integrated blood pump and oxygenator. The PAAL is
being design as a truly wearable device that can potentially simplify ambulation. The PAAL
integrates an efficient hollow fiber membrane (HFM) bundle for gas exchange directly with a
centrifugal pump. Performance metrics are set based on current clinical practice and performance
of devices under development. Performance requirements include a small form factor, long-term
(1-3 month) durability, 180 ml/min oxygenation at 3.5 L/min, compatibility with the Avalon
Elite® DLC and a normalized index of hemolysis (NIH) under 0.05 g/100L. The small form
factor can be achieved by minimizing the size of the HFM bundle, which typically represents the
largest component of the pump oxygenator system. Devices are tested in-vitro for evaluating
hydrodynamics, oxygenation and hemolysis. Devices are also evaluated in-vivo in sheep up to 5

days.

Device size can be reduced by increasing oxygenation efficiency. This dissertation
investigates passive flow, active mixing, and recirculation based PAAL devices as means for
increasing efficiency. A fluid boundary layer is formed at fiber surface as blood flows through
the HFM bundle. This fluid boundary layer limits the rate of diffusion of gases between the fiber
lumen and blood. The thickness of the fluid boundary layer scales approximately with the square
root of velocity®. Increasing velocity past fibers reduces the thickness of this layer and
consequently enhances gas exchange efficiency. Flow velocity can be increased through passive

flow, active mixing and recirculation.
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Chapter 2.0 develops an experimental correlation between HFM bundle porosity and
permeability. This experimental correlation improves numerical and computational predictions
of pressure drop which is a key parameter in oxygenator design. Active blood mixing is
evaluated in Chapter 3.0 . Active blood mixing is induced by spinning impellers subjacent to the
fiber bundle. The spinning impellers increase secondary flow velocities in the fiber bundle. Thin
fiber bundles (<25 stacked sheets) were manufactured and tested with two different impeller
geometries in-vitro. A device configuration incorporating active blood mixing was proposed.
Passive flow devices are investigated in Chapter 4.0 . A numerical model for predicting
oxygenation based on fiber bundle geometry is developed. Passive flow devices are simpler in
design than active mixing devices. Geometry is leveraged for increasing efficiency is passive
flow devices. Mean blood flow velocity past fibers is increased by reducing the frontal area for
flow. Four geometries were constructed and tested on the bench. The proposed fiber bundle
geometry from Chapter 4.0 is integrated with a centrifugal pump and tested acutely (6h) in-vivo
in Chapter 5.0 . This design is optimized using computational fluid dynamics in Chapter 6.0 and
is tested in-vivo for 5 days in Chapter 7.0 . Blood recirculation as a means for efficiency
enhancement is investigated in Chapter 8.0 . Recirculating blood multiple times through the
device increases mean blood velocities in the fiber bundle while maintaining target flows out of
the device. The numerical model from Chapter 3.0 was adapted for predicting the oxygenation
enhancement from recirculation, and this model was validated on the bench. A recirculating

device design is proposed based on these experiments and computation fluid dynamics analysis.
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20 DARCY PERMEABILITY OF HOLLOW FIBER MEMBRANES

The following chapter presents our work peer-reviewed and published in the ASAIO Journal in
2016°¢. Our group previously published an empirical correlation for predicting permeability in
Celgard polypropylene hollow fiber bundles. Contemporary oxygenators are now manufactured
using Membrana polymethylpentene (PMP) hollow fiber membranes. A new correlation for
predicting the permeability of PMP hollow fiber bundles was proposed in this study. This
correlation has been used in computational fluid dynamics (CFD) models as well as numerical

models in the following chapters.

2.1 INTRODUCTION

Hollow fiber membrane (HFM) bundles have become the standard gas exchange membrane in
blood oxygenators and in next generation respiratory assist devices?* 252632 Computational fluid
dynamics (CFD) is often used as a tool to design these devices®>°"5859 Modeling the flow at the
fiber level of the bundle can be computationally difficult as the bundles are composed of
thousands of individual fibers. Instead modeling approaches typically treat the fiber bundle as a

packed bed or porous medium in which the effect of local fluid drag from the individual fibers is
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incorporated using a Darcy permeability coefficient for the fiber bundle®®®1:52, The Darcy
permeability, k, is estimated using the empirical Blake — Kozeny equation:

= 1 €D} 2-1
"~ 150 (1 — €)?2

in which e is the bundle porosity and Dj is the effective fiber diameter.

Our group recently published a study assessing how well the Darcy permeability of
hollow fiber bundles can be predicted using the Blake-Kozeny equation®®. The study showed that
the prediction of Darcy permeability can be significantly improved if the constant in Equation
2-1, A = 150, is empirically correlated to fiber bundle porosity using A = 542¢ — 128. These
studies were done using seven different fiber bundles constructed from Celgard® microporous
polypropylene hollow fiber membrane mats with several different fiber sizes, fiber spacing in the
mats, and fiber orientation between adjacent fiber mat layers within the fiber bundle.
Membrana® polymethylpentene (PMP) hollow fiber mats HFM bundles are being increasingly
used in clinical blood oxygenators and in respiratory assist devices?62%3%31 The Membrana®
PMP fiber has an asymmetric membrane wall with closed surface pores, rather than a
microporous membrane wall, to prevent blood plasma wetting, which can adversely affect gas
exchange and device function?®%. The Membrana® fiber mat has larger fibers than the largest
Celgard® fiber used in our previous study (380 um versus 300 pum outer diameter) and a
different fiber density (44 versus 51 fibers per inch). These differences due to fiber arrangement
could affect flow at the fiber level. The previous empirical correlation was assessed and a new

correlation including permeability measurements made on PMP fibers is proposed in this study.
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2.2 METHODS

All manufacturing and test methods were the same as previously reported with the exception that
the circular fiber swatches used in our experimental apparatus were constructed from Membrana
GmbH® (Wuppertal, Germany) Oxyplus® PMP hollow fiber mats (380 um outer diameter, 44
fibers/inch density)®. High porosity swatches were created by increasing fiber spacing in the
mats by removing every other fiber. The circular swatches were mounted at the bottom of a
plastic tube and a pure glycerol solution (average nominal kinematic viscosity v = 400 cSt) was
poured into the tube above the swatches. Measuring the time interval, At, for the glycerol
solution to flow from an initial height,h;, to a final height, h, in the tube provided the Darcy

permeability of the fiber swatch using the relation:

V8 h; 2-2
At =—In|—

derived previously, where § is the thickness of the fiber bundle swatch, and g is gravitational
acceleration. Values of At versus ln(hl- /hf) were averaged over two runs for each height ratio
used, and a linear regression to these data provided the Darcy permeability from Equation 2-2.
This flow-through test is a controlled and simple test setup in which flow is driven by the force
of gravity. The setup also works best for a very viscous fluid like glycerol, which ensures that the
net pressure force per unit volume in the fiber swatch is predominantly overcoming viscous

forces per unit volume has given by Darcy’s law.
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2.3 RESULTS AND DISCUSSION

Darcy permeability values measured for each fiber swatch tested are shown in Table 1 along
with their individual coefficients of variation (CV). CV values ranged from 3.1% to 15% with
the maximum CV occurring in the parallel-arranged fiber bundles, consistent with the findings of
Pacella et al.®® Darcy permeability values predicted based on Equation 2-1 and the BK constant
given by A = 542¢ — 128 are shown in Table 2-1 for comparison. The percent difference

between measured and predicted Darcy permeability ranged from -8.3% to 6.7%.
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Table 2-1: Measured Darcy permeability and predictions using the Pacella et. al. correlation

%
Measured Coefficient Predicted
Bundle Porosity, Difference
Permeability | of Variation, | Permeability,
Stacking € between km
km (cm?) CVv kp (cm?)
and kp
8.22E-06
Parallel 0.45 15.04% 8.41E-06 -2.3%
1.24E-06
9.55E-06 +
Perpendicular 0.49 3.08% 1.04E-05 -8.3%
2.94E-07
1.00E-05 +
Angled 14° 0.48 7.04% 9.97E-06 0.7%
7.06E-07
1.09E-04 +
Perpendicular 0.77 5.47% 1.02E-04 6.7%
5.95E-06

The BK constant was determined for each of the fiber swatches in this study and a linear

regression of these data versus porosity, combined with the data from Pacella et al. yielded the

new correlation: A = 497¢ — 103, which has an R? value of 0.9 compared to 0.8 in the Pacella

paper. The percent difference between measured and predicted Darcy permeability using this

new correlation ranged from -5.7% to 3.6%. Further, the percent difference between this new

correlation and the Pacella correlation is shown in Figure 2-1 over a relevant range of porosity

from 0.4 to 0.8. The percent difference ranged from 8.0% to -3.5 %. Conceivably, this

permeability correlation may not work as well if high porosities were achieved by removing

alternating fiber layers from a swatch. However, manufacturing devices of high porosities by

18




removing fiber layers is challenging and this has not been seen clinical or experimental devices
created in this manner. Fiber spacing however is increased to increase porosity as mats with
different fiber spacing are commercially available. Removing every other fiber in our experiment
represents an extreme of this. Additionally, the correlation would be expected to predict
permeability of commercial Membrana GmbH® Oxyphan® 50/280 type PP fiber membranes as
well owing, to the small percentage difference between the old and new correlations.

One should note if blood was used instead of glycerol, permeability measured would be
unchanged as long as the appropriate viscosity is used in Darcy’s law, since permeability is a

material property of a given porous medium.

Percent Difference (%)

_6 1 L 1 L 1 L 1 L 1
0.4 0.5 0.6 0.7 0.8

Porosity, ¢

Figure 2-1: Percent difference in permeability prediction between new and old correlations.
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24  CONCLUSION

The Darcy permeability of hollow fiber bundles made from commonly used commercial
Membrana® PMP hollow fiber mats used in blood oxygenation devices can be predicted within
+6% if the constant in the Blake-Kozeny Equation (Equation 2-1), A = 150, is empirically
correlated to fiber bundle porosity using A = 497¢ — 103 with a larger R? value, as opposed to

within £8% using the previous correlation.
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3.0 ACTIVE MIXING IN THE PAAL

3.1 INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) or mechanical ventilation (MV) is used for
treating end stage lung failure patients. These treatments are intended for acute use in the ICU as
chronic use can cause muscle deconditioning and organ damage'”8. Bridge to transplant (BTT)
or (BTR) recovery patients can however require long term treatment in some cases. Studies have
shown that ambulating patients on ECMO improve treatment outcomes. Clinical effort has been
focused on developing techniques for ambulating patients'#1°2° and studies have demonstrated
success with ambulation?17187° Ambulation in the clinical setting can be technically
challenging however, since contemporary clinically approved devices are intended for traditional

ECMO or MV therapy.

Compact respiratory support that is specifically designed for ambulating patients is under
development. These devices integrate pumping and gas exchange functionalities into a single
unit. The Ambulatory Pump Lung (APL) and compliant Thoracic Artificial Lung (CTAL)
devices have seen successful preclinical use up to 30 days®>°*. The Paracorporeal Ambulatory

Assist Lung (PAAL) has been successful in preclinical use up to 5 days (30-days studies are in
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progress). Gas exchange in these devices is dependent on blood flowrate and hollow fiber
membrane (HFM) bundle geometry as blood flows passively past fibers.

Another means for designing artificial lung devices is incorporating active blood mixing.
Active mixing adds secondary velocities to the HFM bundle which disrupt the fluid boundary
layer on the fiber surface and increase oxygenation efficiency. The increased efficiency can be
leveraged in any combination of design improvements including surface area reduction,
operating blood flowrate reduction, pump and oxygenator integration. In the case of the PRAL
and ambulatory pump lung device fiber bundle rotation enhances gas exchange while pumping
blood™%*. This eliminates the need for a separate pump. Mixing from pulsating balloons or
spinning impellers in catheter based CO2 removal devices reduced device insertion size®®.
Spinning impellers have also been used in the extracorporeal CO2 removal devices including the
ULFED (results to be published) and HemoLung (Alung Technologies LLC, Pittsburgh, PA)
which allowed a compact design and low blood flows (<500ml/min)®>%¢. This study investigates

active blood mixing in a high flow oxygenation application.

An oxygenation efficiency of 275 ml/min/m? was targeted at 3.5 L/min based on previous
work®’. Five prototypes were constructed in which blood mixing was achieved using a spinning
impeller placed subjacent to the HFM bundle. Prototypes with polypropylene (PP) and
polymethylpentene (PMP) were tested in conjunction with either bladed or blank impellers. In-

vitro oxygenation and hemolysis was characterized in these prototypes.
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3.2 METHODS

3.21 Test Prototypes

Hollow fiber membrane (HFM) bundles were constructed using either polypropylene (PP) or
polymethylpentene (PMP) fibers and assembled into prototypes containing either a bladed or a
non-bladed impeller shown in Figure 3-1. Flow entered through the impeller-side port and exited
through the HFM bundle-side port in AM 1-4. Blood flow direction was reversed in AM-5.
Ultra-high molecular weight polyethylene bearings supported the permanent magnet driven

impeller. Device fabrication has been described in detail previously?:®’.

Schematic Prototype

Bladed Impeller Blank Impeller

Figure 3-1 Active mixing PAAL prototype. Red arrows indicate blood flow.



Prototype configurations are listed in Table 3-1. Two intermediate wefts were manually removed
from each HFM mat used in AM-4 (Figure 3-2). The weft spacing in AM-4 matched the weft

spacing in AM-1.

Table 3-1: Characteristics of prototypes used in-vitro

Prototype Number | Surface Porosity Permeability | Impeller
Fiber Type

Number of Sheets | Area (m?) | (void fraction) (m?) Type
AM-1 PMP 44 FPI 19 0.39 0.43 7.57e-10 Bladed
AM-2 PP 50 FPI 24 0.43 0.50 7.08e-10 Bladed
AM-3 PP 35 FPI 24 0.31 0.64 1.87e-9 Bladed
AM-4 PP 50 FPI* 24 0.43 0.50 7.08e-10 Bladed
AM-5 PP 50 FPI 24 0.43 0.50 7.08e-10 Blank

* Weft spacing manually adjusted

AM-2 AM-4 AM-1
PP 50 FPI PP 50 FPI every 2 wefts removed PMP 44 FPI

Figure 3-2: Weft spacing drawn to scale. Fiber wefts are shown in red
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3.2.2 In-Vitro Testing

In-vitro hemolysis and oxygenation were measured using porcine or bovine blood
collected from a local slaughterhouse. Test methods are described in detail elsewhere [REF].
Hemolysis was characterized in a continuous flow loop constructed with an 800 mL compliant
blood reservoir (Medtronic, Minneapolis, MN), a 27 Fr. Avalon Elite® Dual Lumen Cannula, and
the test prototype. Each experiment was conducted for a 2 hour period at 0, 700 and 1200 RPMs.
Hemolysis on AM-1 was measured two times. AM-5 was tested at 0, 1200 and 1800 RPM. A
normalized index of hemolysis (NIH) was calculated using the slope of plasma free hemoglobin
(pfHb) over time. The NIH from mixing was determined by subtracting the calculated NIH at O
RPM from the NIH at higher rotation speeds. The NIH of the polypropylene based devices (AM-
2, AM-3, AM-4) was averaged for statistical comparison with the polymethylpentene based

device (AM-1).

Oxygenation was characterized in a single pass loop system. The loop comprised of two
custom 6 L compliant reservoirs that were custom manufactured connected to a Centrimag blood
pump (Abbott Labs, Abbott Park, Illinois) which flowed blood through the test prototype and a
downstream Medtronic Affinity Oxygenator (Medtronic, Minneapolis, MN). The Affinity
Oxygenator was used for conditioning blood-gas tensions (oxygen saturation 65% + 5, pCO2 45
mmHg £ 5). Each data point was collected two times. Gas exchange was measured at 0, 700,

950 and 1200 RPM in AM 1, AM-2 and at 0, 900, 1800 and 2400 RPM in AM-5.
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3.2.3 Statistical Analysis

Statistical comparisons were made using IBM SPSS Statistics 24 (IBM Corp, North Castle, NY).
The NIH of AM-2, AM-3, AM-4 was averaged for statistical comparison with AM-1 using a two
sample t-test. A statistical comparison was made at 700 RPM and at 1200 RPM. The

oxygenation efficiency of AM-1 and AM-2 was statistically compared at 1200 RPM using a two

sample t-test.

3.3 RESULTS

The normalized index of hemolysis (NIH) increased with increasing rotation speed as shown in
Figure 3-3. The NIH of polymethylpentene (PMP) based devices was 3.65 times greater than

polypropylene (PP) based devices (p=0.006) at 1200 RPM. This difference was not significant
(p=0.08) at 700 RPM. The AM-5 device had acceptable hemolysis levels (< 0.05g/100L) up to

1800 RPM.
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Figure 3-3 Hemolysis measured in the test prototypes
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Oxygenation efficiency increased with increasing RPM for each of the prototypes.
Oxygenation efficiency in AM-1 increased to 310 ml/min/m?+ 13 at 1200 RPM (75% increase
from zero rotation) as shown in Figure 3-4. The percent difference in oxygenation between AM-
1 and AM-2 was below 4% and not significant (p = 0.56). Oxygenation efficiency in AM-5

increased to 270 ml/min/m? + 16 in AM-5 (63% increase).
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Figure 3-4 Oxygenation measured in test prototypes

3.4  DISCUSSION

The Paracorporeal Ambulatory Assist Lung (PAAL) is being developed as a compact wearable
device that simplifies ambulation. Active mixing designs were evaluated in a high flow
oxygenation application. Our study found lower hemolysis and equivalent oxygenation in

polypropylene (PP) based devices compared to polymethylpentene (PMP) based devices. Our
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oxygenation efficiency target (275 ml/min/m?) was met at an acceptable hemolysis level
(0.05¢/100L) using the blank impeller and PP fiber based AM-5 device.

Artificial lungs under research development are passive flow devices which can require
large fiber bundles. The ambulatory pump lung (APL) device features a fully magnetically
levitated centrifugal pump integrated with a 0.8m? surface area annular fiber bundle having 200
ml/min/m? oxygenation efficiency. The compliant thoracic artificial lung (CTAL) features a
pumpless device with a 2.4m? surface area bundle having ~95 ml/min/m? oxygenation efficiency.
AM-5 designed in this study has 35% higher efficiency than the APL and 180% higher
efficiency than the cTAL. Efficiency of AM-5 compares with our previously reported passive
device but is ~8.5 times thinner®”. The oxygenation efficiency of AM-5 is within the range of

devices that incorporate active blood mixing (200 ml/min/m? - 400 ml/min/m?).

Blood flowing over hollow fiber membranes forms a fluid boundary layer that increases
the resistance to mass transfer®. This boundary layer thickness can be reduced by increasing
velocity past fibers. Velocity in passive flow devices is dependent on the flowrate through the
device and can only be increased through geometry changes to the hollow fiber membrane
bundle®’. The spinning impellers in this study add secondary velocities to the hollow fiber
membrane (HFM) bundle in this study which are dependent on the impeller geometry. The
maximum velocity (V,,.,) that can theoretically be achieved in the fiber bundle is V., = @R
where w is the rotation speed and R is the impeller radius. These velocities can exceed 6 m/s
which is two orders of magnitude greater than velocities achieved in passive devices. Active

blood mixing can consequently increase oxygenation efficiency beyond that of passive devices.
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Our proposed design requires the use of a PP based device as the PMP based device had
significantly greater hemolysis as the intensity of mixing increased. This elevated hemolysis is
likely due to factors other than differences in fiber arrangement. The hemolysis caused by PMP
fibers remained greater than PP fibers despite changes to fiber arrangement (fibers per inch, weft
thread spacing) in PP based devices. Arrangement of PMP fibers were not varied as the only one
configuration of PMP fibers were commercially available (380um, 44 fibers/inch). Further
studies are required for reconciling differences in hemolysis due to fiber type. Siloxane coated
PP fibers can however be used long term and have been clinically used in the Hemolung (ALung

Technologies) with success®°°,

3.5 CONCLUSIONS

Five prototypes were experimentally evaluated for oxygenation performance and hemolysis
generation. Oxygenation efficiencies in excess of 300 ml/min/m? were achieved with active
mixing. The NIH with bladed impellers was over 0.8 g/100L with PMP fiber. Hemolysis was
significantly lower in PP based devices with a bladed impeller (0.2 g/100L, p<0.05). A blank
impeller and PP fiber based device had an efficiency of 275 ml/min/m? and NIH under 0.05

g/100L.
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4.0 PASSIVE BLOOD FLOW IN THE PAAL

The following chapter presents work peer-reviewed and published in the ASAIO Journal in

2017°7,

4.1 INTRODUCTION

Acute and chronic lung disease are major healthcare problems. Acute respiratory distress
syndrome (ARDS) affects 190,000 patients annually and is associated with a mortality of 30-
40%*>®. Chronic lung disease affects 12.7 million annually and is associated with a mortality of
135,000%3. As lung disease becomes end stage, lung transplant is the only viable treatment®®, The
number of lung transplants has been growing at the rate of 179 transplants annually (3519 in
2010),% but the supply of organs is not sufficient to meet the need for lung transplants. The
Organ Procurement and Transplant Network (OPTN) database states that approximately 2500
patients are added to the wait list annually. The average time of the wait list in 2013 was 4
months varying from 2.6 months to 9.7 months depending on the level of sickness of a patient,

and the wait list mortality is 10-15 deaths per 100 patient-years of waiting®®.

Current intervention techniques include mechanical ventilation (MV) and extracorporeal
membrane oxygenation (ECMO). Prolonged MV injures the patient in the form of barotrauma
and volutrauma to the lung, and results in poor post-transplant outcomes®®. Conventional ECMO

can be used a bridge to transplant but is cumbersome and expensive in addition to being
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associated with high morbidity and mortality®2*>7°, This morbidity and mortality is only
exacerbated through progressive deconditioning as patients are confined in MV and ECMO®%,
Recently clinical implementation of the Maquet Cardiohelp, or Quadrox along with
centrifugal®>2®, and novel cannula such as the Avalon Elite® (Maquet Cardiovascular LLC,
Wayne, NJ) dual lumen cannula have simplified ambulation on ECMO?. Ambulation using such
systems improves patient outcomes as this allows patients to walk, eat and exercise during
therapy — reducing muscle deconditioning®”8. Yet, the newer generation of ECMO systems

remain bulky and cumbersome.

The Paracorporeal Ambulatory Assist Lung (PAAL) is being developed as a highly
integrated blood pump and oxygenator. By integrating a hollow fiber membrane (HFM) bundle
for gas exchange directly with an efficient centrifugal pump, the PAAL is a wearable device that
allows for patient ambulation. The PAAL requirements based on other device used clinically and
under research development include?*2>"* a small form factor, long-term (1-3 month) durability,
180 ml/min oxygenation at 3.5 L/min for providing partial to complete lung support,
compatibility with the Avalon Elite® DLC and a normalized index of hemolysis (NIH) under
0.05 g/100L"2. The small form factor can be achieved by minimizing the size of the HFM
bundle, which typically represents the largest component of the pump oxygenator system. In
turn, a smaller HFM bundle requires a design with increased gas exchange efficiency.
Diffusional boundary layers dictate the gas exchange in HFM bundles, with thicknesses that
scale approximately as the square root of fluid velocity past the fiber surfaces®. Increasing
velocity of fluid flow through the fiber bundle thus increases gas exchange efficiency. In other

respiratory assist applications, “active mixing” has been used as a means to increase the fluid
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velocity past fiber surfaces by using ancillary components like rotating impellers adjacent to the
fiber bundle or rotating the fiber bundle itself within a stationary housing®®"3"4, In this study, a
simpler, passive means to improve mass transfer efficiency was investigated in hollow fiber
bundles by manipulating their form factor to increase the fluid velocity past fiber surfaces. A
simple 1D model of blood flow and gas exchange in hollow fiber bundles based on a previously
published mass transfer correlation was applied to the PAAL,™ for characterizing oxygenation
efficiency as a function of fiber bundle diameter. Various fiber bundles were fabricated to
validate the model and to help determine a fiber bundle form factor (diameter — gas exchange
surface area) that would oxygenate blood 180 ml/min at 3.5 L/min. The final design was

characterized in-vitro through a gas exchange and hemolysis study

4.2 METHODS

421  Oxygen Transfer Model

The PAAL specific HFM geometry was modeled using a previously published” mass transfer
correlation. The mass balance on O in the fiber bundle is:

ac 4-1
— % _ nR*ka, APy, (z)

de

where Q is the flowrate through the bundle, R is the bundle radius, a,, is the surface area to
volume ratio, z is the axial coordinate, AP, is the oxygen partial pressure difference between

the fluid and gas sides, k is the mass transfer coefficient.
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The oxygen concentration C,, (z) blood accounting for the dissolved and bound

concentration is given by:

C02 ES aOZPOZ + CTSOZ 4-2

where, P, is the partial pressure of oxygen, Cr is the hemoglobin binding capacity and Sy, is
oxygen saturation. The mass transfer coefficient k, for oxygen transfer from the inside of the

fiber to the blood is:

Sh = 0.54Re%425¢"/3 4-3

Sh is the Sherwood number defined as Sh = kd,/a,,Do, Where a,, and Dy, are the solubility
and diffusivity of oxygen in blood, and d;, the hydraulic diameter which is equivalent to the fiber
diameter. Re is the reynold’s number and is defined as Re = pVd},/u where p and u are fluid
density and viscosity, V is the superficial blood flow velocity, Sc is Schmidt number which is

v, /Do, Where v, is the kinematic viscosity of blood.

The differential equation in (4-1) was solved using equation (4-2) and (4-3) in Matlab
(MathWorks®, Natick, MA) with the built in ODE solver based on the Runga-Kutta method.
Oxygenation efficiency (oxygenation normalized to surface area) was calculated for the three
benchmark bundles described in Table 4-1 (FB-1 to FB-3). Following validation, a final bundle

geometry (FB-F) was designed using the model.

Table 4-1. Bundle form factors manufactured for in-vitro testing
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Bundle Bundle Bundle Number of Bundle Calculated
Name Diameter (inch) | Surface Area Sheets Length (inch) | Pressure Drop
(m?) (mmHg)
FB-1 3.85 0.85 56 0.88 4.0
FB-2 2.55 0.85 125 2.00 20.6
FB-3 1.95 0.65 165 2.59 45.7
FB-F 1.75 0.65 200 3.12 70.1

4.2.2 Fiber Bundle Manufacturing

Commercially available Membrana® PMP 90/200 type hollow fiber sheets (44 fibers/inch)
(Membrana GmbH, Wuppertal, Germany) were used for manufacturing the four fiber bundles in
the described in Table 4-1. Bundles were designed to have blood flow over fibers, with gas
flowing through the fiber lumen. Square sheets cut from a spool of fiber were die cut and sealed
with an arbor-press. These sheets then fit in a round custom potting fixture. The potting fixture
contained a glue reservoir attached to a mold in which fibers are stacked alternatingly at a 14°
crossing angle; fibers were oriented perpendicular to the principal direction of blood flow. The
mold was spun on its axis at 1400 RPM for 12 hours until the polyurethane potting adhesive
(Vertellus Performance Materials Inc., Greensboro, NC) cured. Void fraction of the bundles was
0.5. Pressure drop for fiber bundles was estimated using a modified Blake-Kozeny equation.

Custom test fixtures shown in Figure 4-1 housed bundles during experiments.
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Figure 4-1 Schematic showing flow paths and prototype of an assembled test module.

4.2.3 In-Vitro Gas Exchange

Gas exchange testing followed 1SO 7199 standards’® using seven liters of locally collected
slaughterhouse blood. Bovine or porcine blood was used interchangeably as hill dissociation
curves across experiments overlapped. Blood was passed through a 40 um filter (Pall
Biomedical, Inc., Fajardo, PR), and treated with heparin (10 IU/mL) and gentamycin (0.1
mg/mL). The experimental setup consisted of the single pass loop system shown in Figure 4-2.
The loop contained two custom manufactured compliant 6L blood reservoir connected to a
Biomedicus BP 80-X pump (Medtronic, Minneapolis, MN) and the test device. Oxygenated

blood was deoxygentated with a Medtronic Affinity NT 2.5m? oxygenator (Medtronic,
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Minneapolis, MN) placed downstream of the test device. Blood temperature was maintained at
37C with a PolyScience 210 heater (PolyScience Inc., Niles, IL) connected to the deoxygenator’s
built in heat exchanger. Standard R-3603 Tygon tubing (Cole-Parmer, Vernon Hills, IL)

connected loop components.

Test
Module n....q--. NP AN
Gas
Flowmeter
Inlet Reservoir
0,
Sampling
Ports
Clamps (" e [—— T rrarnanns
Outlet Reservoir I ——
Rotameter
X co, N,
0,
Deoxygenator —

Figure 4-2 The single pass loop system for measuring in-vitro gas exchange in blood.

Prior to collecting a data point, a blend of N2, CO2, Oz sweep gas were flowed through the
deoxygenator, conditioning blood to have an oxygen saturation of 65% +5% and a pCO. of 45
mmHg + 5 mmHg. Once conditioned, blood passed from the inlet reservoir through the loop into
the outlet reservoir such that the post device blood was separate from the conditioned blood at all
times. Flowrates tested were 1, 2, 3, 3.5 and 4 L/min. An ultrasound flow probe (Transonic

Systems Inc., Ithaca, NY) measured flow. Pure oxygen sweep gas flowed through the test device
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at 7.5 L/min, measured with a GR Series mass flow controller (Fathom Technologies,
Georgetown, TX). Each point was repeated once. One sample was drawn from each of the
sampling ports shown in Figure 4-2. A Rapid Point 405 Blood Gas Analyzer with Co-oximetry
(Siemens Healthcare Diagnostics Inc., Tarrytown, NY) measured blood gases and oxygen

saturation. Oxygen transfer rates were calculated as:
Vo, = Q[ao,(APy,) + CrAS,, ] 4-4

Where V,, is the rate of oxygenation, Q is the blood flowrate, «,, is the oxygen solubility in

blood (3 x 10° L) AP, is the partial pressure difference across the device, Cy is the
Mlplooda MMHg 2

binding capacity(0.167 mr;l&) , and AS,, is the saturation difference across the device.
blood

4.2.4 In-Vitro Hemolysis

Hemolysis testing followed established standards’”"8. Testing comprised of two identical loops
in which flow was driven using a Centrimag blood pump (Thoratec, Pleasanton, CA) and
measured using an ultrasound flow probe. A 1200 mL compliant blood reservoir (Medtronic,
Minneapolis, MN) was used for each loop. Temperature was maintained at 37C using a water
bath and heat exchanger. The test loop comprised of a fiber bundle module and a 27 Fr. Avalon
Elite® DLC (Maquet Cardiovascular LLC, Wayne, NJ) in addition to the Centrimag pump. The

control loop comprised of just the cannula and pump.
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Both loops ran simultaneously at 3.5 L/min for a shortened duration of 3 hours owing to
the linearity in the trend between plasma-free hemoglobin (PfHb) and time (R? > 0.9). Every
half-hour, a one 3 mL waste sample was pulled from each loop before drawing a one 5 mL
sample. PfHb was tracked using this 5ml sample. The supernatant was taken from the sample
after centrifuging at 800 g for 15 minutes, and then spun at 7200 g for 10 minutes. The
absorbance of the purified plasma was measured at 540 nm using a Genesys 10 UV-vis
spectrophotometer (Thermo Fisher Scientific, Waltham, MA). PfHb was calibrated to
absorbance by generating linear standard curves (n=3) prior to the experiment. These standard
curves correlated PfHb to absorbance via a slope of 0.11 g/dL/A. Hematocrit was measured
using a capillary tube in an IEC Mb micro-centrifuge (International Equipment Co., Needham

Hts, MA).

Blood damage was then expressed as a normalized index of hemolysis (NIH) which

normalizes the rate of change of PfHb (dP; tH d

) to loop volume (V), hematocrit (Hct), and blood

flowrate (Q) using the following relationship”®:

dPfHb (/100 — Hct\ /100 45
NIH = v( )( )
dt 100 Q

43 RESULTS

Benchmark HFM bundle model calculations and experiment values are shown in Figure 4-3. The

percent difference between the model calculations and experiment results ranged from 4.9-13.3%
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for FB-1 shown in Figure 4-3A, 3% - 17.5% for FB-2 shown in Figure 4-3B and 10.4% - 14.6%

for FB-3 shown in Figure 4-3C. Oxygenation efficiency increased as fiber bundle diameter was

reduced.
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Figure 4-3 Oxygenation efficiency for the FB-1 (A), FB-2 (B), and FB-3 (C).
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The model was then used to predict the FB-F geometry that would achieve our target

oxygenation performance of 180 ml/min at 3.5 L/min. Manufacturing constraints relating to the

centrifugal potting of fiber bundles prevented further reduction of fiber bundle diameter below

1.75 inches. Oxygenation performance of FB-4 is shown in Figure 4-4. Oxygenation increased

from 79 ml/min to 207 ml/min as flowrate was increased from 1L/min to 4 L/min. Oxygenation

of 180.7 ml/min was achieved 3.5 L/min, with oxygenation efficiency 278 ml/min/m?. Figure 4-5

Normalized index of hemolysis (NIH) of the full system and control.shows the NIH of FB-F.

The test condition had an NIH of 0.021g/100L while the control had an NIH of 0.018 g /100L.
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44  DISCUSSION

MV and ECMO are the only viable treatment options for lung failure patients at the end stage,
including ARDS and COPD. These treatments however are associated with high morbidity and
mortality due to long wait times for lung transplant®®10323569 Contemporary clinical literature
has shown ambulation improves outcomes in lung failure patients'’*37°, Given this, the
Paracorporeal Ambulatory Assist Lung or PAAL, a truly wearable, compact artificial lung that
allows for patient ambulation during bridge to recovery or transplant is being developed. In this
study, FB-F met our design target of 180 ml/min oxygenation despite a low (0.65m?) surface
area. The FB-F design has a relatively high efficiency of 278 ml/min/m?, almost two times
higher than Quadrox Small Adult oxygenators that is routinely used for ECMO today. FB-F will

be incorporated in the final PAAL device for future bench and animal testing.

Our study found that decreasing the fiber bundle diameter and increasing fiber bundle
length increases oxygenation efficiency while still maintaining a low level of hemolysis (NIH
0.021g/100L). The overall contribution of the bundle to hemolysis is ~14% of the total measured
hemolysis, given that the baseline level of hemolysis is NIH 0.018g/100L. Albeit low, the
cannula and loop generate a larger part of the measured hemolysis. Further, these NIH values are
within the acceptable limits (NIH < 0.05 g/100L) of hemolysis for clinically approved
oxygenators’2. As blood flows over HFMs, a fluid boundary layer forms at the surface of the
fibers. The thickness of the boundary layer is related to flow velocity past fibers®>. In this study,
the flow velocity is increased by maintaining constant blood flow but reducing frontal area of
fiber bundles. Though path length is increased, the increased enhancement is due to velocity

increase as residence time is slightly reduced with increasing path length (residence time is 2.1s
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for FB-F, 2.8s for FB-1). Devices in the past have utilized “active mixing” to reduce boundary
layer thickness®®">7* however this is achieved through a simple geometric means in this study,

thus ensuring low hemolysis.

There are other artificial lung devices under research development for treating patients
with lung failure®*?°, The ambulatory pump lung (APL) device features a fully magnetically
levitated centrifugal pump integrated into a 0.8m?surface area annular fiber bundle having 200
ml/min/m? oxygenation efficiency. The compliant thoracic artificial lung (CTAL) features a
pumpless device with a 2.4m? surface area bundle having ~95 ml/min/m? oxygenation efficiency.
The device is implanted in the patient’s thoracic cavity, relying upon the patient’s right
ventricular function to pump blood through the device. FB-F designed in this study has 40%
higher efficiency than the APL and 200% higher efficiency than the cTAL. Higher oxygenation
efficiency ultimately translates into lower required fiber bundle surface area, which not only
helps create a more compact artificial lung but also potentially reduces the adverse blood —

material interactions associated with a larger blood contacting area.

Our design leads to a path length of 3.12 inches across the fiber bundle. This is longer
than the APL (0.85 inch) and cTAL (1.49 inch) devices. At each of their respective operating
conditions residences times in these devices are: 1.97s in the APL and 6s-9s in the cTAL.
However, the residence time in FB-F is 2.1s at the operating flowrate of 3.5 L/min. This time is
within the range of the APL and cTAL devices which have been tested in vivo up to 30 days with
few biocompatibility issues. Further the surface area of FB-F is smallest compared to and other

device which potentially mitigates biocompatibility issues. Additionally, some oxygenators used
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clinically such as the Sorin Inspire have long path lengths as well”®. As part of the PAAL project
we are also developing novel thromboresistant coatings® for the PAAL fiber bundle. Overall, the
long bundle length used in the PAAL is not expected to induce significant hemocompatibility
issues. One final point is that the circular cross section of our fiber bundle minimizes dead flow
zones which can occur in square cross section oxygenators such as the Quadrox, which is

currently the oxygenator used in the Maquet Cardiohelp portable ECMO system.

45  CONCLUSIONS

Studies based on 3 benchmark fiber bundles validated the presented gas exchange model. A
0.65m? fiber bundle met the target of providing 180 ml/min of oxygenation at 3.5 L/min blood
flowrate. The overall oxygenation efficiency was high (278 ml/min/m?), while hemolysis was
low (NIH 0.021 g/100L). Further work involves integrating this fiber bundle design with a
centrifugal pump into a single housing to create a highly integrated, compact and wearable
artificial lung. The integration will be guided by computational fluid dynamics (CFD) analysis to

create a first-generation PAAL prototype for bench and animal validation studies.
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5.0 IN-VITRO AND ACUTE IN-VIVO STUDIES OF THE PAAL

The following chapter presents work peer-reviewed and published in the Journal of Heart and

Lung Transplantation in 20172,

5.1 INTRODUCTION

Chronic lung disease still remains a major clinical problem which has the potential to be
addressed through an artificial lung device. Much like the present artificial heart devices used as
a bridge to transplant (BTT) or bridge to recovery (BTR)®, an implanted artificial lung device
would simplify ECMO technology and provide relief to patients serving as a bridge**. Current
intervention techniques include mechanical ventilation (MV) and ECMO. Prolonged MV injures
the patient in the form of barotrauma and volutrauma, and results in poor post-transplant
outcomes®®8. Conventional ECMO is cumbersome and expensive in addition to being associated
with high morbidity and mortality®>*>7°, Additionally, patients are confined in MV and ECMO,
which exacerbates morbidity through progressive deconditioning®!°. Recently clinical
implementation of the Magquet Cardiohelp>2® and novel cannula such as the Avalon Elite®
(Maquet Cardiovascular LLC, Wayne, NJ) dual lumen cannula have simplified ambulation on
ECMO®. Ambulation using such systems improves patient outcomes as this allows patients to

walk, eat and exercise during therapy — reducing muscle deconditioning®’8. Yet, the newer
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generation of ECMO systems remain bulky and cumbersome. An artificial lung device designed
to compact and integrate several ECMO circuit components, have high gas exchange efficiency
and be durable would fulfill the role of a BTT or BTR in patients in patients suffering prolonged

reversible respiratory failure*82,

We are developing a highly integrated blood pump and oxygenator as a wearable
artificial lung or respiratory assist device. The Paracorporeal Ambulatory Assist Lung (PAAL)
integrates an efficient hollow fiber membrane (HFM) bundle for gas exchange (278 ml/min/m?)
directly with an efficient centrifugal pump and is intended to be a truly wearable device that
allows for patient ambulation. The PAAL requirements include a relatively small overall form
factor and long term (1-3 month) durability. The small form factor is achieved by minimizing the
size of the HFM bundle, which typically represents the largest component of the pump
oxygenator system. The unique HFM bundle design leverages form factor to increase gas
exchange efficiency, which allows minimizing device size®’. This HFM bundle achieves over
180 ml/min oxygenation at 3.5L/min, with a 0.65 m? surface area (half the surface area of the
HLS 5.0 Cardiohelp). In this study, the HFM bundle design was integrated directly with a
centrifugal pump into a single housing. In-vitro gas exchange, hemolysis and pumping studies
were conducted to demonstrate the device meets our design specifications. The device was tested

for 6-hour in sheep for verifying that the in-vivo performance met specifications as well.
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5.2 METHODS

521 PAAL Device Design

The integrated PAAL device is intended for ambulatory respiratory support applications and is
designed to be wearable. The PAAL features a high efficiency small sized stacked type HFM
bundle that was previously developed, directly integrated with a centrifugal pump. The fiber
bundle is manufactured using commercially available Membrana® PMP 90/200 type hollow
fiber sheets (44 fibers/inch) (Membrana GmbH, Wuppertal, Germany) and is potted round to
eliminate corners. Bundle manufacturing is further described elsewhere®’. The device
components are designed in SolidWorks (Dassault Systemes, Waltham, MA) and CNC-
machined from clear polymethyl methacrylate. The pump impeller has embedded magnets which
couple to rotating magnets on an external motor driver to maintain a hermetic seal. The impeller
has ceramic pivots which are held within ultra-high molecular weight polyethylene (UHMWPE).
All device surfaces are polished to a mirror finish. The PAAL prototype and schematic are
shown in Figure 5-1. Blood enters the voluted centrifugal pump and is channeled into the fiber
bundle oxygenating while flowing across the fibers. The PAAL overall dimensions are 5 inch x
4.8 inch x 4.6 inch and the prototype weighs 4lb. Device weight can be significantly reduced

(50%-80%) if injection molded at the product development stage.
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Figure 5-1 Cross section drawing of the PAAL device (A); and machined prototype (B)

522 In-Vitro Testing

Standard pump testing was conducted in a solution of 8.5g/L low viscosity
carboxymethylcellulose sodium salt (Sigma Aldrich, St. Louis, MO) to match blood viscosity.

The PAAL was placed in a flow loop consisting of an 800 mL venous reservoir (Medtronic,
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Minneapolis, MN) kept at 37C using a water bath connected to a PolyScience 210 heater
(PolyScience Inc., Niles, IL). A hoffman’s clamp on the outlet tubing was used to adjust
afterload on the device. Honeywell 143 PC0O3D pressure transducers (Honeywell, Morris Plains,
NJ) were placed before and after the PAAL device to measure pressure generated while
simultaneously measuring flowrate using an ultrasound flow probe (Transonic Systems Inc.,
Ithaca, NY). Measurements were made at 1500, 1700, 1900 and 2100 RPMs to generate the H-Q

curve at flowrates between 0 and 4 L/min.

Pressure drop of the 27 Fr. Avalon Elite® DLC (Maquet Cardiovascular LLC, Wayne,
NJ) was measured in the same loop setup in which flow was driven with a Biomedicus BP 80-X
pump (Medtronic, Minneapolis, MN) and pressure was measured across the cannula.
Measurements were made at flowrates between 0 and 3.5 L/min. Blood testing followed
published standards®”"®"" using locally collected slaughterhouse porcine or bovine blood.
Oxygenation was characterized in a single pass loop system in which blood was conditioned to
have an oxygen saturation of 65% 5% and a pCOz of 45 mmHg £ 5 mmHg. Blood flowrates
tested were varied between 1 and 4 L/min at a constant 7 L/min gas flowrate. CO2 removal
performance was characterized in a continuous flow loop in which blood was conditioned to
have a pCO: of 45 mmHg £ 5 mmHg. Blood flowrate was constant at 3.5 L/min and gas

flowrates tested were varied between 3 L/min and 18 L/min. Each point was repeated once.

Hemolysis was characterized in a continuous flow loop system using an 800 mL

compliant blood reservoir (Medtronic, Minneapolis, MN). The test loop comprised of the PAAL

and a 27 Fr. Avalon Elite® DLC (Maquet Cardiovascular LLC, Wayne, NJ). The control loop
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comprised of a Centrimag pump (Thoratec, Pleasanton, CA) the 27 Fr. DLC. Both loops were
run simultaneously at 3.5 L/min for a duration of 6 hours. Plasma free hemoglobin versus time
was measured and a normalized index of hemolysis (NIH) was calculated to represent the level
of hemolysis in each loop. Each experiment was repeated once. A detailed description of the in-

vitro methods are published elsewhere®’.

5.2.3 In-Vivo Testing

Four acute (6 hour) acute studies were conducted at the McGowan Institute’s Center for
Preclinical Studies (CPCS) on adult Dorsett sheep (40 - 60 kg) to assess in vivo hemodynamics,
gas exchange and biocompatibility of the PAAL. 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 Pittsburgh.

Prior to surgery, anesthesia was induced with atropine (0.05 mg/kg) followed by an
intramuscular injection of Ketamine (22mg/kg). Surgical plane anesthesia was maintained
following intubation of a cuffed Magill type ET tube with isoflurane inhalation (1.0-3.5%). A
Swan Ganz catheter was placed into the PA via left external jugular after which a heparin bolus
(1001U/kg) was administered just prior to cannulation in Acute 1. This original lower dose was
chosen based on a human clinical practice guideline. With experience, we determined that a
longer circulation time and higher dose were going to be optimal to prevent thrombus formation
in our model. Thus, a longer circulation time (10 minutes) was allowed in Acute 2. A larger

heparin bolus (150 1U/kg) was administered during Acute 3 and 4, with the longer circulation
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time prior to cannulation. These modifications to the heparin protocol maintained ACT over two
times baseline prior to cannulation until initiation of extracorporeal support and resulted in a
mature protocol that had no thrombus formation seen. A heparin drip was then initiated to target
ACTSs between 1.5 to 2 times baseline. The animal was then cannulated with a 27 Fr. Avalon
Elite Dual Lumen Cannula through the right external jugular traversing the SVC and IVC
through a cut down. The cannula was placed under fluoroscopy, and checked under fluoroscopy

after suturing the cut down site.

A pre-primed device (1U/ml heparin in normal saline) was connected to the cannula.
Mechanical ventilation and inspired oxygen were adjusted to maintain normal blood-gas tensions
entering the device. A blend of 95% O> and 5% CO: flowed through the device to maintain a
normal arterial pCO>. Flowrates were then varied (1-4 L/min) over the 6 hours. At each
operating point, hematocrit, PfHb, arterial and device blood gases, and hemodynamics were
recorded. Each point was tested three times. Hemodynamics at the start and end of the study
were statistically compared using a two-sample t-test. A gross examination of the device after the
study was done to look for possible areas of thrombus. A gross examination of the cannula site

and vital organs was also done during a necropsy.

5.3 RESULTS

The PAAL met all in-vitro performance targets. The PAAL pumped over 250 mmHg at 3.5

L/min at a rotation speed of 2100 RPM, as shown in Figure 5-2.
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Figure 5-2 In-vitro pump function (A) and oxygenation (B) of the PAAL device

The PAAL oxygenates 180 ml/min at 3.5 L/min, shown in Figure 5-2 with up to 150 ml/min CO-

removal. CO, removal can be controlled by adjusting sweep gas flowrate as shown in Figure 5-3.
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Figure 5-3 In-vitro CO2 removal of the PAAL device
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A low NIH of 0.054 + 0.005 g/100L was achieved for the PAAL including the Avalon DLC at
3.5 L/min as seen in Figure 5-6. The control condition NIH representing the loop and cannula

was 0.02 +0.007 g/100L.
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Figure 5-4 In-vitro hemolysis in the PAAL device

In-vivo, the PAAL pumped as much as 3.8 L/min oxygenating up to 181+£15.9 ml/min as shown
in Figure 5-5. At all flowrates, blood left the PAAL 100% saturated. Hemolysis in-vivo for all

the animals was low (pfHb < 20 mg/dL) as shown in Figure 5-6.
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Figure 5-5 In-vivo gas exchange in the PAAL device
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Figure 5-6 In-vivo hemolysis in the PAAL device

In Acute 1, a small pfHb spike was seen at 3.5 hours, after which the hemolysis stabilized. In
Acutes 2-4, pfHb at the end of the study was at most within 3mg/dL of the animal’s baseline.
MAP dropped (p<0.05) from 79 mmHg to 40 mmHg in Acute 1; hemodynamics were stable for

Acute 2-4 as shown in Table 5-1.

CVP was increased (p<0.05) by saline bolus for Acute 1 and 4 to prevent suction on the
cannula. All flow channels including the pivot bearings in devices tested were free of thrombus
formation. Acute 1-2 had bundle small thrombi form, particularly at the inlet to the fiber bundle
and the exit port of the device. Acutes 3-4 were free of thrombus formation. The necropsy did

not show device related damage to the heart, lungs, kidney or liver.
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Table 5-1 Hemodynamics during the in-vivo study

MAP (mmHg) PAP (mmHg) CVP (mmHg) HR (BPM)
Sheep # | Baseline End Baseline End Baseline End Baseline End
40 + 10.0 = 10.0 14 +
1 79 +16 11 +0.8 82 +24 65+14
2.0* 5.0 1.9 0.9*
110 +
2 79+11 74£5 29+47 | 25+19 | 79+23 | 49+£09 | 64+40
23*
200+
3 88+ 35 73+£12 32+34 6.9+14 | 45+£18 93+14 94 +6.6
2.0*
4 110+£10 | 10013 19+3 22+04 292 8.0+1* | 120+£24 | 120+45
*p<0.05
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5.4  DISCUSSION

The only viable treatment options for lung failure patients at the end stage is MV and ECMO.
These treatments limit patient mobility, driving up already high morbidity and mortality in these
patients®10:323570 Contemporary clinical literature has shown ambulation improves outcomes in
lung failure patients'’'8, Given this, the Paracorporeal Ambulatory Assist Lung or PAAL is
being developed, as a wearable, compact artificial lung that allows for patient ambulation during
BTR or BTT. In this study, an HFM bundle with a high efficiency of 278 ml/min/m?, much
higher than standard Quadrox oxygenators used for ECMO today (160-170ml/min/m?) was
integrated into a wearable device. The PAAL met our design targets and performed successfully

in 6h sheep studies.

Our in-vivo study found that performance was consistent with our in-vitro experiments.
In-vitro, the PAAL produced sufficient oxygenation (180 ml/min) as well as CO, removal (150
ml/min) at 3.5 L/min while still maintaining a low level of hemolysis (NIH 0.054 g/100L)
compared to clinically accepted oxygenators’2. Of the measured in-vitro hemolysis, only a
portion (60%) is due the device, the rest is attributed to the cannula. The in-vivo oxygenation
reached the target at 3.8 L/min, however hemoglobin saturation was 100% at all our test
conditions for all inlet saturations (52%-76%), thus underestimated the full potential of the
device. In-vivo hemolysis was low in all animals (< 20 mg/dL) validating the low benchtop
hemolysis. The flow channels of all devices including pivot bearings were free of thrombus
formation. Time course of administering the heparin bolus was not optimized in Acute 1 and 2
due to which ACT did not rise fast enough prior to cannulation (Acute 1) and did not maintain at

2 times baseline (Acute 2). This led to device change out was required in Acute 1, and some
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small thrombi were seen in Acute 2. Keeping this experience in mind, timing of the initial
heparin bolus and drip were improved in Acute 3 and 4 after which bundles were free of
thrombus formation. The hypotension in Acute 1 was likely due to an inflammatory response
from device implant. Additionally, the device change out could have contributed to the
inflammatory response as well. Device flow or oxygenation was not compromised despite the

drop in MAP.

There are other wearable artificial lung devices under research development for treating
patients with lung failure?*?°. The ambulatory pump lung (APL) device features a fully
magnetically levitated centrifugal pump integrated into a 0.8m? surface area annular fiber bundle.
The compliant thoracic artificial lung (cCTAL) device relies upon native right ventricle function
as a pump, and has a 2.4m? surface area rectangular fiber bundle. Clinically, the Maquet
Cardiohelp is gaining popularity. The Small Adult Cardiohelp (HLS 5.0) features a Rotaflow
pump integrated with a Quadrox oxygenator surface area 1.3 m? into a portable however not
wearable (10kg) device?®™. In comparison to these devices, the PAAL is a wearable device that
delivers the same respiratory support at 80% of the surface area of the APL, 27% of the surface
area of the cTAL and 50% of the surface area of the Cardiohelp. This creates a more compact
artificial lung but also potentially reduces the adverse blood — material interactions associated
with a larger blood contacting area. As part of the PAAL project we are also developing novel
thromboresistant coatings®. Additionally, dead flow zones which can occur in square cross
section oxygenators such as the Quadrox are eliminated in the PAAL as our fiber bundle has a

circular cross section.
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5.5 CONCLUSIONS

In conclusion, a compact integrated wearable artificial lung capable of providing at least 180
ml/min oxygenation and 150 ml/min CO. removal at low levels of hemolysis has been
developed. The PAAL also met hydrodynamics requirements. The PAAL was successfully
implanted in sheep using an Avalon DLC, and performance was unchanged over 6 hours. Future
work involves CFD optimization of the device and 5-day chronic studies planned in the near

term.
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6.0 IN-VITRO CHARACTERIZATION OF A CFD OPTIMIZED PAAL

CFD analysis and optimization in this chapter was conducted by Greg Burgreen, PhD, at the

University of Mississippi.

6.1 INTRODUCTION

Computational modeling of blood flow has been increasingly used in designing medical devices.
Blood damage and performance of artificial medical devices is correlated with blood flow.
Regions of low and recirculating blood flow can cause thrombosis and regions of high shear can
cause hemolysis. Modeling blood flow through devices can provide insights into likely regions
for hemolysis and thrombosis in devices. These insights can inform design before in-vivo testing

which allows faster design iterations.

Computational fluid dynamics (CFD) has recently been applied in the design of artificial
lung devices?8°257585% The University of Maryland group has published models and methods for
computational design of integrated artificial lungs®24. These models have been applied in the
design of their Ambulatory Pump Lung device which has been successfully tested for 30 days in-
vivo?®. Pump impeller designs were investigated in CFD for determining pressure generation,

shear stress and platelet activation potential. Groups have also assessed uniformity of blood flow
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in hollow fiber membrane (HFM) housing designs using CFD®*%. Our group has previously
used CFD modeling for guiding impeller vane design in catheter based artificial lung devices®®.
CFD modeling in these cases has provided valuable insights that have minimized the required

number of in-vitro and in-vivo trials.

This study applies our previously developed CFD models for optimizing our previously
reported PAAL design which was tested in-vitro and in-vivo (6h). In-vitro performance targets
included a normalized index of hemolysis below 0.05 g/100L and 250 mmHg pressure
generation at 3.5 L/min. Computational design targets included shear stresses under 150 Pa,
minimization of slow flow regions (velocity < 0.5 m/s), minimization of flow separation. Flow
channels and impeller design were optimized for meeting these targets. Hydrodynamic

performance and hemolysis of the optimized design was evaluated on the bench.
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6.2 METHODS

6.2.1 Computational Fluid Dynamics Analysis

Flow features of the original design (Figure 5-1) were evaluated using a previously reported CFD
model in ANSYS Fluent 15.0°°. Governing equations of blood flow in the PAAL were solved
for using this model. Each CFD case consisted of a fluid reference frame rotating 1900 RPM.
Flowrate was set to 3.5 L/min. The fiber bundle was modeled as a porous medium the modified
Ergun equation reported previously and in Chapter 2.0 .Blood was modeled as an incompressible
Newtonian fluid with 3.5 cP viscosity. Regions of flow separation and recirculation were
identified in the original design. The internal flow paths were optimized for minimizing these

regions.

6.2.1  Hydrodynamic performance

Hydrodynamic performance of the PAAL was measured in an 8.5 g/L solution of low viscosity
carboxymethylcellulose sodium salt (Sigma Aldrich, St. Louis, MO). Viscosity of this solution at
37C was 3.5 cP. The device was connected to an 800 mL reservoir (Medtronic, Minneapolis,
MN) with R-3603 Tygon tubing. Pressure drop was measured using Validyne DP-15 transducers
(Validyne Engineering, Northridge, CA). A Hoffman’s clamp placed on the outlet tubing
adjusted afterload on the device. The PAAL was evaluated at 1500, 1700, 1900 and 2100 RPM.

Pressure was measured as flowrate was varied (0, 1, 2, 3, 4 L/min) at each rotation speed.
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6.2.2 In-vitro hemolysis

Hemolysis was measured in a continuous flow loop containing the PAAL and a 27 Fr Avalon
dual lumen cannula (Maquet, Rastatt, Germany) connected to an 800 mL blood reservoir
(Medtronic, Minneapolis, MN). The control loop contained a Centrimag blood pump (Abbott
Laboratories, Chicago, lllinois) and the Avalon cannula. Plasma-free hemoglobin was measured
in each loop was while operating the device at 3.5 L/min for 6 hours (n=2). The PAAL was
operated at 2100 RPM and the Centrimag was operated at 3400 RPM. Detailed experimental

procedures are given elsewhere®’.

6.3 RESULTS

All performance targets were met by the optimized design. Pressure loading on the vanes of the
original design was asymmetric (Figure 6-1) and velocity in the pump volute was below 0.5 m/s.
Pressure loading in the optimized design is symmetric and velocities in the pump volute are

exceed 2 m/s.

62



Original Desiqg Optimized Desig

Pressure (mmHg)

0
E
2
o
S
o
-

Figure 6-1 Computational fluid dynamics guided design improvements

The maximum pressure head generated by the PAAL is 420 mmHg at 2100 RPM (Figure 6-2).

The PAAL pumps 3.5 L/min flow against the 27 Fr. Avalon DLC at 1900 RPM.
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Figure 6-2 Hydrodynamic performance of the optimized PAAL

The normalized index of hemolysis (NIH) for the test condition which included the device and
cannula is 0.034 g/100L * 0.0074. The NIH for the control condition which included the
Centrimag pump and cannula is 0.024 + 0.015. These NIH values are within the acceptable

threshold of 0.05 g/100L.
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Figure 6-3 Hemolysis in the optimized PAAL

6.4  DISCUSSION

Novel artificial lung devices that integrate oxygenators and pumps into a single unit are being
designed for ambulating patients?*?®. Integrating these components can require complex fluid
pathways and CFD analysis provides a detailed examination of these pathways. Regions of slow
flow (velocity < 0.5cm/s) in all flow channels and flow separation within the pump volute were
eliminated. The optimized PAAL met bench and computational performance targets. This study
optimized fluid pathways in the original PAAL design (Figure 5-1) using CFD analysis. The
optimized design featured a slotted impeller design which reduced gap sizes. This eliminated
slow flow regions and increased pressure loading uniformity on the impeller vanes. The cutwater

geometry matched the blood flow profile in the volute and eliminated flow separation in the
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optimized design. These changes reduced hemolysis in the optimized design by 37% and can

potentially improve blood compatibility.

CFD modeling was also used for designing the University of Maryland Ambulatory
Pump Lung (APL) device®2. The device comprises of a centrifugal pump impeller coupled with
diffuser vanes and integrated with an annular hollow fiber membrane. The APL device impeller
was adapted from the fully magnetically levitated Centrimag blood pump which has been
extensively studied and used clinically®®8788  Blood flow velocities in the optimized PAAL
design match those in the APL device. Maximum shear stress in the PAAL and APL are ~ 100
Pa. The NIH of the optimized PAAL device is APL device is ~15% lower than the reported NIH

of the APL device (0.04 g/100L).

In-vitro oxygenation was not characterized in the PAAL device. The fiber bundle design
in the optimized PAAL fiber bundle was unchanged from previous studies?t. Changes to the flow
channels did not affect flow through the fiber bundle. Oxygenation in the PAAL fiber bundle
was previously demonstrated to be dependent on flow velocity. Oxygenation of the optimized

PAAL device would consequently be equivalent to the original PAAL device.

6.5 CONCLUSIONS

The original PAAL design was optimized using CFD analysis. The hydrodynamic performance
and hemolysis generation in the PAAL were then evaluated. Hydrodynamic performance of the

PAAL demonstrates compatibility with a 27Fr dual lumen cannula. Hemolysis at the operating
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condition was low (NIH = 0.034 g/100L). This optimized PAAL design met all performance

targets and will be used for chronic 5 day and 30 day evaluations in sheep.
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7.0 CHRONIC IN-VIVO STUDIES OF THE PAAL

The following chapter presents work submitted for peer-review in the ASAIO journal. Platelet

activation studies were conducted under the direction of William R. Wagner, Ph.D..

7.1 INTRODUCTION

Mechanical ventilation (MV) and extracorporeal membrane oxygenation (ECMO) are widely
used in treating patients with acute respiratory distress syndrome (ARDS) and end stage chronic
lung disease. These treatments are effective in providing respiratory support, but do have some
limitations associated with them. Barotrauma and volutrauma due to MV results in poor post-
transplant outcomes®®. Conventional ECMO is cumbersome®22>7% and requires confining the
patient to an ICU bed. These patients experience progressive muscle deconditioning which

further increases morbidity and mortality®<°.

Significant efforts have been made to improve conventional ECMO. Several centers have
implemented ambulation on ECMO using Quadrox oxygenators or the Maquet Cardiohelp, often
aided by the use of a cannula such as the Avalon Elite® in an effort to promote patient mobility
and reduce muscle deconditioning™®2®. Surgical advances have made ambulation possible in the

clinical setting'+2%%, Ambulation can be challenging to implement with these systems, but
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studies do demonstrate improved patient outcomes'®1:18, There is a clear need for the
development of more compact and less cumbersome respiratory support devices and modalities.
The OxyRVAD approach® and the newly FDA approved TandemLung® connect ECMO circuit
components in a relatively compact manner. More novel artificial lungs improve compactness
and potentially reduce complexity by integrating components further. The Ambulatory Pump
Lung (APL) % and Thoracic Artificial Lung (TAL)>* have shown promise in chronic sheep
studies. One could envision a day when even this technology may progress outpatient
management. Thus, with this vision in mind, the Paracorporeal Ambulatory Assist Lung

(PAAL) is being developed as another approach to a wearable respiratory assist system®’.

The PAAL is a compact, integrated blood pump-oxygenator device for respiratory assist
that is intended to improve ambulation of lung failure patients. The PAAL device could be
implemented as a bridge to transplant or recovery. The hollow fiber membrane (HFM) bundle
typically represents the largest component of respiratory assist devices. Our unique fiber bundle
design®’ has half the surface area (0.65 m?) of the HLS 5.0 Cardiohelp, yet provides 180
ml/min oxygenation at 3.5 L/min. Previous studies demonstrated that the PAAL meets in-vitro
bench targets and can be implanted in sheep for 6h without complication?. In this study the
PAAL is tested for 5 days in chronic sheep. Our goal was to demonstrate acceptable blood
hemolysis (plasma-free hemoglobin < 40 mg/dL), platelet activation below 15%, no increase in
HFM bundle resistance and no decrease in oxygenation performance for the PAAL in chronic,
awake sheep. This work represents the next step in our pathway to eventual clinical translational

of this technology.
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7.2 METHODS

The PAAL integrates a simple pivot bearing centrifugal pump with an efficient HFM bundle into
a single compact unit. The overall dimensions of the PAAL are 5 inch x 4.8 inch x 4.6 inch and
the prototype weighs 41b. Device weight can be reduced to ~1Ib if injection molded at the

product development stage. Figure 7-1 shows the PAAL prototype and flow paths.

Fiber
Bundle

Outlet

Blood Flow —»
Gas Flow —»

Figure 7-1 Cross section drawing of the PAAL device (A) and machined prototype (B)

Details of the device and bundle manufacturing are described elsewhere?-®’. Prior to these

chronic studies, regions of flow stagnation and high shear in the blood flow path were minimized
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using computational fluid dynamics (CFD). The optimization reduced in-vitro hemolysis by 70%

compared to the PAAL previously tested in acute sheep studies?.

7.2.1 In-Vivo Testing

The PAAL was tested for 5 days in adult Dorsett and Suffolk sheep (n=5) at the McGowan
Institute’s Center for Preclinical Studies (CPCS). 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 Pittsburgh. Device set up and cannulation are
described in detail elsewhere?!. A venous line was placed in the left external jugular via 1 cm
cut-down. A 150 U/kg heparin bolus was administered and allowed to circulate in the animal for
10 minutes. The pre-insertion ACT target was 300s. A heparin drip was used to maintain this
anticoagulation level. The right external jugular was cannulated with a 27 Fr. Avalon Elite® dual
lumen cannula (Maquet Cardiovascular, LLC, Wayne, NJ) via a 4 cm cut-down and checked
under fluoroscopy. The cannula was sutured to the skin and a neck wrap held the cannula in
place. The cannula was positioned and secured straight outside of the neck in Animals 2-5 due to

cannula kinking in Animal 1.

Extracorporeal circulation was initiated at 2.5-3L/min blood flow and 5-6L/min pure

oxygen sweep gas. The sweep gas was diluted with up to 5% CO- based on the pCO: into the

device (targeted 45 mmHg £ 5). Banamine (1 mg/kg) was administered IV while weaning
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isoflurane and reducing the respiratory rate. The animal was then transferred to a stanchion

system (Figure 7-2) and a precautionary nasal cannula was placed following extubation.

Figure 7-2 Photograph of the animal wearing the PAAL in the stanchion

The PAAL was secured to the animal using a custom designed holster. The post-
operative analgesic protocol was butrophanol tartate (0.3 mg/kg intravenous) alternated with

banamine (1 mg/kg intravenous) every 6 hours. Reglan (10mg intravenous) was administered
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every 8 hours postoperatively as a gastric motility stimulant for post anesthetic care. The cannula

site dressing and neck wrap were changed at least once a day.

Activated clotting time (ACT) was monitored every hour for the first 12 hours and then at
least once in 4 hours when stable. Target ACT range over the study course was 190 s - 250 s (1.5
to 2 times baseline). Arterial blood gases were monitored every 12 hours. Blood gases from the
device inlet and outlet were drawn two times daily. Plasma free hemoglobin (PfHb) was
measured daily. Blood samples for a comprehensive blood count and blood chemistry test panel
(IDEXX Laboratories, Inc., Westbrook, ME) were drawn pre-operatively and on post-operative
day (POD) 0,3,5. Blood count included white blood cell (WBC) counts and hematocrit (Hct).
Platelets were reviewed on a blood film microscopically. Blood chemistry included
measurements of aspartate transferase and alanine transferase, creatinine kinase, blood urea
nitrogen and creatinine as measures of liver function, tissue injury and kidney function
respectively. Platelet activation studies were conducted on pre-operatively and on POD 0,3,5
following previously published protocols®. Blood samples were not drawn from Animal 5
between POD 1 and 4 due to low Hct. Device parameters (blood flow, bundle resistance, rotation
speed, torque) and hemodynamics (heart rate, arterial pressure, central venous pressure) were

recorded every hour.

7.2.2  Statistical Analyses

Data are presented as mean + standard deviation and are averaged for each POD. Means of each

parameter over the study course were statistically compared with a Kruskal-Wallis test using
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IBM SPSS Statistics 24 (IBM Corp., North Castle, NY). A non-parametric test was used as the

number of samples varied for each day.

7.3  RESULTS

No device related complications were observed in any animal. All sheep were awake and
standing post-implant. Table 7-1 shows recorded device parameters and animal hemodynamics.
The PAAL was operated at a blood flow between 1.8 L/min and 2.4 L/min. Hollow fiber
membrane (HFM) bundle resistance did not significantly increase over the study duration. Gross
examination of the HFM bundle post-study showed no thrombus in devices used in Animals 1-4,
and a few small point deposits in the device used in Animal 5. Hemodynamics remained stable in

all animals and were not significantly altered over the study course.
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Table 7-1 Daily measurements of hemodynamics and device parameters

POD POD | POD p-
Parameter POD1 | POD2 | POD3 | POD4 | POD5
0 62 72 value
100+ | 100+ | 100+ | 110+ | 110+ | 100+
MAP (mmHg) 95+7 | 95+6 | 0.92
8 10 9 10 20 10
34+ 3.6+ 3.7+ 42+
CVP (mmHg) | 51 | 38%1 4+07|33%x1 0.16
0.2 0.6 0.1 0.7
110+ | 110+ | 100+ | 100+ | 100+ | 100+ | 120+ | 120+
HR (BPM) 0.91
20 20 40 30 20 10 10 20
24+ | 19+ 1.8+ 19+ 2.1+ 2.2+
Flow (L/min) 2+0.3 2+0.2 0.73
0.4 0.3 0.3 0.2 0.06 0.1
HFM Bundle
12 +
Resistance 13+£2 | 15+4 14+3 | 14+2 | 13+2 | 16+2 | 16+1 | 0.99
0.9
(mmHg/L/min)

POD = Post operative day; MAP = Mean arterial pressure; CVP = Central venous pressure; HR =

Heart rate; HFM = Hollow fiber membrane; ®n = 1 sheep

Oxygenation ranged from 105 ml/min to 155 ml/min (Figure 7-3A). Oxygenation did not

significantly change from baseline over the study course (p=0.09). Despite a low inlet saturation

(50%-55%) blood always left the PAAL fully saturated (Figure 7-3B).
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Figure 7-3 In-vivo oxygenation (A) and blood saturation (B) in the PAAL

In-vivo hemolysis (Figure 7-4) was low over the study (<20mg/dL) and did not change
significantly from baseline (p=0.97). Animal 3 however saw an acute rise in plasma-free

hemoglobin to 70 mg/dL on POD 3 which was resolved by POD 4.
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Figure 7-4 In-vivo hemolysis in the PAAL device.

CD62-P positive platelets remained below 10% during the study (Table 7-2).
Additionally, CD62-P positive platelets stimulated with platelet activating factor (PAF) showed
increased activation (>60%). Platelets reviewed on a blood film microscopically were adequate
in number. Blood chemistry parameters measuring kidney function, liver function, and cell and
tissue injury were within normal ranges and did not statistically change from baseline over the
study course. No damage to the heart, lungs, kidney or liver was seen upon gross examination in

a necropsy. Bleeding in Animal 5 led to a hematoma formed around the venous line in the neck.
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Table 7-2 Hematology and end organ function parameters over the study course

Parameter BL POD 02 POD 3° EOS p-value
Platelet Status and Hematology
CD62-P 14+ 19 371 5+0 88+8 0.79
PAF-Activated 7310 69 + 10 60 + 20 68 + 20 0.689
Platelet Count Adequate Adequate Adequate Adequate n/a
WBC (k/uL) 94+1 59+6 10+4 8.6+2 0.676
Hct (%0) 287 19+2 22+3 21+4 0.095
End Organ Status

AST (U/L) 92+20 59+9 75+ 20 65+ 30 0.156
ALT (U/L) 17+3 95+3 9.3+£3 10+14 0.071
CK (U/L) 1105 170 £ 100 86 + 20 100 + 40 0.315
BUN (mg/dL) 13+2 14+ 3 13+1 14+2 0.779
Creatinine (mg/dL) 1+0.2 0.78+0.2 0.77+0.2 0.87+0.2 0.212

POD = Post-operative day; BL = Baseline, refers to pre-operative parameters, EOS = End of study
duration; PAF = Platelet activating factor; WBC = White blood cell; Hct = Hematocrit; AST = Aspartate

transferase; ALT = Alanine transferase; CK = Creatinine kinase; BUN = Blood urea nitrogen

2 Animal 2 end organ parameters not measured; ® Animal 5 blood work not collected due to low Hct

78



7.4  DISCUSSION

Morbidity and mortality is exacerbated in patients treated with MV and ECMO from
confinement to an ICU bed®°, Studies show that ambulating patients on ECMO improves their
physical condition and post-transplant outcomes'®>?®, The PAAL design minimizes device size
and simplifies ambulation by integrating components into a single compact and wearable
artificial lung device. The PAAL was tested in awake sheep for five days in this study. Our study
found that the device functioned consistently over five days with no change in oxygenation
capacity and resistance to flow through the device. Minimal to no thrombus was seen, and
hemolysis remained low. Platelet activation was low (below 10%) and the platelets were
functioning normally. These preliminary data indicate that the PAAL can be implanted for five
days without change in oxygenation capacity or significant blood damage and blood clotting

problems.

All sheep survived the surgery, and three sheep survived the study duration. Animal 1
was terminated early as excessive suction events resulted in flows as low as 0.3 L/min. Necropsy
showed the cannula was kinked. Suturing the cannula to the neck and using a neck wrap for
support kept the cannula free of bends in studies that followed and solved this issue. Animal 2
was terminated as a gastric volvulus prevented the animal from eating. Overnight suction events
in Animal 3 led to an isolated spike in plasma-free hemoglobin, PfHb (70mg/dL). Suction was
resolved by administering a saline bolus and reducing pump speed. Animal 3 also required
emergency device change on POD 2 as air leaked into the circuit from a broken stop-cock. The
study was thus extended to POD 7 ensuring the fresh device was tested for a period of 5 days.

Animal 5 required a device change in the OR as air leaked into the circuit from a broken stop-
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cock. Future studies will not include stop-cocks on negative pressure lines of the circuit. Animal
5 also had post-operative bleeding around the cannula and venous line sites. Bleeding was
controlled by dropping the activated clotting time (ACT) below our target range and transfusing
one unit of blood on POD 3. Despite ACT levels being 165-180s (150s baseline) only few point
deposits were noted at the end of the study and platelet activation remained low (<20%) in
Animal 5. No device related complications were noted in our study and device performance was

uncompromised despite these events.

Our study is the first examining a wearable, fully integrated pump-lung in chronic sheep
with single site cannulation. Other chronic studies of artificial lungs include the thoracic artificial
lung (TAL) and ambulatory pump lung (APL) devices®>®*. The TAL is a pump-less artificial
lung connected to the patient in a pulmonary artery (PA) to left atrium configuration. The APL
integrates a magnetically levitated centrifugal pump with an artificial lung and is connected to
the patient in a right atrium (RA) to PA configuration. Neither the PAAL, TAL nor APL have
apparent negative effects on hemodynamics in healthy sheep. Creatinine kinase levels in this
study were lower than the APL and TAL studies and that may suggest less tissue injury. Liver
function was not impaired during our study based on aspartate transferase and alanine transferase
levels which were equal to or lower than TAL and APL studies. The PAAL was designed for
superior gas efficiency thus minimizing the required fiber membrane surface area. The PAAL
achieved comparable levels of respiratory support as the TAL and APL using 38% of the surface
area of the TAL and 80% of the surface area of the APL. Smaller fiber surface area should
reduce adverse blood — material interactions. The PAAL is also physically smaller than the

current generation of clinically approved devices, the Cardiohelp and the TandemLung, because
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of the integration of the pump and oxygenator into a single compact unit. In addition, the PAAL

has 50% the surface area of the Cardiohelp and 36% of the surface area of the TandemLung.

7.5  CONCLUSIONS

A compact integrated wearable artificial lung has been developed and implanted in sheep for five
days with no device related complications. The cannulation procedure and the post-operative
management protocol was improved. Chronic use of the PAAL in awake sheep is promising
based on this study. Future work will build upon this study and evaluate the PAAL for 30 days in
sheep. These studies will involve PAAL devices without a thromboresistant coating applied to
the fibers (as in these studies) and also PAAL devices with a novel thromboresistant coating that

we have been developing and refining as part of this project®.
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8.0 FLOW RECIRCULATION IN THE PAAL

The following chapter presents work to be submitted for peer-review in the ASAIO Journal. CFD

analysis in this chapter was conducted by Greg Burgreen, PhD, at the University of Mississippi.

8.1 INTRODUCTION

Patients with acute respiratory distress syndrome (ARDS) and end stage chronic lung disease are
often treated using extracorporeal membrane oxygenation (ECMO) or mechanical ventilation
(MV). These are effective treatments in the short term, but have limitations including long term
use. ECMO and MV require patients being confined to an ICU bed which can increase morbidity
and mortality %10, Patients experience progressive muscle deconditioning which can further
increase morbidity. Innovation in surgery has brought ambulation of these patients into clinical
practice 14192, Ambulating patients on ECMO has improved treatment outcomes!’18:19,
Respiratory support including the Quadrox oxygenators or Maquet CardioHelp used in
conjunction with the Avalon Elite® Dual Lumen Cannula have facilitated ambulation in these

cases. Contemporary ECMO systems can simplify ambulation, if they are made more compact.
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Work has been focused on developing artificial lung devices that can potentially
ambulate patients. The University of Maryland has produced the Ambulatory Pump Lung (APL)
and our group is developing the Paracorporeal Ambulatory Assist Lung (PAAL). These are
integrated and compact blood pump-oxygenators for respiratory assist. The APL device has been
successful in chronic animals?®. Our group has reported an HFM bundle design that allows a
fiber surface area two times smaller than the Quadrox-i Small Adult®”. The device using this
HFM bundle design has been successful acute animal studies?*. The APL and PAAL devices can
potentially be used as wearable devices capable of ambulating patients and providing a viable

bridge to lung transplant or recovery.

Device size can be further decreased by reducing the HFM bundle size, which typically
represents the largest component of the pump-oxygenator. Reducing HFM bundle size requires
an increase in gas exchange efficiency (gas exchange per unit surface area). Gas exchange
efficiency in hollow fiber oxygenators is limited by the fluid boundary layer that is formed at the
fiber surface. This boundary layer thickness scales approximately with the square root of
velocity®®. Blood recirculation can increase velocity through the HFM bundle. Patent literature
has suggested the use of blood recirculation®®%*, however recirculation has not been
computationally or experimentally demonstrated as a practical means for designing artificial

lungs. This study investigates blood recirculation in the PAAL.

In this study, the oxygenation target was 180 ml/min at 3.5 L/min, surface area under

0.65 m?, and hemolysis due to recirculation < 0.05 g/100L. A mass transfer model predicted the

effects of blood recirculation on oxygenation. A fiber surface area that would meet oxygenation
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requirements was selected using the model. Flow recirculation in the PAAL was incorporated
using a computational fluid dynamics (CFD) guided approach. We analyzed hydrodynamics and
shear stress using CFD. In-vitro hemolysis and oxygenation was then evaluated in a proof of

concept prototype.

8.2 METHODS

8.2.1  Proposed Design Evaluation

A previously described oxygen transfer model®’ predicted oxygenation in the hollow fiber
membrane (HFM) bundle. The model assumes uniform unidirectional blood flow through the
fiber bundle. The fiber diameter was set as the hydraulic diameter and interstitial velocity was
selected for calculating the Reynold’s number in this model. Recirculation was simulated by
iteratively calculating the oxygenation rate while the inlet saturation (S;,,) changed. S;,, was
calculated as: S;, = (@, Sour + Qp Sin)/(Qr + Qp) Where @, is the device outflow Q, is the
recirculation flowrate, S,,,; is the outlet oxygen saturation and S;,, is the constant inlet saturation
(Si;n=65%) The iteration was stopped when S;,, changed less than 1%. Oxygenation from
recirculation was simulated while varying surface area between 0.2 m? and 0.8m? and
maintaining constant flow through the device (Q, = 3.5 L/min, Q, = 6.5 L/min). The surface area
meeting the oxygenation target (180 ml/min) was chosen for further evaluation. Oxygenation
from recirculation was then simulated while varying recirculation flowrate (0, 2.5, 4.5, 6.5

L/min) at a constant device outflow of 3.5 L/min.
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The model was also used to quantitatively delineate the effects on oxygenation from
number of passes versus increased velocity due to recirculation. The model was used to predict
oxygenation in the existing HFM bundle (1.75 inch diameter) and a wide HFM bundle (3.85 inch
diameter) of equivalent surface area (0.38m?). Device outflow was 3.5 L/min and recirculation

flowrate was varied (6.5 L/min and 45 L/min).

We used a CFD guided approach for incorporating recirculation in the PAAL at the required
surface area. Hydrodynamic performance of this design was computationally determined at
2000, 2250 and 2500 RPM. Recirculation flowrate, pressure generated and max shear at each
data point were determined. The CFD was also used to confirm the assumption of uniform
unidirectional blood flow used in the oxygenation model. Oxygenation from recirculation was
simulated in the design while varying recirculation flowrate (0, 2.5, 4.5, 6.5 L/min) and

maintaining device outflow constant (3.5 L/min).

8.2.2 In-Vitro Prototype Fabrication and Testing

A simplified and idealized test prototype was constructed for an ad-hoc validation of the model
predictions. The prototype did not comprise of the CFD optimized impeller and flow paths. A
0.38 m? surface area polymethylpentene HFM bundle was fabricated using previously described
methods®’. This bundle was assembled into a previously described PAAL prototype?!. A
recirculation channel external to the PAAL as shown in Figure 8-1 was formed using two Y-
connectors (Qosina, Ronkonoma, NY) and R-3603 Tygon tubing (Fisher Scientific, Hampton,

NH).
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Oxygenation was characterized using bovine blood in a previously described single pass
loop system®”. The loop comprised of the prototype, an upstream ‘deoxygenator’ and a
downstream Centrimag pump (Abbott Labs, Chicago, IL). Components were connected in series
with 6L compliant reservoir bags using Tygon tubing. Device outflow was maintained constant
at 3.5 L/min and measured using a Centrimag flow probe and controller. Recirculation flowrate
was varied (0, 2.5, 4.5, 6.5 L/min) by adjusting the recirculation channel resistance using a
Hoffman’s clamp. A 1 mL blood sample from the inlet and from the outlet were draw for blood
gas analysis using a RapidPoint 405 blood gas analyzer (Siemens, Munich, Germany) while
flowing 100% oxygen sweep gas through the prototype. Each data point was repeated three
times.

Hemolysis was measured for 6 hours in a test and a control loop. Each loop comprised of
a prototype connected to an 800 mL reservoir using Tygon tubing. The test loop contained the
prototype shown in Figure 8-1 and the control comprised of the same prototype without a HFM
bundle. Only the HFM bundle contribution was determined as the flow paths and impeller of the
idealized prototype were not optimized. Plasma-free hemoglobin (PfHb) was measured every 30
minutes for the first two hours and then every hour. The rise in PfHb over time was quantified as
a normalized index of hemolysis (NIH). Device outflow was maintained constant at 3.5 L/min
and the recirculation flowrate was set to 6.5 L/min. Additional test procedural details for in-vitro

testing are described elsewhere®’.
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Figure 8-1 CFD design (A), experimental prototype (B). Red arrows indicate blood flow.

8.3 RESULTS

The model predicted a hollow fiber membrane (HFM) bundle surface area of just 0.4 m? met

oxygenation requirements (180 ml/min) at a recirculation rate of 6.5 L/min (Figure 2A).
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Hydrodynamic performance from the CFD analysis in Figure 8-2 shows the pressure generated
increases from 190 mmHg at 2000 RPM to 330 mmHg at 2500 RPM and recirculation flowrate
increases from 5.1 L/min at 2000 RPM to 6.9 L/min at 2500 RPM. The intersection of these
curves with the Avalon DLC cannula curve indicates that the operating point is between 2250

RPM and 2500 RPM.
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Figure 8-2 Model simulations (A) and CFD prediction of hydrodynamics (B)

All simulated points had shear stresses under 300 Pa and uniform flow through the HFM
bundle. Figure 8-3 shows the shear stress map and flow velocity vectors at the devices intended

operating point (2500 RPM, device outflow 3.5 L/min, recirculation flow 6.5 L/min).
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Figure 8-3 Shear stress (A) and velocity contours (B) in the proposed design at 2500 RPM

In-vitro oxygenation was 180 ml/min + 8 (efficiency exceeding 470 ml/min/m?) at a
recirculation flowrate of 6.5 L/min and device outflow of 3.5 L/min (Figure 4). Oxygenation was

predicted within + 8%.
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Figure 8-4 In-vitro measured and model predicted oxygenation in the experimental prototype

The normalized index of hemolysis (NIH) of the prototype with the HFM bundle was

0.102 g/100L and the NIH without the HFM bundle was 0.09 g/100L. The contribution of just

the HFM bundle was 0.012 g/100L (Figure 8-5).
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Figure 8-5 Experimentally measured hemolysis from the HFM bundle.

8.4  DISCUSSION

Ambulating patients on ECMO improves treatment outcomes?*"1870, The Paracorporeal
Ambulatory Assist Lung (PAAL) is being developed for simplifying ambulation. In this study,
blood recirculation is being evaluated as means for increasing oxygenation efficiency and
reducing the size of our device. We developed a recirculating flow design using a modeling
approach. The numerical model predicted an oxygenation efficiency over 470 ml/min/m? can be
achieved through blood recirculation. Our CFD analysis indicated that the proposed design can
produce 3.5 L/min at 250 mmHg (overcomes the Avalon 27 Fr. DLC resistance). The CFD
analysis indicated low shear stresses (<300Pa) which have previously correlated with low

hemolysis®. This design was validated with in-vitro experiments on an idealized test prototype.
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Our numerical and CFD models showed that a 0.38 m? HFM area using the recirculation

approach is feasible.

The idealized test prototype in this study was our previously reported device?! with an
external recirculating loop and shortened HFM bundle. This prototype was constructed from
already manufactured components. The CFD design was not fabricated for testing in this study
due to the prohibitive cost and time associated with prototyping. The idealized test prototype
allowed us to experimentally validate effects of recirculation through a HFM bundle. Our
oxygenation model predicted the experiment within 8%. An acceptable (<0.05 g/100L)"2 increase
in the normalized index of hemolysis (NIH) from recirculating blood through the HFM bundle
was measured to be 0.012 g/100L. The in-vitro hemolysis measured in the idealized test
prototype was 2 times greater than the PAAL (0.10 g/100L vs 0.05 g/100L). The difference in
hemolysis relates to the integrated pump and flow path which were not optimized for
recirculation rather than multiple exposures of blood to the HFM bundle itself. The proposed
CFD generated design had an optimized pump design, integrated recirculation channel, and
streamlined flow paths which led to low shears® in the HFM bundle as well as the integrated
pump which are indicative of an acceptable NIH. The in-vitro study validated effects of

recirculation on oxygenation and hemolysis through a HFM bundle.

While patent literature suggests recirculation can enhance oxygenation efficiency, our
study is the first evaluation of recirculation in an artificial lung device. The recirculating design
was 1.7 to 4.9 times more efficient than existing artificial lung devices (Table 8-1). The

Ambulatory Pump Lung (APL) has a 0.8m? annular HFM bundle integrated with a magnetically

92



levitated centrifugal pump. The Thoracic Artificial Lung (TAL) has a 2.4 m? HFM bundle and
utilizes the native heart as a pump. The PAAL we previously reported has a 0.65m? stacked
HFM bundle and is integrated with a magnetically driven centrifugal pump. Oxygenation in our

proposed recirculation design compares to these devices and has a low surface area (0.38m?2).

Table 8-1 Efficiency comparison across devices at 3.5 L/min blood flow

Oxygenation Surface Efficiency
Device
(ml/min) Area (m?) | (ml/min/m?)

Ambulatory Pump Lung (APL)? 180 0.80 230
Thoracic Artificial Lung (TAL)? 230 2.4 96

Paracorporeal Ambulatory Assist
180 0.65 280

Lung (PAAL)*

Recirculating Design 180 0.38 470

The increase in oxygenation efficiency due to recirculation can be attributed to either
increased velocity in the fiber bundle or an increase in the number of passes through the HFM
bundle. Our oxygenation model semi-quantitatively delineated the contributions of these two
effects. The model predictions in Table 8-2 compare oxygenation rates in a wide 3.85 inch
diameter HFM bundle and a narrow 1.75 inch diameter HFM bundle. Blood flow velocities in
the wide HFM bundle are an order of magnitude lower blood flow velocities than the narrow
HFM bundle (at equivalent flows). Oxygenation does not correlate with number of passes since
oxygenation is 47% higher in Case 1 relative to Case 2 despite equal number of passes (but

lower velocity). Oxygenation does appear to correlate with velocity as oxygenation in Case 3 is
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equivalent to Case 1 at equal blood flow velocity (but greater number of passes). These model

simulations indicate that oxygenation is dependent on HFM bundle velocity rather than on the

number of passes through the HFM bundle.

Table 8-2 Oxygenation comparison across varied fiber bundle diameters

Bundle Bundle
Case Surface Qb Qr Oxygenation
Diameter Velocity
Number Area (m?) | (L/min) | (L/min) (ml/min)
(Inch) (cm/s)
1 1.75 0.38 3.5 6.5 10.7 174
2 3.85 0.38 35 6.5 2.22 118
3 3.85 0.38 35 45 10.7 174

Qb: Device outflow; Qr: Recirculation flowrate

Blood flowing through the HFM bundle forms a fluid boundary layer at the fiber surface.

Gas transfer in hollow fiber devices is limited by the thickness of this layer which scales

approximately with the square root of velocity®. Our previous study increased mean bundle flow

velocity by leveraging HFM geometry®’. The frontal area of the HFM bundle was reduced,

which increased velocity past fibers. An HFM bundle with an identical frontal area was used in

this study. Recirculation increased the mean velocity through the HFM bundle by approximately

three times the mean velocity in our previous study. Oxygenation efficiency was increased

accordingly.
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8.5 CONCLUSIONS

A model based approach was used for designing a device incorporating blood flow recirculation
in this study. This study validated our models through in-vitro testing. Our oxygenation target
(180 ml/min at 3.5 L/min) was met with an efficiency over 470 ml/min/m?2. Hemolysis from
recirculating flows through the HFM bundle was low (0.012 g/100L). Recirculation is an
effective means of enhancing oxygenation efficiency. Applying recirculation to the PAAL
produced a design with a 3.4 times smaller HFM area compared to the standard Quadrox — i
Small Adult oxygenator. The CFD optimized design will be manufactured for in-vitro and in-

Vvivo testing in the next study.
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9.0 CONCLUSIONS

9.1 SUMMARY

Lung disease is a major healthcare concern. ECMO and MV are the only viable means of
respiratory support for lung failure patients at the end stage. While these treatments are effective
in providing respiratory support in the short term, long term use of ECMO and MV causes
muscle deconditioning as patients typically are confined to an ICU bed during treatment®°. A
lung transplant is ultimately required for treating these patients. Ambulating sick patients
improves patient health and can even bridge patients to recovery>2%, Implementing ambulation
remains challenging with contemporary respiratory support devices which were designed for
cardiopulmonary bypass and short ECMO runs. The Paracorporeal Ambulatory Assist Lung
(PAAL) developed in this dissertation addresses the need for a viable bridge to lung transplant or

recovery.

The PAAL is a compact, wearable artificial lung device capable of oxygenating blood
180 ml/min at 3.5 L/min with low hemolysis (in-vitro NIH < 0.05 g/100L and in-vivo plasma-
free hemoglobin under 20 mg/dL). Designs incorporating active mixing, passive flow, and flow
recirculation were evaluated in this dissertation. Each design increased oxygenation efficiency
and reduced size in a distinct manner. Oxygenation efficiency in each of these approaches was

improved by 1.7 to 3 times relative to the clinical standard (Quadrox, Maquet, Germany).
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Passive flow devices were simpler than active mixing devices in design. Additionally, active
mixing devices posed challenges including hemolysis. Efficiency of the active mixing devices
and the passive flow devices was equivalent. Given these data, the passive flow design was
progressed to in-vivo testing. Chronic use of the PAAL in awake sheep is promising based on our
study. Flow recirculation increased efficiency of the device beyond what the passive device

could achieve. Initial modeling and in-vitro studies demonstrate the concept is feasible.

Further work is being conducted on PAAL designs proposed in this dissertation. The
passive flow design is being evaluated for 30-days in sheep. Thromboresistant coatings being
developed by our collaborators® will be applied to the PAAL in future 30-day in-vivo studies for
reducing the required amount of systemic anticoagulation. The design proposed for flow
recirculation is being manufactured for in-vitro and in-vivo testing. Our laboratory is also
evaluating the application of the passive and recirculating designs toward pediatric devices and

low-flow CO; removal devices.

9.2 FUTURE VISION OF RESPIRATORY SUPPORT

Artificial lungs in the future should be wearable and allow long term support. Long term
respiratory support requires robust devices that can be used for at least 30 days. The development
and progression of artificial hearts offer a model for developing artificial lungs. Following
artificial hearts as a model, the initial research and development of artificial lungs is being
conducted in laboratories before commercialization. Breethe Inc. was recently founded and is

commercializing the APL developed at the University of Maryland. Completion of 30-days will

97



ready the PAAL for product development and commercialization. Beginning with the end in
mind, each component of the artificial lung system must be designed and engineered to be
wearable. The core design of the PAAL are a robust centrifugal pump directly integrated with an
efficient fiber bundle. This has allowed a small form factor that is conducive for wearing on a
holster or back pack. Additional product development efforts will retain the core technology

while improving key elements of the device.

Artificial lung designs should be catered for specific patient conditions. Devices offering
varied degree of lung support will be required. Support can vary in terms of the amount of
oxygenation, and the amount of cardiac support. Xenios AG (Heilbronn, Germany) offers their
oxygenator devices in four sizes recognizing this. Artificial lungs will need to offer a similar
variety in surface area allowing varied levels of respiratory support. The PAAL can be designed
to have an exchangeable HFM bundle. Modeling approaches in this dissertation can be used to
design HFM bundles having specific gas exchange requirements. The basic model can be
modified for predicting more complex flows through the device such as was done for the flow

recirculation device.

Additional development in vascular access is warranted. Cannula used clinically was
originally intended for short runs of ECMO. Cannula such as the Avalon DLC have allowed
clinicians and engineers to see first-hand that patients can be ambulated while on ECMO. More
permanent vascular access is required for a widespread adoption of ambulatory artificial lungs.
Such cannula can be minimally invasively placed just like the Avalon DLC, but tunneled under

the skin for accessing the jugular veins. This would minimize external tubing and position tubing
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closer to the artificial lung. The PAAL is equipped with a robust centrifugal pump that can
generate pressures in excess of 300 mmHg at 3.5 L/min. The device design is compatible with
currently available DLCs and potentially any future forms of vascular access that may have high

resistances.

The sweep gas through the device also must be addressed. The current vision requires a
portable oxygen tank to the device. This would require the patient to carry an oxygen tank, and
would require frequent tank changes. While hospitals have free access to “wall medical oxygen”,
this would prove cumbersome during outpatient use. Oxygen concentrators can be used for
replacing tanks, however they are bulky at the moment and do not provide the simplicity an
oxygen tank provides. One possibility for artificial lungs in the future is requiring the patient to
carry a small compressed oxygen tank while ambulating. This oxygen tank can be refilled at
home using an at-home oxygen concentrator and compressor. Pure oxygen also may not be
required in the PAAL. The oxygenation model can be used for predicting performance at various

concentrations of oxygen in the sweep gas.

An artificial lung controller would also be required. The controller would require similar
functionality as an artificial heart controller, but would integrate more sensors. The artificial lung
will require inline oxygen saturation monitors and sweep gas CO; sensors. Device speed as well
as sweep gas flowrate will need to be regulated based on the readings of these sensors. Human
factors would also need to be considered in positioning the controller on a patient such that the

patient can switch between the ambulatory mode and stationary mode.
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The initial motivation for an artificial lung was supported by efforts of clinicians
retrofitting existing technology. These efforts in conjunction with recent engineering
developments have created a formidable team supporting the development of durable respiratory
support. Artificial lungs are steadily progressing to the commercialization stage and one can
easily envision a future where patients are not only supported with artificial lungs in clinics but

are also cared for as out-patients.
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