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Abstract

Children with end-stage lung failure awaiting lung transplant would benefit from improvements in
artificial lung technology allowing for wearable pulmonary support as a bridge-to-transplant
therapy. In this work, we designed, fabricated, and tested the Pediatric MLung—a dual-inlet
hollow fiber artificial lung based on concentric gating, which has a rated flow of 1 L/min, and a
pressure drop of 25 mm Hg at rated flow. This device and future iterations of the current design
are designed to relieve pulmonary arterial hypertension, provide pulmonary support, reduce
ventilator-associated injury, and allow for more effective therapy of patients with end-stage lung
disease, including bridge-to-transplant treatment.
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One in five children with end-stage lung failure (ESLF) die while awaiting transplant.!
Hollow fiber oxygenators or artificial lungs (ALs) are commonly used to provide pulmonary
support in acute and bridge-to-transplant applications. In these devices, blood flows around a
bundle of hollow fibers, while a sweep gas supplied to the fibers’ lumens facilitates gas
transfer via diffusion through the fiber wall. The benefits of a particular AL depend on the
design properties and engineering of the AL, and device development must be thoughtfully
targeted to the intended patient population to achieve optimal results. In this work, we
design, fabricate, and test the performance of a paracorporeal, pumpless device intended for
pediatric patients. This device, called the “Pediatric MLung,” can be used as a bridge to
transplant for children with ESLF.
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The Pediatric MLung (Extracorporeal Life Support Lab, University of Michigan, Ann Arbor,
Michigan) is designed to be attached via a pulmonary artery (PA) to left atrium (LA)
configuration. The PA—LA configuration is advantageous because it is attached in parallel to
the native lung, such that high pressure in the right ventricle (RV) is relieved due to the
availability of a flow path of lower resistance.2 Additionally, the PA—LA configuration
provides a pressure gradient for device blood flow, so that it can be operated without a blood
pump. This configuration has been demonstrated previously3~7; however, improvements in
the technology are needed because mortality rates remain high due to clot formation and
stroke caused by inefficiencies in AL configuration and flow. Development of smaller, more
efficient devices is advantageous because reduction of priming volume and blood-contacting
surface area (SA) in ALs has been shown to improve patient outcomes in cardiopulmonary
bypass procedures.8-11 Additionally, the ALs used for this application have been too bulky
to allow for patient ambulation, which has been shown to be important in preparing patients
for lung transplantation.1213 A wearable AL would be advantageous for children as a bridge
to lung transplant because it would 1) supplement pulmonary function of the diseased native
lungs; 2) facilitate ambulation during bridge to transplant or even as a destination device; 3)
improve portability and reduce blood trauma by eliminating the need for a mechanical
pumpl415: 4) avoid ventilator-associated events by allowing the patient to be extubated?16;
and 5) allow support outside of the intensive care unit (ICU) and even potentially outside of
the hospital.

To function without a mechanical pump, the device and circuit must have a low enough
resistance that the pressure gradient between the PA and LA, generated by the RV, is
sufficient to drive adequate flow through the device. Assuming a mean PA pressure of at
least 25 mm Hg (although hypertension in this patient population can produce mean PA
pressures above 70 mm Hg)1’ and LA pressure of 10 mm Hg, the entire circuit (including
MLung, tubing, and cannulas) must have a pressure drop less than 15 mm Hg; however, a
circuit of even lower resistance is beneficial due to the alleviation of RV load. To meet the
desired resistance of the entire circuit, our target for the Pediatric MLung itself is a pressure
drop of 5 mm Hg at rated flow. Rated flow refers to the blood flow rate at which blood
entering the device at an oxygen saturation (SO,) of 70% exits the device at SO, of 95%.18
The target rated flow for the Pediatric MLung is =0.75 L/min, which equates to up to 50
ml/min of oxygen transfer. This target is based on the oxygen demand of a typical pediatric
patient!® and would allow the Pediatric MLung to manage all the oxygenation of the patient
if necessary.

The PA-LA attachment requires a device that has low resistance to flow. This can be
problematic from a design perspective because device resistance increases with fiber number
and density, both of which directly impact the gas exchange capability of the device.
Additionally, current hollow fiber devices are limited by the “boundary layer effect” wherein
the resistance to diffusion-based gas transfer is increased due to a plasma-rich layer devoid
of red blood cells (RBCs) in close proximity to the fiber membranes.2® To overcome this
problem, researchers have investigated methods to induce secondary flows in the devices to
disrupt the formation of this boundary layer.20 These efforts include passive methods such as
increasing the SA-to-volume (SA/V) ratio of the blood flow path (7.e., microfluidic lungs),
increasing flow velocity across the fiber bundle, including obstacles in the flow path, and
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membrane texturing, and active methods such as building oxygenators with enclosed
rotating discs and perfusing the devices with pulsatile flow.21~2% Recently, we demonstrated
a membrane lung based on a series of concentric gates, resulting in a circular blood flow
path that induces secondary flows, disrupting the boundary layer, and improving overall gas
exchange.26 Based on our previous work, this study aims for designing a new AL that
provides adequate gas exchange and pressure drop for pediatric patients.

Materials and Methods

Computational Fluid Dynamics

A solid three-dimensional (3D) model of the Pediatric MLung device was built in
Solidworks (Dassault Systémes, Vélizy-Villacoublay, France), and computational fluid
dynamics (CFD) simulation was carried out using Solidworks Flow Simulation add-in. The
fiber bundle area was modeled as a continuous porous media. The resistance of the fiber
bundle to be used in the porous media model was estimated using previous experimental
data and equations 1-3,27

L
AP = — ”KQA o
3D2
K= 5—1’2 @)
A(l —¢)
A =497¢ — 103 ®)

where AP = pressure drop, i = blood viscosity, Q = volumetric flow rate, L = blood path
length, x = fiber bundle permeability, e = fiber bundle porosity, and D, = effective particle
diameter (estimated as 1.5 times the fiber diameter).28

To accurately model pressure drop within the fiber bundle, resistance data for the fiber
bundle are typically determined by experimental measurements.2® These measured values
are then input into the porous media model. Data from our previous work were used to
provide the necessary resistance data to simulate the fiber bundle as an isotropic porous
media.28 The experimental resistance data for the original fiber mat (17 fibers/cm) were

scaled down linearly by multiplying by a factor (’7KLR), where «; pis the predicted
permeability of the low-resistance fiber mat (six fibers/cm) into equation 1. This provided

the resistance data for the low-resistance fiber mat to be input into the porous media model
for the CFD simulations.

Blood is modeled as a non-Newtonian fluid with a density of 1,060 kg/m3. Viscosity is
calculated using a power law model, with maximum dynamic viscosity of 0.012 Pas,
minimum dynamic viscosity of 0.003 Pa-s, and power law index of 0.7991.
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Boundary conditions were an inlet flow rate of 0.75 L/min at the device inlets (0.375 L/min
at each inlet) and a pressure of 10 mm Hg at the device outlet. The automatic mesh function
in Solidworks was used to generate the mesh, which has incremental settings between 1 and
7 (seven providing the most refined mesh). A grid independence study was performed which
determined that the automatic mesh setting should be =3. Because of reasonable
computational time (~8 min), a mesh setting of 5 was used, which produced 356,686 fluid
cells in the computational domain.

Basic Device Topology

The Pediatric MLung is composed of five housing parts, an inner and outer fiber bundle, and
a liquid curing silicone (referred to as “potting”), which separates the blood and sweep gas
flow paths. The Pediatric MLung components are a) outer housing (with blood inlets); b)
gate insert; ¢) blood outlet; and d, e) two end caps (Figure 1). The fiber bundles are packed
between the outer housing, gate insert, and blood outlet. The thicknesses of the inner and
outer bundles are equivalent (2.3 cm). Two thirds of the total membrane SA is in the outer
bundle, and one third is in the smaller inner bundle. The potting is applied to the ends of the
fiber bundle as a liquid to fill in the tight spaces in between fibers. The potting then hardens
at room temperature to form a barrier between the blood and gas phases to prevent blood
leakage or air emboli formation in the blood.

MLung Fabrication

Three-dimensional computer-aided design (3D CAD) models of the housing components
were built using Solidworks. Polyurethane housing components were injection molded
(Stratasys Direct Manufacturing, Farmington Hills, Michigan). OXYPLUS polymethyl
pentene (PMP) fiber mat (six fibers/cm) was obtained from 3M (St. Paul, Minnesota).
Potting fixture components were 3D printed using M3 crystal resin and a Pro-Jet 3500 HD
Max 3D printer (UM3D Lab, University of Michigan, Duderstadt Center, Ann Arbor,
Michigan).

Polymethyl pentene fibers were hand-wound around the gate insert and blood outlet
components (Figure 1) until snug within the fiber bundle area, taking care to prevent
wrinkles in the fiber mat that would cause irregularity in the fiber bundle. The Pediatric
MLung was then seated within a potting fixture, using temporary metal pins to suspend the
gate insert to maintain proper alignment with the outer housing and blood outlet pieces
during the potting process. A custom centrifuge was used to supply liquid silicone potting
(Elastosil RT625; Wacker Chemie AG, Munich, Germany) to the ends of the fiber bundle.
The silicone hardens at room temperature, whereas centrifugal force prevents liquid potting
from creeping up the outsides of the fibers. To prevent creep of potting within the fiber
lumens, the fiber ends were sealed using a heated metal edge before packing within the
Pediatric MLung. Potting was introduced to the inlet reservoir tubing immediately after
mixing (Figure 1). Devices were centrifuged for 2 hours and then allowed to sit overnight at
room temperature. Devices were then removed from the potting fixture, and the excess
potting was cut flush to the outer housing to expose the fiber lumens for sweep gas. End
caps were affixed to the completed Pediatric MLungs.

ASA/O J. Author manuscript; available in PMC 2020 June 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Thompson et al. Page 5

Before benchtop performance testing or /n vivotesting, the blood side of the Pediatric
MLung was flushed with at least 1 L of sterile saline and then primed with sterile saline.

Benchtop Performance Testing

A benchtop flow circuit using slaughterhouse bovine blood was used to test gas exchange
and pressure drop performance at various blood and sweep flow rates. Before bench testing,
blood was filtered with a 32 pm mesh (Capiox arterial filter removed from a Capiox FX25
oxygenator, Terumo Cardiovascular Group, Ann Arbor, Michigan), preconditioned to
standard venous values (per 1SO7199/Food and Drug Administration [FDA] Guidelines39),
and heparinized as necessary to an activated clotting time (ACT) >1,500 s. Heparinized
blood from an inlet reservoir was directed to a centrifugal pump, which pumped blood to the
test device and then to an outlet reservoir at programmed flow rates. Sweep gas was supplied
to the Pediatric MLung from compressed gas tanks and controlled using a mass flow
controller (Model MCP-50SLPM, D/10M; Alicat Scientific, Marana, Arizona). Sweep gas
was supplied for each blood flow rate in a 2:1, 4:1, and 8:1 blood flow ratio. Blood flow
rates of 0.5, 0.75, and 1 L/min were used. If device rated flow was either below 0.5 L/min or
above 1 L/min, then blood flow rates of 0.25 or 1.25 L/min were added, respectively. Pre-
and post-device blood gas samples were collected v7a sampling ports in the tubing and
analyzed using a Radiometer ABL800flex blood gas analyzer (Radiometer, Brea, CA). Pre-
and post-device blood-side pressure was monitored using Transpac disposable pressure
transducers. Activated clotting time was measured using an Accriva Hemochron Response
(Accriva, Bedford, MA) whole-blood coagulation system.

In Vivo Hemocompatibility and Performance Testing

All protocols were approved by the University of Michigan Committee on Care and Use of
Animals, and animals received humane care in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Healthy, fasted adult sheep (38-42 kg) was sedated using intravenous (1V) propofol (5-10
mg/kg) and intubated. General anesthesia was maintained using inhaled isoflurane (1-3.5%).
The right femoral artery was accessed using 14 Fr Bio-medicus arterial cannula (Medtronic,
Minneapolis, MN), and the right jugular vein was cannulated with a 20 Fr DLP venous
cannula (Medtronic, Minneapolis, MN), both v7a cut-down technique. A femoral artery-to-
jugular vein extracorporeal circuit was constructed, incorporating the Pediatric MLung. For
experiments utilizing the PA-LA configuration, cannulation was performed through an end-
to-side anastomosis with either polyester (polyester grafts: Vascutek, Inc; Renfrewshire,
Scotland, UK) or polytetrafluoroethylene (PTFE grafts: Gore Medical; Newark, Delaware,
USA). Occlusion of the right PA (rPA) was used as previously described as a disease model
for ESLF.> The circuit was completely deaired and primed using approximately 200 ml
sterile saline before opening arteriovenous flow. Solumedrol was administered (750 mg 1V,
250 mg through the device inlet pressure port) immediately before opening blood flow to the
Pediatric MLung circuit. This is done to prevent any acute allergic reaction from the sheep
that could affect hemodynamics (which can occur because the devices are not sterile and
there is a possibility of leaching of fabrication materials). Sheep were heparinized to an ACT
consistent with clinical extracorporeal membrane oxygenation (ECMO) (ACT, 200-240 s).31
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Before initiating shunt flow through the Pediatric MLung, minute ventilation was set to a
standard baseline value of 7.2 L/min. Minute ventilation was reduced by 33% by decreasing
respiratory rate to induce hypercapnia, and vecuronium bromide was administered (3 mg 1V,
subsequent IV drip at 1.5 mg/ml) to prevent spontaneous breathing of the animal with rising
partial pressure of carbon dioxide in blood (PCO5). When arterial PCO, reached a stable
value (same PCO», for 15 min), arteriovenous blood flow was opened to the MLung circuit.
Target arterial PCO, before initiating flow to the MLung was 50-60 mm Hg to test
ventilation capability of the Pediatric MLung during hypercapnia. Sweep flow was
controlled via mass flow controller (Model MCP-50SLPM, D/10M; Alicat Scientific), which
was set at 6 L/min for the first hour, 12 L/min for the second hour, and 2 L/min for the
remaining duration of the experiment. Blood flow rate through the device was monitored
using a flow meter (Model T402; Transonic, Ithaca, New York) with flow probe (ME 9PXL;
Transonic).

Blood gas samples, sweep gas exhaust samples, and ACT measurements were obtained
every 15 min for 2 hours, then every 30 min for the duration of the experiment using a
ABLB800 Flex blood gas analyzer and Hemochron Response whole blood coagulation
monitoring instrument (Accriva, Bedford, MA), respectively. Carbon dioxide (CO5) removal
was measured as fraction of CO5 in the exhaust sweep gas. Complete blood count (CBC)
samples were collected every hour throughout the experiment using a Procyte Dx
hematology analyzer (IDEXX, Westbrook, ME). The experiment was concluded at 6 hours
or when the device blood flow was reduced to less than 5% of initial flow due to clotting.
Immediately upon conclusion of the experiments, the Pediatric MLung was removed from
the circuit and flushed v/a gravity in the opposite direction of blood flow using sterile saline
(at least 2 L) to remove any blood or clot nonadherent within the device and photographed to
document any residual thrombi. After gross imaging, the intact units were flushed with 10%
bleach (1-2 hours) followed by deionized water (overnight) and compressed air (overnight)
to clean before use in future experiments.

Computational Fluid Dynamics

The required gas exchange SA for the current device was estimated by scaling our previous
design, which had a SA = 0.28 m? and a rated flow of 2 L/min, but a pressure drop of
approximately 100 mm Hg.28 Scaling down SA linearly (assuming equivalent gas exchange
efficiency in the previous and new designs) gave a basis SA of 0.1 m? for the new design
because this SA is expected to provide the necessary gas exchange to satisfy the rated flow
requirement. Blood flow was simulated using the Solidworks Flow Simulation add-in
(Dassault Systémes), and velocity and pressure profiles were generated (Figure 2).

At 0.75 L/min, pressure drop in a single-inlet MLung using a fiber mat with 17 fibers/cm
and a fiber length of 2 cm was 38 mm Hg (from previous work).28 To further reduce
pressure drop, three changes were made from the previously published design (Table 1): 1)
the use of a dual-inlet design; 2) fiber length increased to 3 cm; and 3) reduction of the fiber
bundle porosity by using a low-density fiber mat (six fibers/cm). Each of these changes
independently reduces pressure drop, and when the fiber bundle is modeled as an isotropic
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porous media, a pressure drop of 2 mm Hg is predicted at a flow rate of 0.75 L/min. Six
Pediatric MLungs were successfully fabricated as described in Methods and used for
benchtop and in vivotesting.

Benchtop Testing

The Pediatric MLungs were performance tested using a previously described benchtop blood
flow model.28 Average rated flow of the six devices was 1 L blood/min (Figure 3). Average
pressure drop (£ standard error) at the target blood flow rate of 0.75 L/min was 18 + 3 mm
Hg, and at the achieved rated flow of 1 L/min was 25 £ 4 mm Hg. Average oxygenation rate
and oxygenation efficiency were 45 ml/min and 350 ml/min/m? at rated flow, respectively.

In Vivo Testing and Hemocompatibility

The Pediatric MLungs were operated for 6 hours or until device flow was reduced to 5% of
initial flow due to clotting (Figure 4). Average initial device flow (TO) was 0.8 + 0.1 L/min
(n = 3) at an average initial pressure drop of 11 + 4 mm Hg. Devices A and B were used for
the entire 6 hour experiment, and device C was used for 3.5 hours before the rapid decrease
in blood flow (due to clotting) indicated an experimental end-point (device flow = 5% of
initial flow). Flow resistance of the devices was initially 13 £ 3 mm Hg * min/L, which
increases when clotting in the Pediatric MLung or blood circuit occurs (Figure 5). Six hours
of device flow resulted in a 31% and 27% decrease in platelet count from the initial (TO)
value for sheep with devices A and B attached, respectively, and a decrease in platelet count
of 29% occurred within 3 hours in the device C sheep (Figure 6). White blood cell (WBC)
count decreased by 34%, 0% (no change), and 8% in sheep attached to devices A, B, and C,
respectively. Average CO, removal efficiency was initially 420 + 42 ml/min/m? and
gradually decreased throughout the course of the experiment (Figure 7). After the
experiments, devices were rinsed with saline as described in Methods and imaged (see
Supplemental Figure 1, http://links.lww.com/ASAIO/A433). Pediatric MLungs tested in the
PA-LA configuration achieved a maximum of 0.383 + 0.02 L/min of blood flow through the
circuit without rPA occlusion and 0.617 + 0.02 L/min of circuit flow with full occlusion of
the rPA (Figure 8).

Discussion

Oxygenator geometry, blood path length, fiber length and number (gas exchange SA), and
fiber bundle density together determine the pressure drop and gas exchange capability of the
AL. Typically, ALs with high gas exchange capability also have a high pressure drop. By
utilizing a concentric-gated design, circular flow induces mixing which improves the overall
gas exchange efficiency. Additionally, the concentric gating increases the blood flow path
length, increasing both gas exchange and pressure drop. We offset this increase in pressure
drop by utilizing 1) a dual-inlet design and 2) a low-density fiber mat. The dual-inlet design
reduces resistance by splitting the flow, effectively shortening the average blood path length
but maintaining the benefit of the concentric gating. This is evidenced in that the
oxygenation efficiency in the Pediatric MLung is the same as the single-inlet MLung, in
which the blood path length is roughly twice as long. The low-density fiber mat provides a
fiber bundle with lower resistance. The resulting device meets the gas exchange
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specification, but operates above the target pressure drop. The current device still is
clinically relevant in its current design because hypertensive patients may produce PA
pressures above 70 mm Hg.1” However, changes will be made to future iterations of the
device to achieve target pressure drop to allow treatment of normotensive patients and
reduce RV load.

Gas exchange performance is comparable to our previous published AL design and is more
efficient than current clinical devices (Table 2). Priming volume is comparable to clinical
pediatric ALs but will be reduced in future designs by making devices which are smaller in
size but use a higher density fiber mat to meet specifications. Increasing the density of the
fiber mat will increase pressure drop, but this will be offset by tuning other parameters such
as fiber length and the length of the blood flow path. Carbon dioxide removal efficiency
gradually decreased throughout the course of the experiment, likely due to an increase in the
resistance to CO, diffusion caused by water condensation in the gas phase, platelet
deposition on the fiber surface, or a combination of both.

The pressure drop of the Pediatric MLungs was higher than predicted by CFD simulations.
Slight differences between the intended and actual Pediatric MLung parameters (2.5 £ 0.1
cm fibers rather than 3 cm, 0.13 m2 membrane SA rather than 0.10, porosity of 0.86 rather
than 0.9) account for some of this difference in pressure drop. However, when these values
are reflected in the simulations, CFD still predicts a lower pressure drop than what was
experimentally observed. In the simulation, the fiber bundle is treated as a continuous,
isotropic porous media rather than a collection of discrete fiber bundles. In practice, the fiber
bundles have different permeabilities depending on the direction of blood flow. Additionally,
the fibers in the device are not equally spaced. Although each adjacent fiber is equally
spaced within the fiber mat (/.e,, in the circumferential direction in the fiber bundle), as the
fiber bundle is wrapped, the adjacent fibers in the radial direction are much closer together.
This causes the estimated permeability to be different from the actual permeability of the
non-homogenous fiber mat. In this cylindrical configuration, the fiber bundle is more
accurately modeled as an axisymmetric or anisotropic porous media3®; however, the
resistance in each direction across the fiber bundle must be determined experimentally to
accurately model the fiber bundle as an axisymmetric or anisotropic porous media.

Two Pediatric MLungs demonstrated use in the arteriovenous circuit over 6 hours and a third
was used for 3.5 hours before clotting in the circuit caused flow to drop substantially.
Platelet consumption was gradual but apparent in the three devices tested (31%, 27%, and
29% reduction in platelet count for devices A, B, and C, respectively), whereas a consistent
trend regarding WBC concentration was not apparent. The clotting that was observed
qualitatively occurred in three areas: 1) an area of apparent recirculating flow in the inlet of
the device; 2) along the horizontal cross-threads that hold the fiber mat together; and 3) at
areas adjacent to the potting (see, Supplemental Figure 1, http:/links.lww.com/ASAIO/
A433). Future designs will include refinement of the inlet geometry to remove the area of
recirculating flow. The fiber crossthreads are necessary for the integrity of the fiber mat but
can potentially be situated to be present only within the potting of the device and not in the
active blood-contacting region. Longer-term animal studies are necessary to verify
hemocompatibility for chronic applications. In this work, acute hemocompatibility/
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thrombosis is evaluated without the aid of nonthrombogenic coatings/sweep gas additives.
However, future iterations of the Pediatric MLung including chronic hemocompatibility
testing will incorporate a nonthrombogenic coating and the addition of nitric oxide to the
sweep gas.

Much of the current work focuses on designing the Pediatric MLung, so that it has a low
resistance. Although resistance is the opposition to steady flow, impedance can be thought of
as the opposition to pulsatile flow.37:38 Impedance is determined by both the resistance and
compliance of the circuit (as well as parameters related to the fluid and pulsatility).39:40
Circuit compliance is an important consideration that has been shown to affect cardiac
function and RV load, particularly for long-term support.4! This is seen in normal, healthy
pulmonary circulation as well. In addition to having low resistance to steady flow (relative to
systemic arterial circulation), the natural pulmonary circulation displays enhanced vascular
distention (compliance) which is important in allowing pressures in these vessels to remain
low.37:42 Artificial lungs that have higher than physiologic impedances can produce
abnormal pulmonary hemodynamics when connected in parallel or in series with the natural
lung.%3 Compliant ALs and circuits have been developed to achieve impedances even lower
than the natural lung.#4-46 Circuit compliance will be an important consideration for the
development and implementation of the Pediatric MLung; however, in this work, we have
focused solely on the resistance aspect of the AL. Future work will done to incorporate the
proper level of compliance to the circuit.

In conclusion, a pediatric AL based on concentric gating (Pediatric MLung) was designed
and fabricated. The device has a rated blood flow of 1 L/min and a pressure drop =25 mm
Hg at rated flow. A dual-inlet design and low-resistance fiber mat was used to keep pressure
drop low while maintaining adequate gas exchange capability. We demonstrated repeatable
fabrication (n = 6), confirmed performance in benchtop blood flow testing and in an acute
sheep model of ECMO. The next step for this work will be implantation of the device in a
chronic sheep model to demonstrate long-term pulmonary support.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Basic device topology of the Pediatric MLung. A, B: The components the comprise the

device include (a) outer housing, (b) gate insert, (c) blood outlet, (d, €) end caps, (f) fiber
bundles, and (g) the blue silicone potting. C: Side view of a Pediatric MLung; the fibers are
oriented vertically within the housing in this image. D: Top view of a Pediatric MLung with
illustration of the blood flow paths (red arrows).
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Figure 2.
Isometric views of the 3D model (A) and a cross-section through a midplane (B) of the

pediatric MLung having 3 cm fiber length. Velocity (C) and pressure (D) profiles through
the mid-plane of the Pediatric MLung were generated with Solidworks Flow Simulation. 3D,
three-dimensional.
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Figure 3.
Oxygenation (A, B) and pressure drop (C) of pediatric MLung during benchtop blood flow
testing (n = 6).
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Figure 4.

Device flow rate (circles) and corresponding pressure drop (triangles) during 6 hours of
arteriovenous blood flow from adult sheep. Three Pediatric MLungs were tested (A—C) for 6
hours or until device flow was reduced to 5% of initial flow.
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4

3
Time (h)

Systemic ACT (circles) and device resistance (triangles) during 6 hours of arteriovenous
blood flow from adult sheep. Three Pediatric MLungs were tested (A—C) for 6 hours or until
device flow was reduced to 5% of initial flow. ACT, activated clotting time.
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Figure 6.
Platelet count (circles) and WBC count (triangles) during 6 hours of arteriovenous blood

flow from adult sheep. Three Pediatric MLungs were tested (A—C) for 6 hours or until
device flow was reduced to 5% of initial flow. WBC, white blood cell.
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Figure 7.
CO, removal efficiency (circles) at varied sweep flow (triangles) of three Pediatric MLungs

that were tested for 6 hours or until device flow was reduced to 5% of initial flow.
Datapoints not gathered were due to dilution of the sample by sweep gas making the
collected CO, concentration below the detection limit of the blood gas machine (average +
SEM, n =3, *n =2, no error bar: n = 1). CO,, carbon dioxide; SEM, standard error mean.
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Figure 8.
Device flow rate (diamonds) and corresponding pressure drop (squares) during 6 hours of

blood flow from adult sheep. Three Pediatric MLungs were tested (A—C) for 6 hours (with
exception of plot C, in which the experiment was ended voluntarily after occlusion of the
rPA did not result in blood flow of at least 0.75 L/min). Oxygenation rate was measured
throughout each experiment (D). rPA, right pulmonary artery.
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