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ABSTRACT

Objectives: Refractory hypoxemia can occur in patients with acute respiratory
distress syndrome from COVID-19 despite support with venovenous (VV) extracor-
poreal membrane oxygenation (ECMO). Parallel ECMO circuits can be used to in-
crease physiologic support. We report our clinical experience using ECMO
circuits in parallel for select patients with persistent severe hypoxemia despite
the use of a single ECMO circuit.

Methods: We performed a retrospective cohort study of all patients with COVID–
19-related acute respiratory distress syndrome who received VV-ECMO with an
additional circuit in parallel at Vanderbilt University Medical Center between March
1, 2020, and March 1, 2022. We report demographic characteristics and clinical char-
acteristics including ECMO settings, mechanical ventilator settings, use of adjunc-
tive therapies, and arterial blood gas results after initial cannulation, before and
after receipt of a second ECMO circuit in parallel, and before removal of the circuit
in parallel, and outcomes.

Results: Of 84 patients with COVID-19 who received VV-ECMO during the study
period, 22 patients (26.2%) received a circuit in parallel. The median duration of
ECMO was 40.0 days (interquartile range, 31.6-53.1 days), of which 19.0 days (inter-
quartile range, 13.0-33.0 days) were spent with a circuit in parallel. Of the 22 patients
who received a circuit in parallel, 16 (72.7%) survived to hospital discharge and 6
(27.3%) died before discharge.

Conclusions: In select patients, the additional use of an ECMO circuit in parallel can
increase ECMO blood flow and improve oxygenation while allowing for lung-
protective mechanical ventilation and excellent outcomes. (J Thorac Cardiovasc
Surg 2022;-:1-9)
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In select patients with refractory hypoxemia and high cardiac output, additional use of an ECMO circuit in parallel can
increase ECMO blood flow and improve oxygenation.

Extracorporeal Membrane Oxygenation Circuits in Parallel for Refractory
Hypoxemia in Patients With COVID-19
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In select patients with refractory
hypoxemia and high cardiac
output, the additional use of an
ECMO circuit in parallel can in-
crease ECMO blood flow and
improve oxygenation.
PERSPECTIVE
The management of patients with COVID–19-
related ARDS is challenging. Refractory hypox-
emia can develop during VV-ECMO in the setting
of a hyperinflammatory state, hyperdynamic cir-
culation, and severely impaired gas exchange
through the native lungs. The additional use of a
parallel ECMO circuit can result in increased
ECMO blood flow and improved oxygenation
while allowing for lung-protective mechanical
ventilation.

See Commentary on page XXX.
Extracorporeal membrane oxygenation (ECMO) has been
widely used for patients with COVID–19-related acute res-
piratory distress syndrome (ARDS) refractory to conven-
tional management. Yet, outcome data are inconsistent.
Initial studies showed exceedingly high mortality rates
among cohorts with COVID-19 who were receiving
ECMO.1,2 Recent large multicenter cohort studies have
shown outcomes for patients with COVID–19-related
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Abbreviations and Acronyms
ARDS ¼ acute respiratory distress syndrome
DVT ¼ deep vein thrombosis
ECMO ¼ extracorporeal membrane oxygenation
Fr ¼ French
IJ ¼ internal jugular
IQR ¼ interquartile range
IVC ¼ inferior vena cava
VV ¼ venovenous
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ARDS comparable with outcomes in patients with non-
COVID–19-related ARDS who were receiving ECMO.3,4

Some data suggest that ECMO confers a survival benefit
in this population compared with patients who are treated
without ECMO.5,6 Other data show that survival might be
declining over time,7 and the most recent mortality rate re-
ported by the Extracorporeal Life Support Organization is
nearly 50%.8 These conflicting data might reflect, in part,
challenges of ECMO management that are unique to, or
especially prevalent in, patients with COVID-19.

One such challenge is the management of patients with
persistent hypoxemic respiratory failure despite the
maximum respiratory support provided by venovenous
(VV)-ECMO in addition to the use of adjunctive therapies
such as deep sedation, neuromuscular blockade, red blood
cell transfusion, inhaled pulmonary vasodilators, prone
positioning, and/or mechanical ventilator settings that
exceed criteria considered to be lung-protective.9 In these
patients, a single ECMO circuit fails to provide the oxygen
delivery necessary to meet the physiologic demand.10

For patients with refractory hypoxemia, the use of a sec-
ond ECMO circuit in parallel to improve oxygen delivery
has been previously reported, but data are limited to small
case series.11,12 In this retrospective cohort study, we
show the clinical characteristics and outcomes of 22 pa-
tients with COVID-19 ARDS for whom circuits in parallel
were used to provide additional respiratory support.
METHODS
Study Design, Setting, and Participants

We performed a retrospective cohort study of consecutive patients with

COVID–19-related ARDSwho received a second ECMO circuit in parallel

at Vanderbilt University Medical Center between March 1, 2020, and

March 1, 2022. We aimed to describe the clinical characteristics in patients

for whom a circuit was used in parallel, assess the feasibility of the inter-

vention, and measure patient outcomes. This retrospective study was
2 The Journal of Thoracic and Cardiovascular Surger
approved by the institutional review board at Vanderbilt University with

waiver of informed consent (approved: May 23, 2022; 220849).

Data were obtained from the electronic medical record. We report base-

line characteristics, clinical characteristics including ECMO settings, me-

chanical ventilator settings, arterial blood gas results, and receipt of

adjunctive therapies at discrete time points: 4 hours after initial ECMO can-

nulation, 4 hours before receipt of the circuit in parallel, 24 hours after

receipt of the circuit in parallel, and 24 hours before the removal of parallel

circuit, and clinical outcomes such as in-hospital survival, ECMO duration,

and length of hospital stay. Complications including bleeding and thrombo-

embolic events as previously defined13 are also reported. For a convenience

sample of 10 patients, cardiac output data were estimated using the LiD-

COrapid monitor14 (LiDCOLtd). Continuous variables are reported as me-

dian with interquartile range (IQR). Categorical variables are reported as

frequency with percentage. Analyses were performed using STATA 16.1

(StataCorp).

Patient Selection
The diagnosis of COVID-19 was confirmed using a nasopharyngeal

swab and a multiplexed nucleic acid amplification test. Patients were eval-

uated, cannulated, and managed by a multidisciplinary team of perfusion-

ists, nurses, advanced practice providers, respiratory and physical

therapists, intensivists, and surgeons.

For patients with COVID-19, patient selection for ECMO followed a

standardized framework with stringent criteria and decisions were made

by a multidisciplinary team.13 Indications reflected the ECMO to Rescue

Lung Injury in Severe ARDS (EOLIA) trial inclusion criteria including a

ratio of partial pressure of oxygen to fraction of inspired oxygen of

<80 mm Hg for �6 hours or<50 mm Hg for<3 hours or a pH of<7.25

with a partial pressure of arterial carbon dioxide of>60 mm Hg. If inclu-

sion criteria were met the patient was assessed for absolute contraindica-

tions including age older than 60 years, active solid or liquid

malignancy, moribund condition, irreversible neurologic injury, body

mass index>55,>7 days of mechanical ventilation before ECMO, multi-

organ failure, and high-grade shock. Age and body mass index thresholds

were adjusted on the basis of referral volume and need for triage. Relative

contraindications included the presence of comorbidities, prolonged use of

noninvasive positive pressure ventilation and high-flow nasal cannula,

acute kidney injury, and hypotension requiring vasopressors. Details of

the selection process have been reported previously.15 In the absence of ab-

solute contraindications or>4 relative contraindications, the patient was

considered medically eligible to receive ECMO. Subsequently, a separate

systematic assessment of hospital resources was conducted and if resources

were available to provide ECMO care to the patient, the patient received

ECMO.5,15

The decision to treat patients with a circuit in parallel was determined on

the basis of evidence of physiologic need. A circuit in parallel was reserved

for patients who maintained or developed severe hypoxemia despite

maximal ECMO support with a single circuit requiring a combination of

mechanical ventilator settings exceeding those considered lung-

protective and adjunctive therapies including deep sedation, neuromus-

cular blocking agents, and inhaled pulmonary vasodilators. As clinically

appropriate, other noninvasive therapies such as cooling, antipyretics,

and red blood cell transfusion were trialed before using a circuit in parallel.

Further, we consistently monitored for the presence of clinically meaning-

ful recirculation and oxygenator dysfunction and addressed these mechan-

ical problems before evaluating the need for a circuit in parallel. If patients

developed an absolute contraindication or multiple relative contraindica-

tions from the time of initial cannulation to the time the patient was being

considered for a circuit in parallel, the circuit in parallel was not provided.

ECMO Circuit and Configuration
Several ECMO platforms were deployed on the basis of diagnosis,

anticipated duration of ECMO, and resources during periods of high
y c - 2022



FIGURE 2. Parallel circuit cannulation for venovenous extracorporeal

membrane oxygenation using bilateral femoral veins. Return from both cir-

cuits is through a single, large cannula placed in the internal jugular vein.
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demand. For patients with COVID-19, we used either the Cardiohelp sys-

tem (Maquet Cardiopulmonary) with the HLS Advanced 7.0 disposable

set, CentriMag device (Abbott Laboratories) with the Nautilus Smart

ECMOOxygenator (Medtronic), or the SpectrumQuantum ECLS system

with the Quantum CP22 centrifugal pump and Nautilus Smart

Oxygenator.

A standard percutaneous cannulation techniquewas used for all patients

and performed at the bedside. For patients referred from outside hospitals

considered too unstable to transport without ECMO, cannulation occurred

at the outside hospital by our team and the patient was transported with

ECMO to our center. Patients in the study underwent dual-site cannulation

via a femoral vein for drainage and the internal jugular (IJ) vein for reinfu-

sion. On the basis of our evolving experience, we anticipated high blood

flow requirements and selected larger cannulas at the time of initial cannu-

lation. We routinely used the largest cannulas available at our institution: a

25- to 27-French (Fr) multistage femoral drainage cannula and a 22- to 25-

Fr reinfusion cannula. The femoral drainage cannula terminated in the in-

trahepatic inferior vena cava (IVC) close to the right atrial-IVC junction.

The reinfusion cannula was inserted with the tip in the superior vena

cava close to the right atrial-superior vena cava junction. Chest radiography

was used immediately after cannulation to ensure proper cannula posi-

tioning (Figure E1).

For the additional use of a circuit in parallel, a 23- to 25-Fr drainage can-

nula was placed in the contralateral femoral vein and positioned in the in-

trahepatic IVC. The second drainage cannula served as the inflow for the

additional circuit and a 20- to 22-Fr reinfusion cannula was placed in the

contralateral IJ vein (Figure 1). As our experience grew, and to avoid can-

nulation of both IJ veins, we used a single 23- to 25-Fr IJ cannula for rein-

fusion from both circuits using a Y connector (Figure 2). Blood flow,

revolutions per minute of the pump, and sweep gas flow were balanced

evenly between the 2 circuits and adjusted as needed to target physiologic

goals. We maintained our usual anticoagulation strategy for patients

receivingVV-ECMOof intravenous heparin titrated to a goal partial throm-

boplastin time of 40 to 60 seconds. In the presence of bleeding, anticoagu-

lation was deferred; in the presence of thrombosis, anticoagulation was

increased per standard clinical protocols.
FIGURE 1. Parallel circuit cannulation for venovenous extracorporeal

membrane oxygenation using bilateral femoral veins and bilateral internal

jugular veins.
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ECMOWeaning and Decannulation
For patients who received circuits in parallel, when signs of lung recov-

ery such as improvements in pulmonary compliance and gas exchange

were identified, weaning was initiated by reducing ECMO blood flow

and sweep gas flow. When patients were able to tolerate a blood flow

rate of<5.0 L/min and<10.0 L/min of sweep gas flow while receiving

lung protective ventilation with a fraction of inspired oxygen of �0.6,

the parallel circuit was reconfigured to a single circuit while preserving

both femoral drainage cannulas. After conversion to a single circuit, usual

weaning processes16 of a single circuit commenced and both drainage can-

nulas and the return cannula were removed at the time of decannulation.
RESULTS
Of the 84 patients with a confirmed diagnosis of COVID-

19 admitted who received VV-ECMO at the institution dur-
ing the study period, 22 patients (26.2%) received a circuit
in parallel. The median time from initial cannulation to par-
allel circuit placement was 9 days (5-12 days). Among pa-
tients who received a circuit in parallel, the median age was
40.5 years (IQR, 34.0-47.0 years) and 18 (81.8%) were
male. The median height was 177.8 cm (IQR, 167.6-
182.9 cm), weight was 120.3 kg (93.4-133.0 kg), and
body mass index was 37.6 (IQR, 30.9-45.5). The median
simplified acute physiology score was 23.5 (IQR, 17.0-
24.0). Preexisting comorbidities in the study cohort
included hypertension (n ¼ 4), diabetes mellitus (n ¼ 2),
asthma (n ¼ 4), and obstructive sleep apnea (n ¼ 3) as
shown in Table 1.
Characteristics obtained within the 6 hours before ECMO

cannulation are shown in Table 1. The median pH was 7.29
(IQR, 7.24-7.35), partial pressure of arterial carbon dioxide
ardiovascular Surgery c Volume -, Number - 3



TABLE 1. Baseline characteristics

Characteristic Whole cohort (N ¼ 22) Survivors (n ¼ 16) Nonsurvivors (n ¼ 6)

Age, y 40.5 (34.0-47.0) 36.5 (30.0-48.0) 42.0 (40.0-44.0)

Male sex 18 (81.8) 14 (87.5) 4 (66.7)

Height, cm 177.8 (167.6-182.9) 181.5 (171.5-184.2) 170.3 (167.6-175.3)

Weight, kg 120.3 (93.4-133.0) 112.3 (92.5-132.8) 127.6 (108.9-142.0)

Body mass index 37.6 (30.9-45.5) 35.3 (29.7-41.4) 45.6 (36.4-46.7)

Body surface area, m2 2.3 (2.2-2.5) 2.3 (2.1-2.5) 2.3 (2.2-2.4)

Simplified acute physiology score II 23.5 (17.0-24.0) 18.5 (17.0-24.0) 24.0 (23.0-27.0)

Comorbidities

Hypertension 4 (18.2) 3 (18.75) 1 (16.7)

Diabetes mellitus 2 (9.1) 2 (12.5) 0 (0.0)

Asthma 4 (18.2) 2 (12.5) 2 (33.3)

Obstructive sleep apnea 3 (13.6) 2 (12.5) 1 (16.7)

Chronic lung disease 0 (0.0) 0 (0.0) 0 (0.0)

Congestive heart failure 0 (0.0) 0 (0.0) 0 (0.0)

Postpartum 1 (4.6) 1 (4.5) 0 (0.0)

Before receipt of ECMO

Days of mechanical ventilation 2.5 (1.4-3.0) 2.2 (1.3-2.9) 3.1 (2.0-4.0)

Respiratory rate, breaths per minute 30.0 (24.0-32.0) 28.0 (24.0-34.0) 31.0 (21.0-32.0)

Tidal volume, mL/kg 5.8 (5.1-6.8) 5.2 (4.6-6.6) 6.1 (5.4-7.1)

Positive end expiratory pressure, cm H2O 15.0 (14.0-16.0) 15.0 (14.0-18.0) 14.5 (12.0-15.0)

Fraction of inspired oxygen 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.0 (1.0-1.0)

pH 7.29 (7.24-7.35) 7.30 (7.21-7.35) 7.28 (7.27-7.29)

Partial pressure of arterial carbon dioxide, mm Hg 65.0 (54.0-77.0) 65.5 (61.0-77.0) 54.0 (52.0-75.0)

Partial pressure of arterial oxygen, mm Hg 63.0 (55.0-69.0) 63.0 (55.0-70.0) 58.0 (52.0-69.0)

Oxygen saturation, % 82.0 (80.0-87.0) 82.5 (80.0-87.0) 81.0 (81.0-87.0)

Vasopressor use 6 (27.3) 6 (37.5) 0 (0.0)

Continuous renal replacement therapy 1 (4.6) 1 (6.25) 1 (16.7)

Neuromuscular blocking agent 22 (100.0) 16 (100.0) 6 (100.0)

Inhaled pulmonary vasodilators 9 (40.9) 6 (37.5) 3 (50.0)

Prone positioning 11 (50.0) (56.3) 2 (33.3)

Data are expressed as n (%) or median (interquartile range). Patients remaining in hospital, n ¼ 1. ECMO, Extracorporeal membrane oxygenation.
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was 65.0 mm Hg (IQR, 54.0-77.0 mm Hg), and ratio of the
partial pressure of arterial oxygen to fraction of inspired ox-
ygen was 63.0 mm Hg (IQR, 55.0-69.0 mm Hg). Median
time from endotracheal intubation to ECMO cannulation
was 2.1 days (IQR, 1.4-3.0 days). Mechanical ventilator set-
tings before receipt of ECMO included amedian respiratory
rate of 30 breaths per minute (IQR, 24-32 breaths per min-
ute), median tidal volume of 5.8 mL/kg of predicted body
weight (IQR, 5.1-6.8 mL/kg), and positive end-expiratory
pressure of 15 cm H2O (IQR, 14-16 cm H2O). All 22 pa-
tients received neuromuscular blocking agents before
ECMO, 9 (40.9%) received inhaled pulmonary vasodila-
tors, and 11 (50.0%) underwent prone positioning.

ECMO settings, mechanical ventilator settings, arterial
blood gas results, and the presence of adjunctive therapies
after initial ECMO cannulation, before receipt of parallel
circuit, after receipt of parallel circuit, and before the
removal of the parallel circuit are shown in Table 2.
4 The Journal of Thoracic and Cardiovascular Surger
ECMO settings tended to increase before parallel circuit
placement, further increase after parallel circuit placement,
and decrease by 24 hours before removal of the parallel cir-
cuit. The blood flow rate continued to increase after parallel
circuit placement while the mechanical ventilator settings
were reduced. The blood flow rate after initial cannulation
was 4.6 L/min (IQR, 4.1-5.1 L/min) and 6.0 L/min (IQR,
5.5-6.2 L/min) before parallel circuit placement. After par-
allel circuit placement, the blood flow rate increased to a
median of 7.0 L/min (IQR, 6.4-7.4 L/min) and decreased
to a median of 4.9 L/min (IQR, 4.2-5.1 L/min) before par-
allel circuit removal. Mechanical ventilator settings tended
to increase before parallel circuit placement and decrease
after parallel circuit placement and before parallel circuit
removal. For example, the fraction of inspired oxygen
increased from a median of 0.6 (IQR, 0.6-0.7) after initial
cannulation to 1.0 (IQR, 1.0-1.0) and returned to a median
of 0.6 (IQR, 0.6-0.6) after parallel circuit placement.
y c - 2022



TABLE 2. ECMO settings, mechanical ventilator settings, and arterial blood gas results during ECMO among 22 patients

Characteristic

4 hours after initial ECMO

cannulation

4 hours before receipt

of parallel circuit

24 hours after receipt

of parallel circuit

4 hours before removal

of parallel circuit

ECMO settings

Blood flow rate, L/min 4.6 (4.1-5.1) 6.0 (5.5-6.2) 7.0 (6.4-7.4) 4.9 (4.2-5.1)

Sweep gas flow rate, L/min 4.0 (3.0-5.0) 7.0 (5.0-10.0) 6.0 (5.0-7.0) 6.0 (4.0-8.0)

Fraction of delivered oxygen 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.0 (1.0-1.0)

Mechanical ventilator settings

Respiratory rate, breaths per

minute

16 (14-20) 18 (16-20) 18 (16-22) 22.0 (18.0-28.0)

Tidal volume, mL/kg 3.5 (2.4-4.8) 1.7 (1.5-2.3) 2.0 (1.2-2.9) 4.4 (3.6-5.1)

Driving pressure, cm H2O 12.0 (12.0-14.0) 14.0 (14.0-16.0) 14.0 (12.0-14.0) 14.0 (12.0-16.0)

Positive end expiratory pressure,

cm H2O

12.0 (12.0-12.0) 12.0 (12.0-14.0) 12 (10.0-12.0) 10.0 (10.0-12.0)

Fraction of inspired oxygen 0.6 (0.6-0.70) 1.0 (1.0-1.0) 0.6 (0.6-0.6) 0.6 (0.5-0.6)

Arterial blood gas results

pH 7.38 (7.36-7.42) 7.37 (7.32-7.40) 7.39 (7.35-7.45) 7.37 (7.36-7.41)

Partial pressure of arterial carbon

dioxide, mm Hg

44.5 (40.0-51.0) 62.0 (55.0-73.0) 50.0 (47.0-63.0) 57.0 (49.0-71.0)

Partial pressure of arterial oxygen,

mm Hg

97.0 (86.0-121.0) 56.6 (53.0-65.0) 90.5 (77.0-104.0) 83.0 (72.0-106.0)

Oxygen saturation, % 97.5 (95.0-98.0) 85.5 (84.0-88.0) 96.0 (95.0-99.0) 97.0 (95.0-99.0)

Receipt of adjunctive therapies

Neuromuscular blocking agent 1 (4.6) 14 (63.6) 0 (0.0) 0 (0.0)

Inhaled pulmonary vasodilators 11 (50.0) 21 (95.5) 17 (77.3) 2 (10.5)

Prone positioning 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Data are expressed as n (%) or median (interquartile range). ECMO, Extracorporeal membrane oxygenation.
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FIGURE 3. Median cardiac output of 10 patients over a 24-hour period

before additional use of a second extracorporeal membrane oxygenation

circuit in parallel. Vertical bars represent the interquartile range.
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Similarly, driving pressure was increased from a median of
12 cm H20 (IQR, 12-14 cm H2O) after initial cannulation to
a median of 14 cm H2O (IQR, 14-16 cm H2O) before paral-
lel circuit placement.

The presence of adjunctive therapies tended to decrease
after initial cannulation, increase before parallel circuit
placement, and decrease after parallel circuit placement
(Table 2). For example, 4 hours before parallel circuit place-
ment, neuromuscular blocking agents were present in 14 pa-
tients (63.6%) and 24 hours after parallel circuit placement,
neuromuscular blocking agents were not used in any pa-
tients (Table 2). Median ECMO and mechanical ventilator
settings and arterial blood gas thresholds at which patients
were removed from the parallel circuit are shown in
Table 2. At the time of parallel circuit removal, there
were no patients receiving neuromuscular blocking agents
or inhaled pulmonary vasodilators.

Among the 10 patients in whom cardiac output was
measured, the estimated cardiac output during the 24-hour
period immediately preceding the additional use of a circuit
in parallel was a median of 13.8 L/min (IQR, 13.4-14.1 L/
min) as shown in Figure 3. Characteristics while receiving
ECMO are shown in Table 3. Nearly all patients (n ¼ 21)
underwent a tracheostomy while receiving ECMO. One pa-
tient received an arterial cannula in the setting of a sudden
cardiac arrest of unclear etiology. Ten patients (45.5%)
The Journal of Thoracic and C
were able to participate in regular physical therapy
including recumbent bicycle and bed-level exercises while
receiving the circuit in parallel. The median number of cir-
cuit exchanges was 2 (IQR, 2-4). Bleeding events during
ECMO occurred in 8 (40.0%) patients and thromboembolic
events occurred in 10 (45.5%) patients. Among decannu-
lated patients for whom data were available (n ¼ 16) there
were 5 (31.3%) cannula-associated deep vein thromboses
ardiovascular Surgery c Volume -, Number - 5



TABLE 3. Characteristics* during receipt of ECMO and outcomes

Characteristic Value

Number of circuit exchanges

during ECMO run

2.0 (1.5-3.5)

Bleeding event during

ECMOy
8 (38.1)

Thrombotic event during

ECMOz
10 (45.5)

Inadvertent decannulation 1 (4.8)

Cannula-associated DVTx 5 (31.3)

Receipt of ECMO, d 40.0 (31.6-53.1)

Receipt of parallel circuit, d 19.0 (13.0-33.0)

Receipt of mechanical

ventilation, d

55.0 (39.2-70.0)

Tracheostomy during ECMO 21 (95.5)

Receipt of lung transplant 2 (9.1)

Intensive care unit length of

stay, d

58.1 (43.5-73.0)

Hospital length of stay, d 61.0 (43.5-75.1)

Survival to decannulation 17 (77.3)

Survival to hospital discharge 16 (72.7)

Data are expressed as n (%) or median (interquartile range). ECMO, Extracorporeal

membrane oxygenation; DVT, deep vein thrombosis. *N ¼ 22 patients. yDefined as

overt bleeding associated with either a decrease in hemoglobin concentration of

2 g/dL or a transfusion of at least 2 units of packed red blood cells in 24 hours,

bleeding at any critical site (eg, intracranial bleeding), or bleeding requiring a proce-

dural intervention. zDefined as cerebral stroke, intracardiac thrombus, acute pump

head thrombosis, acute oxygenator failure, pulmonary emboli, or deep vein throm-

bosis. xAmong 16 decannulated patients.
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(DVTs). Inadvertent decannulation occurred in 1 patient;
the patient was recannulated emergently and survived to
discharge.

The median duration of ECMO was 40.0 days (IQR,
31.6-53.1 days) and the median duration of circuits in par-
allel was 19.0 days (IQR, 13.0-33.0 days). Of the 22 patients
who received a circuit in parallel, 16 (72.7%) survived to
hospital discharge and 6 (27.3%) died. Of the 6 deaths
before discharge, 3 occurred because of refractory septic
shock and multiple organ failure, 2 were secondary to hem-
orrhagic shock due to a hemothorax and intra-abdominal
bleed, and 1 was in the setting of a devastating intracranial
hemorrhage. Among the patients who survived to discharge,
1 was discharged home, 13 were discharged to a long-term
acute care facility, 1 was transferred after evaluation and
acceptance for lung transplant, and 1 was transferred back
to the referring hospital after ECMO decannulation, venti-
lator weaning, and conditioning. Two patients underwent
a lung transplant and were discharged alive. The median
length of intensive care unit stay and hospital stay was
58.1 days (IQR, 43.5-73.0 days) and 61.0 days (IQR,
43.5-75.1 days), respectively. Among patients discharged
from the hospital, 8 (53.3%) were still undergoing weaning
6 The Journal of Thoracic and Cardiovascular Surger
from the ventilator and did not yet tolerate 24 hours of de-
livery of oxygen via tracheostomy collar. Five patients were
weaned to<5 L of oxygen delivery through a nasal cannula
including 3 patients who were discharged with no supple-
mental oxygen.

DISCUSSION
In this retrospective cohort study we found that, among

patients with refractory hypoxemia despite VV-ECMO sup-
port for COVID-19 ARDS, the additional use of a circuit in
parallel was feasible, improved oxygenation, decreased
ventilator settings and rescue therapies, and was associated
with an overall good rate of survival to hospital discharge
(Figure 4). In select patients with severe respiratory failure,
the additional use of an ECMO circuit in parallel might
allow for greater total ECMO flow, facilitate lung-
protective mechanical ventilation, and reduce receipt of
potentially injurious adjunctive therapies.

More than a quarter of total patients with COVID–19-
related ARDS who received VV-ECMO at our center
were treated with a circuit in parallel. Yet, the use of addi-
tional mechanical support for refractory hypoxemia during
VV-ECMO for ARDS has been rarely described. The
severity of hypoxemia in COVID–19-related ARDS might
be partly explained by a hyperkinetic circulatory profile
and pulmonary vascular dysfunction unique to COVID-19
ARDS.17,18 The mechanism of refractory hypoxemia might
be due to hyperactivation of the immune system leading to a
hyperinflammatory cell state.19 Because of the extent of
lung injury in some patients, gas exchange through the
native lungs was severely compromised, and patients were
completely dependent on ECMO for respiratory support.
In the setting of a hyperdynamic circulation and an elevated
cardiac output, hypoxemia can result if the ratio of ECMO
blood flow to cardiac output is<60%.20 The exceedingly
high estimated cardiac outputs in the 24-hour period before
placement of a circuit in parallel among the convenience
sample led us to speculate that an appreciable mismatch be-
tween ECMO blood flow and cardiac output might have
been present in our cohort despite high ECMO blood flows
through a single circuit. With a circuit in parallel, greater
ECMO flows were achieved and the total undrained sys-
temic venous return was reduced thereby increasing the
ECMO flow:patient cardiac output ratio.

The limits of oxygen delivery of a VV-ECMO platform
and cannulation configuration using a single circuit are
determined by several factors including maximum achiev-
able blood flow, oxygen transfer at the blood-membrane
interface, increasing shunt fraction within the oxygenator
at greater flow, and the recirculation fraction of a circuit.21

The additional use of an ECMO circuit in parallel addresses
these limitations in several ways. First, the additional use of
a drainage cannula increases the maximum achievable
blood flow, while limiting negative drainage pressure and
y c - 2022



In select patients with refractory hypoxemia and high cardiac output, additional use of an ECMO circuit in parallel can
increase ECMO blood flow and improve oxygenation.

Extracorporeal Membrane Oxygenation Circuits in Parallel for Refractory
Hypoxemia in Patients With COVID-19

March 2020 - March 2022
84 Patients with COVID-19

received VV-ECMO

22 Patients received parallel
circuits for refractory

hypoxemia
72.7%

Survived to hospital
discharge

Increased ECMO Flow

PUMP

OXYGENATOR 

Increased oxygen delivery
Allowed for lung-protective ventilation

FIGURE 4. Overview of study and results. COVID-19, Coronavirus disease 2019; VV, venovenous; ECMO, extracorporeal membrane oxygenation.
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reducing recirculation fraction.22 Incorporating a second

centrifugal pump and oxygenator in parallel enables greater
total flow. Second, the blood flow through each individual
oxygenator is decreased relative to the blood flow through
a single oxygenator. Thus, the shunt fraction within each
oxygenator is decreased, optimizing oxygen transfer at
the blood-membrane interface. This might explain why, in
our study, only modest increases in total flow through cir-
cuits in parallel appeared to have had a greater effect on
oxygenation than might be expected through a single cir-
cuit. Third, parallel circuits reduce the revolutions per min-
ute required by a single centrifugal pump to achieve the
ECMO flow needed for oxygen delivery, which would be
expected to limit mechanical trauma and shear stress on
blood components.23,24 Minimizing blood trauma might
be especially important considering the toxic effects of
cell-free hemoglobin and its potential to exacerbate lung
injury and multiorgan dysfunction.25 In these ways,
ECMO circuits in parallel improved oxygen delivery while
minimizing negative effects of high-flow VV-ECMO.

Other reported strategies to address refractory hypox-
emia during VV-ECMO26 include higher red blood cell
transfusion targets to increase oxygen delivery,27 cannula
repositioning to reduce recirculation and optimize blood
flow,28 therapeutic hypothermia,29 use of b-blockers to
reduce metabolic demand,30 and prone positioning during
ECMO31 to improve intrapulmonary shunt. However,
none of these have shown efficacy in this population,
many remain controversial,32,33 and some might be inap-
propriate in certain clinical circumstances and result in
additional complications.34 The additional use of a second
drainage cannula has been used to improve total flow, limit
The Journal of Thoracic and C
negative drainage pressure, and minimize recirculation,22

but the additional use of a circuit in parallel might provide
an even greater increase in total flow allowing for improved
oxygen delivery. We did not convert VV-ECMO to venoar-
terial or VV arterial ECMO for any patient in the study
because no patient exhibited signs of cardiac failure. There-
fore, the additional use of peripheral arterial support would
have likely worsened hypoxemia and introduced risk of
additional complications unnecessarily.
Among decannulated patients, 5 (31.3%) patients had

cannula-associated DVTs; the incidence of DVTs was
lower in our cohort of patients than what has been recently
reported in the literature.35 Despite prolonged ECMO runs
and using large cannulas, bleeding at cannulation sites was
minimized by careful dilation of the vessel and making the
smallest possible skin incision to facilitate insertion of the
cannula. Two patients had major thoracic bleeding and 1 pa-
tient had intraperitoneal bleeding because of non-ECMO
procedural complications. It should be noted that 2 circuits
might further exacerbate ECMO-induced coagulopathy and
increase the propensity for bleeding.23 There was 1 major
cannula-associated bleeding complication from dislodge-
ment of an IJ return cannula because of long-term ECMO
support and compromised skin integrity. After this, we
modified our cannulation strategy to avoid cannulation of
both IJ veins by using a Y connector to join the reinfusion
lines of both circuits into a single cannula placed in the right
IJ. We began placing larger 23-to 25-Fr IJ outflow cannulas
at the time of initial cannulation for all COVID-19 patients
to obviate the requirement for a second reinfusion cannula
should the patient need parallel ECMO support later in their
course.
ardiovascular Surgery c Volume -, Number - 7
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This study has limitations. The single-center, retrospec-
tive nature of the study and small sample size limits the
interpretation and generalizability of the results. Patient
characteristics that increase the likelihood they will require
increased mechanical support or for whom a circuit in par-
allel might benefit could not be identified from this study.
Further, although the survival rate in this cohort of severely
ill patients is promising, no definitive conclusion can be
made about the safety or efficacy of this cannulation strat-
egy. Further, the length of intensive care unit and hospital
stay was prolonged in this cohort. ECMO is a limited and
resource-demanding therapy. Triaging scarce resources
during a pandemic has practical and ethical implications.
Other considerations include the increased burden of care
on bedside staff and cost of disposables.
CONCLUSIONS
The management of patients with COVID–19-related

ARDS is challenging and the optimal use of ECMO in
this population has not been determined. Refractory hypox-
emia can develop in the setting of a hyperinflammatory
state, hyperdynamic circulation, and severely impaired
gas exchange through the native lungs. In select patients,
additional use of a parallel ECMO circuit can result in
increased ECMO blood flow and improved oxygenation
while allowing for lung-protective mechanical ventilation.
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FIGURE E1. Representative chest roentgenogram in 3 patients showing cannula positioning and progression during extracorporeal membrane oxygena-

tion (ECMO) support: (A) after initial cannulation, (B) during use of parallel circuits, and (C) immediately after decannulation. * Identifies the tips of

drainage and reinfusion cannulas.

9.e1 The Journal of Thoracic and Cardiovascular Surgery c - 2022

Mechanical Circulatory Support Patel et al

M
C
S


	Extracorporeal membrane oxygenation circuits in parallel for refractory hypoxemia in patients with COVID-19
	Methods
	Study Design, Setting, and Participants
	Patient Selection
	ECMO Circuit and Configuration
	ECMO Weaning and Decannulation

	Results
	Discussion
	Conclusions
	Conflict of Interest Statement

	References


