'," frontiers
in Pediatrics

REVIEW
published: 05 September 2018
doi: 10.3389/fped.2018.00243

OPEN ACCESS

Edited by:

Hitesh Singh Sandhu,
University of Tennessee Health
Science Center, United States

Reviewed by:

Robert Kelly,

Children’s Hospital of Orange County,
United States

Anthony Lazarus Panos,

University of Mississippi Medical
Center, United States

*Correspondence:
Timothy M. Maul
timothy.maul@nemours.org

Specialty section:

This article was submitted to
Pediatric Critical Care,

a section of the journal
Frontiers in Pediatrics

Received: 24 February 2018
Accepted: 13 August 2018
Published: 05 September 2018

Citation:

Maul TM, Nelson JS and Wearden PD
(2018) Paracorporeal Lung Devices:
Thinking Outside the Box.

Front. Pediatr. 6:243.

doi: 10.3389/fped.2018.00243

Check for
updates

Paracorporeal Lung Devices:
Thinking Outside the Box

Timothy M. Maul "-?*, Jennifer S. Nelson' and Peter D. Wearden '3

" Department of Cardiac Surgery, Nemours Children’s Hospital, Orlando, FL, United States, ? Department of Biomedical
Engineering, University of Pittsburgh, Pittsburgh, PA, United States, ° Department of Cardliothoracic Surgery, University of
Pittsburgh, Pittsburgh, PA, United States

Extracorporeal Membrane Oxygenation (ECMO) is a resource intensive, life-preserving
support system that has seen ever-expanding clinical indications as technology and
collective experience has matured. Clinicians caring for patients who develop pulmonary
failure secondary to cardiac failure can find themselves in unique situations where
traditional ECMO may not be the ideal clinical solution. Existing paracorporeal ventricular
assist device (VAD) technology or unique patient physiologies offer the opportunity for
thinking “outside the box.” Hybrid ECMO approaches include splicing oxygenators into
paracorporeal VAD systems and alternative cannulation strategies to provide a staged
approach to transition a patient from ECMO to a VAD. Alternative technologies include the
adaptation of ECMO and extracorporeal CO» removal systems for specific physiologies
and pediatric aged patients. This chapter will focus on: (1) hybrid and alternative
approaches to extracorporeal support for pulmonary failure, (2) patient selection and,
(8) technical considerations of these therapies. By examining the successes and
challenges of the relatively select patients treated with these approaches, we hope to
spur appropriate research and development to expand the clinical armamentarium of
extracorporeal technology.

Keywords: paracorporeal, lung assist, VAD, oxygenator, hybrid

INTRODUCTION

For the past 40 years, pediatric extracorporeal life support (ECLS) has utilized innovative strategies,
novel technology, or repurposed adult medical devices to provide life-saving care to this unique
patient population. Prior to the availability of commercial equipment, practitioners made their
cannulae, bladder systems, and customized circuits in-house. Commercially available devices for
adults have continued to enter the clinical arena, leaving pediatric providers little choice but to
use them off-label and at the edge of their intended operational limits. The relative dearth of
commercial devices and solutions in pediatrics is a function of the smaller size of the patients
and its anatomic challenges, and the smaller sized population and its financial market challenges.
Since 2012, the number of adult applications of extracorporeal membrane oxygenation (ECMO)
has overtaken the combined use in pediatric and neonatal patients (1). Accommodating the range
of patient sizes present in pediatric medicine (from <2 kg premature neonates to 80+ kg teenagers),
is a difficult task for medical device designers. Producing one device for a narrow population
would further limit the patient population served. However, producing an array of devices can
exponentially complicate and increase production and regulatory costs. Because these factors are
not expected to change in the near future, clinicians have continued to adapt available technology
to meet the needs of their patients and published case reports to share their experience.
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Venoarterial (VA) and venovenous (VV) ECMO are gaining
acceptance as a standard of care for lung failure refractory
to conventional treatment (2, 3), and VADs are increasingly
utilized for pediatric heart failure (4). However, there are
patients whose anatomy, specific etiology of lung failure, or
concomitant requirements for other organ support devices have
led practitioners to look for new ways to apply the underlying
ECMO and VAD technology to treat their patients. This chapter
will explore these unique patient populations, highlight the
various approaches that have been used for supporting their
lung failure, and provide recommendations and insights for
future applications. It should be noted that, like most VAD and
ECMO devices applied to pediatrics, these approaches are off-
label and should be reserved for the more skilled practitioners
of the underlying technologies. Experienced teams are more
likely to be aware of the many, sometimes subtle, complications
(e.g., infection, stroke, renal insufficiency, etc.) and challenges
associated with mechanical circulatory support in children that
can lead to poor outcomes. Three general approaches will be
discussed: pumpless oxygenators or paracorporeal lung assist
(PLA), ventricular assist devices with oxygenators (VAD+Oxy),
and adaptation of extracorporeal CO; removal (ECCO3R)
devices for pediatric ECMO.

PARACORPOREAL LUNG ASSIST

Pediatric patients requiring ECMO as bridge to lung
transplantation tend to fare worse than their adult counterparts
(5, 6). The reasons for this finding are likely multifactorial.
A perceived need for more sedation in children compared to
adults on ECMO can lead to lower pre-transplant mobility. A
smaller donor pool for pediatric lungs also makes wait times
comparatively longer in children than in adults (7). In addition,
long-term ECMO may lead to more clinically significant
complications including stroke, hemolysis, and infection (8-10).
The potential for PLA, essentially an artificial lung, has been
the hope as a bridge for lung transplantation or as potential
destination therapy for over 30 years (11). The advent of low
resistance ECMO oxygenators (<50 mmHg pressure drop
across the oxygenator at peak flow), has inspired clinicians
to utilize these in a PLA configuration, particularly for young
patients presenting for lung transplantation with pulmonary
hypertension.

Oxygenators

In a PLA configuration, an oxygenator would need to present
limited resistance to blood flow at the expected cardiac
output. Short path oxygenators, where individual blood elements
encounter as few oxygenator fibers as possible as they traverse
the device, offer the ideal resistive profile (see Figure 1). This
typically requires a larger surface area for equivalent gas exchange
when compared to a long path oxygenator. The short path
oxygenator configuration is often a cross-fiber mat, as opposed
a long path oxygenator, which has a round, wound fiber
configuration. To date, there are just two manufacturers for these
types of oxygenators (see Table 1 for technical specifications on
the available devices). These devices utilize a nearly identical

FIGURE 1 | Examples of a short path (A) and long path (B) oxygenator
design. Streamlines denote the potential path of blood cells through the
oxygenator. The longer the path line, the higher the pressure drop (and thus
higher resistance) of the oxygenator.

design for their blood path (Figure 2). The primary difference
between NovaLung iLA® (Xenios, Germany) and Quadrox®
iD Adult (Maquet, Germany) is the absence of a mat of heat
exchanger fibers in the iLA. This gives the iLA a thinner profile
and a lower resistance to blood flow at 4 L/min (about half as
much as the Quadrox iD Adult). For pediatric patients with
an expected cardiac output less than 0.5 L/min, clinicians have
used the Quadrox iD Pediatric (Maquet) with its incorporated
heat exchanger (12). This oxygenator has been the primary
polymethylpentene oxygenator used for pediatric ECMO in the
United States for nearly a decade. However, it does have a
sufficiently low resistance to permit its utilization in the PLA
configuration in situations where the RV is capable of providing
the driving pressure for blood flow.

Clinical Reports

Although there have been many reports of adults supported
with PLA oxygenator technology for ECCO,R (13, 14) or as
bridge to transplantation (15), there have been limited reports
of its application in pediatric settings. Taylor et al. published the
first case report of a 15-year old, 41 kg female with pulmonary
veno-occlusive disease (16). This patient presented with a
history of 6 months of increasing fatigue, dyspnea, and reduced
exercise tolerance. She was diagnosed with veno-occlusive disease
by echocardiographic findings of surprasystemic pulmonary
artery pressures, and was managed with diuretics, warfarin and
oxygen while being listed for transplantation. After three weeks,
she deteriorated to the point of RV failure and hypoxemia,
and was taken to the operating room for RV decompression
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TABLE 1 | Technical specifications for oxygenators used in pumpless configuration.

Manufacturer Model Pt Size Surface Priming VO, CO, Flow AP Connectors Available
area  volume (mL Oy/min) transfer range  at max coating
(m?) (mL) rate (L/min)  flow
(mL (mmHg)
CO2/min)
Magquet Quadrox® iD 10 kg+ 1.8 250 425 450 0.5-7 70 3/8" BioLine (heparin), SoftLine
Pediatric (amphiphilic polymer)
Maquet Quadrox® iD 2-13kg 0.8 81 180 140 0.25- 38 1/4" BioLine (heparin), SoftLine
Neonatal 1.5 (amphiphilic polymer)
Xenios NovaLung® LA 10 kg+ 1.3 175 130 148 0.5-4.5 20 3/8" Heparin
[, e [
1» - o ‘ [
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FIGURE 2 | General flow path of blood through the Quadrox iD and Noval.ung iLA devices (left). These devices employ an orthogonal flow path for the other medium
(right). Blood flow is around the fibers while gas flow is through polymethylpentene fibers (Quadrox and NovalLung) and water flows through a separate set of
polypropylene fibers (Quadrox only) in the right half of the oxygenator. The fibers are separated by a plastic divider (red vertical line in the left image).

using the NovaLung iLA. Due to increased risks associated
with anesthesia in patients with pulmonary hypertension, she
was prophylactically placed on VA ECMO through femoral
cannulation under local anesthesia without sedation before
undergoing a sternotomy under general anesthesia. Central
cannulation was accomplished through the pulmonary artery
(PA) using an arterial bypass cannula (22 FR EOPA, Medtronic,
USA) and the right superior pulmonary vein using a right-
angle single-stage bypass cannula (22 FR DLP, Medtronic).
The patient was separated from ECMO after 100 min and
maintained on the iLA device with flows of 1.8-2.2 L/min
supported solely by the RV. She was extubated on postoperative
day 3, had a device exchange on day 18 due to visible clot
formation, and received a bilateral lung transplant on day 30
with discharge to home 25 days later. Her course with the
iLA was uncomplicated, with no evidence of neurologic injury,
and she was able to ambulate, breath spontaneously, and eat a
normal diet. The authors reported that her hypertrophied RV
returned to a normal size due to the afterload reduction offered
by the iLA.

Gazit et al. published the first case report of the use of
a PLA paracorporeal oxygenator in a small child (17). A 2-
year-old male presented with pulmonary hypertension and was
cannulated for VA ECMO through the neck on the second day
of his hospital admission due to worsening hypoxia related to
right to left shunting across the atrial septum. After 17 days
of ECMO support, and listing for lung transplantation, the
patient was transitioned to a NovaLung iLA through central
cannulation of the PA with a 12 x 9-mm arterial Berlin Heart
cannula (Berlin Heart, Germany). The LA was cannulated with a
right-angle single-stage venous cardiopulmonary bypass cannula
(22 FR, DLP, Medtronic). After 9 days on the iLA, the patient
was extubated and allowed to mobilize. Periodic changes of the
oxygenator were required for clot formation, and after 23 days
of iLA support, the patient suffered a stroke; prompting removal
of the iLA. Fortunately, during the period of iLA use, the dosing
of pulmonary hypertensive medications (Bosentan and Flolan)
were escalated and the patient demonstrated gradual decrease in
the flow through his iLA as the pulmonary resistance declined.
iLA flows went from 2.25 L/min at the initiation of support
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to 1.75 L/min at the time of device removal. The patient was
discharged home, without transplantation, 3 months after initial
presentation (~2 months after device removal).

Drawing on their initial success, Gazit et al. attempted to
perform a similar rescue of a neonate with a diagnosis of alveolar
capillary dysplasia (12). Again, with the intended endpoint of
transplantation, the patient was transitioned to PLA support
within 5 days of ECMO cannulation. Because the expected flow
rate was less than the minimum 0.5 L/min of the iLA, a Quadrox
iD Pediatric was used. A similar PA-LA cannulation was strategy
was employed with a minor change to the PA cannulation in
an attempt to achieve better hemostasis at this connection. The
authors used a small 8-mm Gore-Tex (W.L.Gore Associates,
Arizona, USA) graft anastomosed to the PA through which the
6 mm Berlin Heart atrial cannula was inserted. A 16 Fr right-
angle venous cannula (DLP, Medtronic) was placed in the LA
similar to the previous case. The initial flow rate was 0.25 L/min
and increased to 0.45 L/min over the first 5 days. Anticoagulation
was similar to their institutional ECMO protocol of continuous
unfractionated heparin to maintain an ACT of 180-220s. They
added low-dose aspirin and antithrombin replacement to achieve
antithrombin levels greater than 80%. Extubation occurred 15
days after device placement. The oxygenator and connectors were
replaced on day 14 and 21, respectively due to thrombus build-
up. Atrial ectopic tachycardia was noted and attributed to the
LA cannulation, and a significant intracranial hemorrhage with
seizure activity occurred on day 43, requiring redirection of care.
The authors suggested that in light of seemingly appropriate
anticoagulation strategy, better LA cannulation strategies might
be required to mitigate the thrombogenic metal cannula tip in
the LA, which they believe caused embolic strokes that led to the
presentation of a hemorrhagic conversion stroke.

Another patient (2-month-old with AV canal with right lung
hypoplasia and pulmonary interstitial glycogenesis) was treated
with PLA as a bridge to lung transplant following placement on
VA ECMO through the neck (18). This patient underwent AV
canal repair at the time of device placement with the Quadrox iD
Pediatric. Cannulation was similar to the prior neonatal patient,
with the PA cannulated by a 6-mm Berlin Heart atrial cannula
placed through an 8-mm Gore-Tex graft anastomosed to the
PA, and a 16 Fr right-angle bypass cannula (DLP, Medtronic)
placed in the LA. Anticoagulation was slightly lower in this
older patient, compared to the prior neonate. Unfractionated
heparin was administered with a target ACT of 160-200s and
antithrombin replacement to maintain levels greater than 80%.
This patient’s course was complicated by the presence of a
small residual atrial septal defect, which led to a significant left
to right shunt(Qp:Qs = 4:1) due to high left ventricular end-
diastolic pressures from small left-sided structures that were not
initially appreciated. Re-operation was required to address the
shunt. Similar to the prior patients, this patient developed a
hemorrhagic stroke by day 17. This event was speculated to be
a hemorrhagic conversion of an embolic stroke originating from
the LA cannulation strategy and resultant thrombus formation.
The patient’s course was further complicated by renal failure,
leading to removal from the lung transplant list and redirection
of care after 72 days of support.

The final case in the Gazit series reported on the successful
bridge to transplant of a 9-month-old infant with pulmonary
hypertension due to alveolar capillary dysplasia (18, 19). In
this patient, transition from VA ECMO via neck vessels to
PLA was also accomplished using a Quadrox iD Pediatric
oxygenator connected between the PA and LA. The PA was
directly cannulated with a 6-mm Berlin Heart atrial cannula
because the patient was larger, with easier access to the PA. Due
to the presence of strokes in the three prior patients, alternative
LA cannulation was performed by placing a 10 mm Gore-Tex
graft through the right atrium into an existing atrial septal defect
(Figure 4C) to establish communication to the LA. The graft
was then connected to a 6-mm Berlin Heart atrial cannula.
Anticoagulation was maintained with unfractionated heparin
to achieve ACTs between 160 and 200s, but no antithrombin
or aspirin was administered. Although the patient was only
supported for 5 days before receiving a successful lung transplant,
no thrombus was detected in the LA at the time of device explant.
The authors hypothesized that this configuration stabilized the
intracardiac portion of the cannula and improved outflow
dynamics to the LA.

Recommendations

The collective experiences of Gazit et al. have recently
culminated in a series of recommendations for the use of PLA
(7). The recommendations cover many aspects of pediatric
patient management on this type of technology, including
patient selection, contraindications, sedation, anticoagulation,
and ventilator management.

Patient selection for PLA should be restricted to pulmonary
hypertension (PH) for bridge to transplantation or bridge to
recovery. The reason for this is that the resistance in the
oxygenator must be less than the pulmonary vascular resistance
to prevent blood preferentially flowing to the lungs, establishing
a parallel blood path away from the lungs. In other forms of
pulmonary failure where gas exchange is the primary mechanism,
the PVR is not as elevated, and PLA would not improve the
patients condition without pulmonary artery banding distal
to the PLA anastomosis. Because of the reliance of the heart
to provide blood flow to the PLA, specific criteria for the
cardiac function and anatomy need to be present. For patients
with PH, there is evidence that the cardiac output is the
strongest predictor for long-term survival (22). RV dysfunction,
in addition to the sequelae from venous congestion (hepatic
failure, ascites, reduced glomerular filtration rates), leads to
LV dysfunction from lower filling pressures, decreased LV
output, and decreased coronary perfusion. Cardiac failure can
ultimately lead to the need for rescue decompression through
VA ECMO, but may have irreversible fibrosis in the ventricles,
for which PLA cannot provide relief. In fact, Gazit et al. have
indicated that failure to wean from inotropic therapy in the
initial days following PLA initiation may warrant further testing
(echocardiographic and/or cardiac catheterization), and have
suggested an ejection fraction <54% as a contraindication for
PLA (7). In addition to global cardiac function, there are specific
cardiac conditions that should be considered contraindications to
PLA. With the low resistance from the PLA, atrial or ventricular
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level communications can result in a significant left atrial
and left ventricular volume load. Therefore, any intracardiac
communication, including single ventricle physiology, which
results in clinically significant pulmonary overcirculation (18),
should be considered a contraindication unless it can be repaired
at the time of PLA implementation. This also includes greater
than moderate mitral regurgitation, which would limit forward
flow to the PLA.

Given the significant stroke rate (60%, 3/5 patients) reported
in the early experience with PLA, sufficient anticoagulation and

neurologic surveillance is necessary (16, 18). The surface area
of PLA devices is the same as an ECMO oxygenator, and they
require similar anticoagulation management with unfractionated
heparin or direct thrombin inhibitors to achieve an activated
partial thromboplastin time (aPTT) approximately two times the
patient baseline value. With the oxygenator having a direct exit to
the left atrium, the anticoagulation strategy may need to favor a
more aggressive approach outside of the initial surgical period.
Addition of aspirin to a heparin or direct thrombin inhibitor
regimen may be appropriate without increasing bleeding risk
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FIGURE 3 | VADs used in VAD+Oxy configurations. (A) In a centrifugal pump, blood flow is directed inward from the inlet, accelerated circumferentially by the
impeller, and then expelled along the axial line of the outlet. (B) The pressure change across a typical centrifugal pump is fixed by the impeller speed. The resultant
flow is therefore a function of the inlet and outlet resistance to flow. (C) A pneumatically driven paracorporeal VAD has an internal blood-filled sac compressed
externally by air forced between it and the housing. One-way valves create unidirectional flow from the pump. Adapted with permission from ASME (35).
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(23). The most concerning areas for clot formation are the outlet
of the oxygenator to the cannula returning to the left atrium.
These areas should be monitored closely, and any clot formation
on the outlet of the PLA system should be cause for concern and
potential component change. The LA cannulation strategy may
also be considered a significant factor in the reported strokes.
The two patients who did not experience strokes had return
cannulation through either, (1) an existing ASD using a Berlin
Heart atrial cannula, or (2) through a pulmonary vein. Strategies
to route blood to the LA while minimizing flow disturbances or
stasis should be considered.

Monitoring of the PLA should include an ultrasonic flow
probe and inlet pressure transducer. These two devices provide
information about the relative state of the PLA device as well as
potential remodeling in the pulmonary vasculature. Significant
decreases in flow rate may be a result of thrombus build-up
in the oxygenator, decrease in PVR permitting more blood
to be directed to the lungs, or decrease in cardiac output.
Careful examination of the patient and device are necessary to
appropriately interpret these data. Thrombus build-up in the
oxygenator may be associated with a decreased oxygen or CO,
transfer rate (difference in pO; or pCO; between inlet and outlet
of the PLA device) or increased RV pressures in the setting of
unchanged PVR. Decreased PVR relative to an unchanged device
resistance should cause a decrease in RV pressures as blood is
more easily shunted toward the lungs. Decreased cardiac output
may indicate worsening cardiac function and should prompt an
echocardiogram and hemodynamic assessment.

COMBINED VAD AND OXYGENATOR
TECHNOLOGY

Pediatric pulmonary failure in conjunction with cardiac failure
can present as a direct result of an anatomic or pathologic
condition, or it can arise from the medical and surgical treatment
of these conditions. An acute presentation of biventricular failure
or cardiorespiratory failure typically leads to the utilization of
traditional ECMO strategies because of physician familiarity of
these systems and efficiency of deployment (24, 25). On ECMO,
a patient with severe ventricular failure and no intracardiac shunt
may require the addition of a left atrial or left ventricular vent to
prevent harmful distension of the left ventricle (26). In the case of
isolated poor left (or systemic) ventricular function or non-acute
presentation, VAD support with adequate decompression of the

failing ventricle is central to a strategy for myocardial recovery.
Therefore, starting with a short-term paracorporeal LVAD
or quickly transitioning from ECMO to a short-term LVAD
within a few days may provide the necessary decompression
without additional cannulae or an atrial septostomy via cardiac
catheterization (27).

Conversion to VAD systems typically occurs after several
days of traditional ECMO when: (1) the cause of the acute
decompensation is determined, (2) end-organs have been
resuscitated, and (3) the expected recovery time is lengthy or
transplantation is the ultimate goal. Bridge to recovery occurs
relatively infrequently (1-11%) in adult VAD patients (28, 29),
and appears to be more frequent (35-83%) in pediatric VAD
patients when the appropriate etiology is recognized (24-27,
30). Of all heart conditions that lead to implementation of
mechanical circulatory support, post-partum cardiomyopathy
(adults) and myocarditis (children) have the highest rates of
recovery, respectively (26, 28, 30, 31). Despite optimal medical
management on a VAD, severe pulmonary failure may still occur;
leaving clinicians with the difficult choice to return to ECMO,
or to create a hybrid VAD+Oxy system to support the patient
through this pulmonary failure phase (32-34). This section
describes the collective experience of those who have chosen the
latter for their patients, and insights gained from their efforts.

Paracorporeal VADs Used With

Oxygenators
The lack of intracorporeal VADs labeled for patients with a BSA
<1.2 m? has spurred the use of adult or pediatric paracorporeal
VADs as a bridge to transplantation or a bridge to recovery.
The ability to provide short-term oxygenator support in the
process is technically feasible because of the externalization of the
VAD. The choice of device has largely depended on institutional
resources and surgeon preference or comfort level with the
technology. Paracorporeal VADs fall into two broad categories
based on their blood flow characteristics: continuous or pulsatile.
Extracorporeal continuous flow VADs are generally
considered centrifugal pumps because their inlet and outlet
ports from the device are orthogonal to each other and the
primary motion of blood in the device is circumferential until
it exits the outlet flute. A typical centrifugal pump is shown in
Figure 3A. Centrifugal pumps are pressure-generating pumps
because the action of the rotating impeller creates a specific
pressure difference between the inlet and outlet of the pump.
Consequently, for a specific number of revolutions per minute

TABLE 2 | Listing of devices and technical specifications for pumps used in reports of VAD+Oxy configurations.

Company Device Type Priming volume (mL)  Flow range (L/min)  Key features Connection
Abbott CentriMag® Continuous flow, Centrifugal 32 1-8 Magnetically Levitated Impeller 3/8”
Abbott PediMag® Continuous flow, Centrifugal 14 0.2-1.8 Magnetically Levitated Impeller 1/4"
Cardiac Assist ~ TandemHeart® Continuous flow, Centrifugal 10 1-4 Liquid cooled bearing 3/8"
Maquet RotaFlow® Continuous flow, Centrifugal 32 1-10 Hydrodynamic Bearing 3/8"
Berlin Heart Excor® Pulsatile, Pneumatic 10, 15, 25, 30, 50, 60 0.3-7.5 Tri-leaflet valves 1/4"-3/8"
Medtronic AB5000® Pulsatile, Pneumatic 80 2-6 Tri-leaflet valves 3/8”
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(RPM) of the pump, the actual blood flow may vary depending  centrifugal pumps used for VAD+Oxy configurations have
upon the resistance to flow at either the inlet (preload) or outlet  included the PediMag® and CentriMag® (Abbott, California,
(afterload) from the pump (see Figure 3B). The paracorporeal ~ USA), Rotaflow® (Maquet, Germany), and TandemHeart®
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FIGURE 4 | Configurations for paracorporeal oxygenators. (A) Centrifugal pump with oxygenator in the shunt line [modified with permission from Annals of Thoracic
Surgery (20)]. (B) Pulsatile pump with oxygenator and shunt line [reproduced with permission from the Journal of Extracorporeal Technology (21)]. (C) Pumpless
oxygenator configuration with return through ASD.
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(Cardiac Assist Technology, Pennsylvania, USA). The key
differences between these pumps are in their sizes, specific
pressure profiles (the amount of pressure generated for a given
RPM) and the type of bearing that allows the impeller to spin
within the housing (see Table 2).

Pulsatile VADs in the paracorporeal setting are pneumatically
driven devices with blood-filled polymer sacs enclosed in hard
external housings (Figure 3C). Filling and emptying of the blood
sac is controlled through the applied pneumatic pressure and
vacuum settings, the timing of systole and diastole, and preload
and afterload resistances. One-way valves positioned at the
entrance and exit of the blood sac create unidirectional flow
through the device. Although there is some sensitivity to preload
and afterload resistance, these pumps are less sensitive to these
changes than their centrifugal counterparts. Key areas of concern
are the valves, which are sources of thrombus formation. To date,
only two paracorporeal pneumatically driven VADs have been
reported with oxygenators spliced in-line: the EXCOR® (Berlin
Heart) and AB5000® (Abiomed, Massachusetts, USA).

Cannulation for an LVAD is typically from the LA or LV
(depending on patient size, pathologic substrate, and available
cannula options) to the aorta. Cannulation for an RVAD is
typically from the RA to the PA. Cannulation of the right
atrium may be accomplished with a right-angle cannula or
a Berlin Heart atrial cannula. Cannulation of the ventricle is
typically accomplished with a straight cannula or a Berlin Heart
ventricular cannula. Decisions for cannula type and position
are based upon patient anatomy, patient size, and availability of
the cannula (e.g., centers that do not use the Berlin Heart as
a VAD typically do not have access to Berlin Heart cannulae).
Outflow cannulae typically consist of Berlin Heart cannulae
or a vascular graft (Dacron or Gore-Tex) anastomosed to the
aortic or pulmonary artery for an LVAD or RVAD, respectively
(36). Because of the variety of devices, cannulae and tubing,
few patients are provided with tip-to-tip coating with anti-
coagulant or anti-inflammatory materials that are typically found
in modern ECMO systems.

Clinical Reports

Garcia-Guereta et al. were among the first to report the use
of an oxygenator in series with a VAD in children (37). They
reported a case report of a 5-year-old with acute onset heart
failure from myocarditis. After a worsening clinical course, the
patient was listed for heart transplantation and subsequently
experienced a cerebrovascular accident from an LV thrombus
and further deterioration of LV function. The patient was placed
on ECMO for 9 days prior to conversion to Berlin Heart biVADs.
Hemorrhagic atelectasis in the operating room during biVAD
placement required additional oxygenator support, which was
placed in the outflow of the left pump. The oxygenator was
weaned after 3 days, and the patient extubated 2 weeks later. After
210 days, the patient was successfully transplanted.

Betit et al. reported the use of a VAD+4Oxy in a single patient
with acute respiratory distress (21). During the post-operative
period following a root replacement in a 12-year-old with Marfan
syndrome, AB5000 biVADs were placed. The patient developed
increasing ventilator requirements, and a Quadrox oxygenator

was spliced into the outlet of the RVAD. Because the patient
was dependent upon the biVAD for cardiac output, the authors
constructed their circuit with a bridge around the oxygenator to
facilitate a potential change in oxygenators without interrupting
RVAD flow (Figure 4B).

In 2017, Monge et al. reported a small case series utilizing
an adult paracorporeal continuous-flow VAD (Tandem Heart,
Cardiac Assist, Pittsburgh, USA) in 13 pediatric patients (0.4—
2.1 m? BSA), including three patients with single ventricle
physiology (20, 38). All patients had their left atrium (or common
atrium for single ventricles) cannulated using a standard
metal-tip right-angle bypass cannula. A Gelweave Dacron graft
(Terumo, Ann Arbor, USA) was anastomosed to the ascending
aorta for outflow. The Tandem Heart is a small centrifugal pump
(priming volume of ~10 mL) but has a minimum flow rate of 1.0
L/min, which is too high for children <0.8 m?, and requires a
recirculation line. Three patients required an oxygenator spliced
into outlet tubing from the pump, with two being placed in the
recirculation line (Figure 4A). Twelve of the patients in the series
underwent transplantation, including those requiring additional
oxygenators. One patient recovered cardiac function without
transplant. The average support time was 31 days for the cohort,
regardless of the use of the oxygenator. The authors cited the
stroke rate of EXCOR (11-45%) as a primary reason why they
opted for adult centrifugal technology. In their series, 2 of 13
patients (14%) had strokes. While this was significantly better
than the worst reported stroke rate for the EXCOR, it does not
appear to be any better than the most recent experiences where
anticoagulation management and selection of EXCOR size has
greatly improved.

Zacagni et al. reported the use of an oxygenator with EXCOR
biVADs to support an 11-month-old girl with chronic severe
heart failure secondary to a complications of a neonatal arterial
switch operation (39). This patient was transitioned from ECMO
to biventricular EXCOR pumps. Three weeks after transition
to bi-VAD, she developed pulmonary hemorrhage, hypercarbia
and associated pulmonary hypertension that caused complete
cardiovascular collapse. A pediatric Quadrox oxygenator was
spliced into the RVAD circuit between the blood pump and
the pulmonary artery. She was maintained on a Berlin Heart
anticoagulation regimen (warfarin and aspirin) in addition to 10
IU/kg/h heparin infused into the inlet of the oxygenator. The
oxygenator remained functional for 2 weeks and was removed,
and the patient was subsequently extubated.

Conway et al. published their institutional experience with
short-term continuous flow devices (CentriMag, PediMag, and
Rotaflow) for 27 patients with pediatric cardiac failure in
2016 (27). The patient population included 14 with congenital
heart defects (including 3 single ventricle patients), 11 with
cardiomyopathy, and 6 post heart transplant. Twenty of the
33 reported VAD runs (61%) required additional oxygenator
support placed in series with the paracorporeal VAD. Seven
of the patients required biventricular VAD placement (2
paracorporeal VADs), and all but one of those patients required
oxygenator support. The oxygenator was placed in series with
the RVAD in these patients in order to provide oxygenated
blood to the pulmonary arteries (known to decrease pulmonary
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vascular resistance) and to reduce stroke risk from microemboli
originating on the large surface area of the oxygenator. RVADs
were the least commonly used modality (8 RVADs in 5
patients), and 5 of the 8 RVADs (63%) required an addition
of an oxygenator. Fifteen of the 20 VAD runs (75%) requiring
an oxygenator were on ECMO in the 24h prior to VAD
implantation, which indicates a significant degree of lung failure
early in the disease course. The authors’ experience regarding
the level of oxygenator support required for VAD patients is
greater than reported by others. One previous single-center
reported conversion from mechanical circulatory support for
heart transplantation to ECMO in about 23% of patients (40).
The PEDIMACS registry of pediatric VADs reported only 7% of
their patients had prior ECMO runs, and 13% had respiratory
failure within 3 months of implantation (41). Overall outcomes
were positive, with only 5 patients (19%) expiring on support
or within 1 month of decannulation, which is better than the
33% mortality reported in the ELSO registry for pediatric cardiac
ECMO (1).

Nelson-McMillan et al. most recently reported the use of an
oxygenator in a 7-year-old patient who acquired a respiratory
virus and required high frequency oscillatory ventilation
(HFOV) following EXCOR biVAD implantation for presumed
myocarditis (42). On post-operative day 24, the patient developed
a fever and an elevated C-reactive protein that was attributed
to cytomegalovirus (CMV) infection. After optimizing ventilator
support, the LVAD filling was <10% and there was minimal
aortic valve opening. On day 34, a Quadrox D was placed in
series with the RVAD to facilitate lung rest with lower ventilator
settings, and, as a result, improve filling of the LVAD. The
patient was maintained on an unfractionated heparin infusion,
targeting anti-Xa and aPTT values of 0.5 IU/mL and aPTT 60-
80s. After 10 days, the RVAD and oxygenator were replaced
due to hemodynamically significant RVAD valve incompetence.
The authors believed the valve failure was caused by prolonged
exposure to the additional resistance from the oxygenator. The
oxygenator was removed after 19 days, but the patient developed
septic shock 1 month later (requiring the oxygenator to be
placed in-line again) and subsequently died from multi-organ
failure.

Recommendations

The addition of an oxygenator to a paracorporeal VAD
would appear to potentially be a relatively straightforward
process. There are many reasons for adding an oxygenator to
a paracorporeal VAD rather than initiating separate ECMO
support, or instituting ECMO in the place of the VAD. Avoidance
of additional surgical procedures, such as neck or groin
cannulation for ECMO, or surgical removal of VAD cannula,
minimizes short-term procedural risks, as well as long-term
complications such as femoral vein and artery thrombosis related
to vessel manipulation. Avoiding simultaneous management
of two complex mechanical circulatory support systems is
also preferable. The published experience with VAD+Oxy
configurations demonstrates both frequent use and reasonably
good short-term outcomes. However, much like PLA technology,
VAD+-Oxy configurations should be reserved for a specific subset
of patients, and managed by an experienced team. In certain
contexts, there may be no actual benefit conferred to the patient
by utilizing VAD+Oxy configurations compared to multiple
combined modalities (40).

Key considerations for initiating VAD+Oxy are, (1) Patient
age and size; (2) disease process; (3) anticoagulation; and
(4) the capabilities and comfort of the center in managing
non-traditional systems. Because younger and smaller patients
(<10kg) tend to have a higher incidence of pulmonary failure
and biventricular failure, they are more likely to require
multiple modalities in their bridge-to-transplantation process,
compared to their older pediatric counterparts (40, 43). Also,
younger patients need smaller devices, which have lower margins
for error and are not well-equipped for overcoming high
resistances. These limitations are particularly important among
the pneumatic devices. The disease process also plays a key
role in decision-making. Primary respiratory failure due to viral
illness or pulmonary edema may be easily managed with a
VAD+-Oxy configuration, while bacterial sepsis involving multi-
organ dysfunction and cardiovascular instability will benefit
from the control and vascular access afforded by conversion
to VA ECMO (27). Anticoagulation on a VAD+Oxy patient is
primarily dependent left- or right-sided support and mirrors that
provided to ECMO patients because of the additional surface

TABLE 3 | ECCO»R devices currently marketed or in development.

Company Device Marketing Features

Xenios Novalung iLA active® ECCO,R to ECMO Small diagonal pump (0.5-4.5L/min) in a portable console with the iLA
oxygenator

Maquet PALP® ECCOoR Low-flow system (0.2-2.8 L/min) based on CardioHelp platform and
using a small (0.98 m2) oxygenator

A-Lung technologies HemoLung® ECCOsR Small surface area (0.67 m2) membrane lung with active mixing to
improve diffusion

Medtronic Abylcap® ECCO2R and sepsis/renal support Small membrane (0.67 m?) and low flow (0.28-0.35 L/min) inserted into
the Lynda® coupled plasma filtration system

Medos Prisma—Lung® ECCO2R and renal support Small membrane (0.32 m2), low flow (0.45 L/min) oxygenator added

Aferetica purification therapy Aferetica®

ERRO2R and renal support

into the Prisma® hemodialysis system

Low flow (0.03-0.45 L/min) oxygenator (unspecified surface area)
inserted into hemodialysis system
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area of the oxygenator. Anticoagulation for left-sided support
will most closely resemble that for a chest-cannulated VA ECMO
patient. Early anticoagulation will be minimal to permit surgical
hemostasis, followed by a more aggressive anticoagulation

strategy that should include anti-platelet agents to prevent
thrombotic stroke. Anticoagulation on right-sided support will
most closely resemble that for VV ECMO, which can be less
aggressive because of the additional filtration protection afforded
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FIGURE 5 | Graphical representation of an ECCO, R device with renal support (top). The oxygenator is typically placed in series with the hemofilter to increase the
resistance through the oxygenator and reduce the chance for bubble formation. The Hemolung (bottom) is an out-of-the-box ECCO» R device with a unique active
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by the lungs. Finally, one of the most important considerations is
the experience level of the medical management team, including
device first-responders such as bedside nurses, perfusionists,
respiratory therapists, and/or ECMO/VAD specialists. Teams
that are comfortable with the day-to-day management of ECMO
patients are likely to be successful with VAD+Oxy configurations
because personnel are well equipped to troubleshoot technical
issues with the devices, and to recognize and respond to
emergencies.

CO, REMOVAL DEVICES FOR PEDIATRIC
ECMO

In addition to the increased interest in VV ECMO for acute
respiratory failure, several small, easy to use devices have entered
the marketplace specifically targeting patient with chronic
obstructive pulmonary disease (COPD) and cystic fibrosis.
Designed for institutions without active ECMO programs, these
ECCO3R devices are essentially small oxygenators and blood
pumps that come as an integrated device or cartridge and
connect to the patient utilizing small catheters (similar in size
to dialysis catheters) that can be easily placed percutaneously in
the intensive care unit. The core principle is that at low blood
flow rates, a high sweep rate on a low surface area device can
remove sufficient CO, from the patient’s blood to improve their
condition. Results have been promising, and some manufacturers
are exploring whether these devices could be used instead of
invasive mechanical ventilation. The technical aspects of each of
the three devices that have been utilized for ECCO,R may also
make them suitable for other applications such as a pediatric
ECMO platform.

Devices

A number of devices are in development or have been marketed
for ECCO3R in Europe (see Table 3) simply replace a smaller
oxygenator in an ECMO system (iLA Active® and PALP™)
or add an oxygenator to an existing hemodialysis/continuous
renal replacement therapy system (Abylcap®, Prisma-Lung®,
Aferetica®, see Figure 5 top) (44, 45). The oxygenator sizes range
from 0.3 m? to nearly 1.0 m? with flow rates ranging from the
ultra-low (30 mL/min) to traditional ECMO flows (4.5 L/min).
These sizes and flow ranges seem to be perfectly suited for
ECMO in the pediatric population, and have the added benefit
of incorporated renal replacement therapy or cytokine filtration
(Abylcap®), which may be necessary for patients presenting with
sepsis in addition to pulmonary failure.

Of the ECCO3R devices, the HemoLung® is the only one
to provide a truly a unique design for its oxygenator. The
HemoLung incorporates the pump and oxygenator into the same
unit by spinning a hollow fiber oxygenator bundle. This creates
a disturbed boundary layer (marketed as “active mixing”) at
the fiber surface and improves gas transfer (Figure 5 bottom)
for a given size oxygenator, allowing the device to become
more compact. HemoLung is also the only device that has been
evaluated for its applicability to a pediatric ECMO population.
Jeffries et al. published promising preclinical studies in a juvenile

ovine model (46). In that study, a series of 12 animals (19-33 kg)
underwent 1-week ECMO runs using the HemoLung as the
oxygenator with flow rates sufficient for a 3 kg neonate. Seven
animals successfully reached study conclusion. The remaining
five animals were terminated early due to complications with
central venous catheters and monitoring lines. No device failures
occurred. Circuit blood flow was maintained at 280-300 mL/min
for the duration of the study, resulting in 50 mL/min CO,
removal. Blood drawn from the outlet of the HemoLung was
100% saturated with oxygen for the duration of all studies. These
data, along with bench testing demonstrating 0.3-0.8 L/min
blood flow, led the authors to conclude that for a specific pediatric
application (3-10kg), the HemoLung could sufficiently transfer
enough oxygen to serve as a VV ECMO device. Since the device
is a self-contained, cartridge-style system, it is primarily marketed
toward low-volume centers where technical training is limited
and more user-friendly solutions, requiring fewer employees to
manage may be desirable. This is a similar approach to the design
of the CardioHelp® (Maquet), which was designed as a more
self-contained, cartridge style, rapidly deployable ECMO system.

CONCLUSIONS

The utilization of ECMO in non-traditional clinical situations
has been reported in case reports and small case series. To date,
anecdotes of these off-label applications of ECMO and VAD
technology from the field indicate that additional paracorporeal
oxygenator support with or without a paracorporeal VAD
can be accomplished by experienced practitioners. These
approaches may ultimately become valuable tools in a clinician’s
armamentarium as they bridge their patients to transplantation.
Although experience with these devices has greatly improved the
duration that a patient may be safely supported, paracorporeal
technology (both VADs and oxygenators), at this time, is not
suitable as a destination therapy. Key takeaways from these
experiences are: (1) an appreciation for the complex interplay
between the underlying anatomy and physiology of the patient
and the technical attributes of the available paracorporeal
devices, and (2) the importance of minimizing the risk of
thromboembolic events by using a customized cannulation
and anticoagulation strategy. Anticoagulation regimens vary
between institutions, and can vary within an institution’s
active ECMO program on a patient to patient basis or
depending on the type of ECMO [veno-venous (VV) or
veno-arterial (VA)]. Given the nature of PLA, strategies for
anticoagulation that are more in alignment with VA ECMO,
where the stroke risk is much higher than VV ECMO, should
be considered. Specific anticoagulation strategies are outside
the scope of this review, but several excellent reviews have
been published recently that can help guide practitioners in
their decision-making (47-49). In the authors’ opinion, one
of the most important aspects of anticoagulation is to have
a written protocol, which surprisingly over 25% of ECMO
centers do not currently have (50). These reports also highlight
the ingenuity and resourcefulness of experienced programs
who utilize ECLS technology on a daily basis. There is a
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clear need for more advanced and specific technology in
pediatrics.

Although the initial reports from the pioneers in this field
are encouraging, collective experience with paracorporeal
lung devices to date is limited. Much like the early ECMO
experiences, a few positive case reports followed by widespread
application is likely to result in significant complications
and undesirable outcomes. These case reports have already
highlighted areas of significant concern, particularly the
stroke risk associated with PLA technology that could benefit
from additional research and technological advancement.
Case reports can also overlook details that may prove
crucial toward determination of adequate indications and
contraindications. Data registries can provide a central
location to examine the collective experience of a field for
this purpose. Thanks to the efforts of the Extracorporeal
Life Support Organization (ELSO) Registry over the past 30
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