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Ultrasound has become indispensable in the management
of patients supported with extracorporeal membrane oxy-
genation (ECMO), enabling rapid diagnosis, procedural
guidance, physiologic monitoring, and informed decision-
making across the entire ECMO continuum. This review, con-
ducted under the auspices of the Extracorporeal Life Support
Organization (ELSO), provides evidence-based recommenda-
tions for the use of ultrasound in adult, pediatric, and neona-
tal ECMO patients. An international, multidisciplinary panel
of experts with dual expertise in ECMO and ultrasound, rep-
resenting all ELSO chapters, convened to define the scope
and structure of the review. A comprehensive literature
review identified 133 relevant publications informing recom-
mendations. The review addresses training and competency
requirements, choice of ultrasound modalities, and the role
of ultrasound before ECMO initiation, during cannulation,
throughout ECMO support, for troubleshooting complica-
tions, and during ECMO weaning and post-decannulation
care. Pre-ECMO ultrasound is emphasized for assessment
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of cardiopulmonary function, vascular anatomy, and identi-
fication of contraindications or reversible conditions. Real-
time ultrasound guidance is recommended for cannulation
to reduce complications and confirm optimal cannula posi-
tioning. During ECMO, echocardiography and extracardiac
ultrasound are central to monitoring cardiac function, can-
nula position, ventricular loading conditions, pulmonary
pathology, neurological complications, and vascular integ-
rity. Ultrasound-based strategies for diagnosing hypoxemia,
recirculation, tamponade, ventricular distension, and limb
ischemia are detailed. Finally, ultrasound plays a critical role
in assessing readiness for ECMO liberation and identifying
post-ECMO complications. This review highlights the perva-
sive role of ultrasound as a core competency in ECMO care
and provides a practical framework to support safe, effective,
and standardized ultrasound use across diverse ECMO pro-
grams worldwide. ASAIO Journal 2026; 72:85-98
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This publication is intended for educational use to build the
knowledge of physicians and other health professionals in assess-
ing the conditions and managing the treatment of patients undergo-
ing extracorporeal life support (ECLS)ECMO and describe what are
believed to be useful and safe practice for ECLS and ECMO. The aim
of this paper is to help clinicians make informed decisions about their
patients. Healthcare professionals must make their own treatment
decisions about care on a case-by-case basis, after consultation with
their patients, using their clinical judgment, knowledge, and expertise.
This content does not take the place of physicians’ and other health
professionals’ judgment in diagnosing and treating patients. This con-
tent is not intended to and should not be interpreted as setting a stan-
dard of care or being deemed inclusive of all proper methods of care
nor exclusive of other methods of care directed at obtaining the same
results. This publication reflects the information and expertise avail-
able at this time. New information will become available over time,
but ELSO is under no obligation to provide updates. In no event will
ELSO be liable for any decision made or action taken in reliance upon
the information provided through this publication.

Correspondence: Ghislaine Douflé, Interdepartmental Division of
Critical Care Medicine of the University of Toronto, Toronto, Ontario,
Canada. Email: ghislaine.doufle@utoronto.ca; Erika R. O’Neil, United
States Air Force, Department of Pediatrics, Brooke Army Medical
Center, San Antonio, TX. Email: erika.oneil. md@gmail.com.

Copyright © 2026 The Author(s). Published by Wolters Kluwer
Health, Inc. on behalf of the ASAIO. This is an open-access article
distributed under the terms of the Creative Commons Attribution-Non
Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is
permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially
without permission from the journal.

DOI: 10.1097/MAT.0000000000002656


https://orcid.org/0000-0002-1377-1512
mailto:erika.oneil.md@gmail.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

86 DOUFLE ET AL.

Background

Ultrasound has become an integral part of critical care
medicine, allowing the diagnosis of life-threatening condi-
tions, aiding in urgent decision-making, and guiding invasive
procedures. The utility of ultrasound during the management
of extracorporeal membrane oxygenation (ECMO) is mani-
fold including assessment of ECMO candidacy, pericannula-
tion, patient monitoring while on ECMO, troubleshooting, and
weaning from ECMO.

A group of international experts with experience in both
ECMO and ultrasound were selected to represent all chapters
of the Extracorporeal Life Support Organization (ELSO). These
experts convened virtually multiple times to develop the struc-
ture and sections of this review on ultrasound use in ECMO.
All authors then performed a literature search to include the
most relevant publications, and ultimately 133 articles were
included. The following review aim to provide evidence-based,
detailed, and standardized guidance on the use of ultrasound
in ECMO patients.

Training for Ultrasound in ECMO

Position statements on the organization of ECMO programs
state that selected team members should be proficient in vas-
cular and cardiac ultrasound (echocardiography) for insertion,
maintenance, and weaning of ECMO."? However, since ECMO
programs vary widely in terms of team members’ background
specialty, ultrasound training and proficiency differ from one
center to the other. While in some centers, intensivists caring
for the patients perform and interpret ultrasound independently
using point-of-care ultrasound (POCUS), other centers rely on
consulting imaging teams. Strictly speaking, POCUS encom-
passes a wide range of techniques performed by the treat-
ing physicians (rather than by consulting services) and can be
performed within a wide range of applications from basic to
advanced.* For ECMO cannulation guidance, the ability to
swiftly alternate between views, awareness of the different pro-
cedural steps, and potential artifacts generated by the wires and
cannulas are paramount to prevent complications. While some
parameters may be assessed by individuals with basic ultra-
sound training, most echocardiographic parameters on ECMO
require advanced training. Importantly, a minimum number of
examinations performed to ensure proficiency does not guaran-
tee competence, especially when performed without appropri-
ate supervision; one should perform within the scope of practice
delineated by their training and institutional policies.®” Finally,
recording and archiving of images is essential given the rapid
changes that may occur on ECMO support and for ongoing edu-
cation and quality assurance.® We therefore recommend that all
ECMO centers have institutional policies that cover aspects of
clinical competency, training, and record-keeping of ultrasound
imaging which can be applied in the ECMO setting.

Choice of Ultrasound Modality

Both transthoracic and transesophageal echocardiography
(TTE and TEE) can be performed on patients requiring ECMO.
Transesophageal echocardiography in ECMO patients is
proven to be safe and provides better visualization of cardiac
chambers, guidewires, and cannulas.”'® When echogenicity

is limited, contrast-enhanced ultrasound (CEUS) can improve
both structural and functional assessment of both ventricles
and its use is safe in ECMO patients even if contrast injec-
tion may trigger the bubble detector alarm. Transient inactiva-
tion or reset of the bubble alarm may be warranted in such a
situation."

Role of Ultrasound Before ECMO Initiation

A cardiopulmonary ultrasonographic examination is recom-
mended before ECMO initiation to guide the choice of opti-
mal configuration and exclude contraindications (e.g., aortic
dissection, aortic regurgitation, severe atheromatous aortic
disease) or conditions for which ECMO is not indicated (e.g.,
large pleural effusion, tensioned pneumothorax, tamponade).'
The comprehensiveness of the pre-ECMO ultrasound will be
dictated by the patient’s condition but should include an
assessment of biventricular morphology and function, valvular
function, and vascular anatomy (Table 1).

Cardiogenic Shock in Adult and Pediatric Patients

Left ventricular (LV) systolic function quantification using
the modified Simpson’s method (or visual assessment if poor
endocardial definition) and quantification of stroke volume
(SV) and cardiac index identify potential venoarterial ECMO
(VA ECMO) candidates." Right ventricular (RV) dysfunction
can be diagnosed by the presence of RV dilation, paradoxical
septal motion with leftward shift of the septum, reduced RV
longitudinal systolic function with M-Mode (tricuspid plane
systolic excursion [TAPSE]) or tissue Doppler (RV §’), and
decreased fractional area change (FAC).'* Pulmonary artery
pressure (PAP) can be estimated using tricuspid or pulmonary
regurgitation velocity. Patients with congenital heart disease
(CHD) in cardiogenic shock (CS) should be evaluated with
echocardiography, but measurements are unique to this popu-
lation and beyond the scope of this review. In neonates and
pediatric patients, the RV can be assessed using TAPSE, RV §,
and FAC. For both TAPSE and RV §’, normal reference values
are available.'>2°

Valvular assessment is essential before initiation of VA
ECMO as severe aortic regurgitation (AR) is generally a con-
traindication to VA ECMO and devices such as intra-aortic bal-
loon pump (IABP) and microaxial pump (Impella), as they may
worsen the AR. However, in patients in CS secondary to severe
AR, left atrial venoarterial ECMO can be an option as a bridge
to valvular surgery.?!?2

Diagnosis of pathologies requiring additional surgical inter-
vention, such as ventricular septal defect or papillary muscle
rupture should also be made.

For patients in cardiac arrest undergoing ECMO during car-
diopulmonary resuscitation (ECPR), ultrasound enables exclu-
sion of reversible cardiac and noncardiac causes of arrest such
as severe hypovolemia, tamponade, or pneumothorax. It may
also aid in identifying electrical rhythm changes and the area
of maximal compression during CPR.

Respiratory Failure in Adult and Pediatric Patients

Left-sided valvular pathology and severe ventricular dys-
function should also be excluded before venovenous (VV)
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Table 1. Ultrasound Assessment Before ECMO Initiation

Parameters to Assess

Specific Conditions to Rule Out to Inform Indication and
Choice of Configuration

LV size and function
LV diameter and thickness

LVEF (Simpson’s, 3D), LVOT VTI, Tissue Doppler mitral annulus systolic

velocity, LV strain

Cardiac index

Diastolic function (E/A, E/e’, LA volume, TR velocity)
Wall motion abnormalities

Severe LV dysfunction, including diastolic dysfunction (VV
ECMO)

Papillary muscle rupture, interventricular septal rupture,
free wall rupture (may require additional interventions)* (VA
ECMO)

RV size and function

RV size, RV end-diastolic area/LV end-diastolic area
RV wall thickness

TAPSE, tricuspid S’ velocity

RV FAC, RV free wall longitudinal strain

Proximal PE and signs of chronic pulmonary hypertension
(RV hypertrophy, PA pressures >60mm Hg, pericardial
effusion) for VWV ECMO

TR velocity and RVSP estimation (if TR jet not available or massive TR:
PA acceleration time or pulmonary regurgitation can be used to estimate

RVSP)
PA acceleration time, biphasic PA forward flow
McConnell sign

RV/PA coupling (e.g.,TAPSE/RVSP, RV FAC/RVSP, or TAPSE/TR velocity)

Neonatal and pediatric

Congenital heart disease; congenital aortic and mitral stenosis,
coarctation, aortic arch interruption, coronary anomalies,
and obstructive total anomalous pulmonary venous return

Ventricular interdependence

Paradoxical septal motion
Eccentricity index

Valvular pathology

Left and right-sided valvular pathology (regurgitation and stenosis)

Significant mitral and aortic pathology (VV ECMO)
Tricuspid and pulmonary stenosis (VV ECMO)
Severe aortic regurgitation (VA ECMO)

Superior and inferior vena cava morphology, size, respiratory
variation, and thrombosis

For neonatal and pediatric: inferior vena cava-to-right atria continuity,
left superior vena cava with a bridging vein, presence of patent duct

Atrial anatomy and size

Prominent Eustachian valve, Chiari network

Dilated coronary sinus, persistent left superior vena cava

Atrial septal defect, patent foramen ovale (CFD and bubbles with
agitated saline)

Presence of pacemaker wires

Intracardiac thrombi (right and left)

Aorta

Aortic dissection, significant atheroma, and calcifications
(VA ECMO)

Pericardial effusion

Cardiac tamponade

Lung ultrasound: B-lines, lung consolidation, pleural line pattern
(fragmented, irregular, or thickened), pleural effusion

Tension pneumothorax, significant pleural effusion

Vascular ultrasound: vessel size and anatomy

Occlusive thrombus and stenosis on vascular ultrasound

Adapted from Douflé et al.'? Key parameters appear in bold.

*These conditions are not contraindications to ECMO but need to be diagnosed as they may require additional interventions.

CFD, color flow Doppler; E/a, early transmitral velocity/atrial transmitral velocity; E/e’, early transmitral velocity/tissue Doppler velocity at
the mitral annulus; ECMO, extracorporeal membrane oxygenation; LA, left atrium; LV, left ventricle; LVEF, left ventricular ejection fraction;
LVOT VTI, left ventricular outflow tract velocity-time integral; PA, pulmonary artery; PE, pulmonary embolism; RA, right atrium, RV, right ven-
tricle; RV FAC, right ventricular fractional area of change; RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic

excursion; TR, tricuspid regurgitation; VV ECMO, venovenous ECMO; VA ECMO, venoarterial ECMO.

ECMO initiation. Hypotension can develop secondary to
severe hypoxemia and right ventricular dysfunction pre-
cipitated by altered gas exchange, acute respiratory distress
syndrome (ARDS), and increased airway pressure. While the
choice of configuration is usually unambiguous for patients
in CS, in patients with respiratory failure and concomitant

cardiac dysfunction and/or inotrope/vasopressor dependence,
the choice of configuration (VV over VA ECMO) is driven by
the adequacy of cardiac index (obtained by echocardiogra-
phy), cardiac filling pressures, predicted reversibility of the
ventricular dysfunction, and vascular size in pediatric patients.
Venovenous ECMO can reduce RV afterload by decreasing
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Table 2. Ultrasound Use During Cannulation

Cannulation steps using ultrasound'?%
1. Image both arteries and veins, for patency, anatomical abnormalities, stenosis, using long and short-axis views
2. Measure vessels (maximum cannula size in Fr [outer diameter] = 3x vessel diameter in mm). Exceptions may include smaller size
patients and severe vasoconstriction
3. Ultrasound-guided vascular access
4. If cannulating the femoral artery for VA ECMO, whenever possible, one would ideally place the DPC using ultrasound first, as flow and
visualization of the SFA may be significantly reduced once the return femoral cannula is in place. As the deep femoral artery is an end-
artery, insertion of a DPC within it will not provide adequate leg perfusion. Ultrasound is, therefore, critical to confirm SFA cannulation.
5. Confirm wire in the vessel before dilation using TTE or TEE
a. Reverberation artifact may falsely create the appearance of two wires in a chamber and can negatively impact the identification of
the wires at greater depths.®®
b. The guidewire can appear blurred due to beam width and side lobe artifact.
c. For femoral vein cannulation, confirm using a bicaval, subcostal/transhepatic view that the wire is advanced into the SVC to not
perforate the right atrium. If two wires are used simultaneously, confirm two wires are visible on ultrasound.
d. For IJ cannulation and dual-lumen bicaval cannula, confirm on bicaval view, esophagogastric IVC, or transhepatic and subcostal
(longitudinal and sagittal) views that the wire is in the SVC, RA and deep into the IVC
e. For venous cannulation, also ensure that the wire(s) is or are not in one of the hepatic veins
f. For femoral artery cannulation, place DPC first; confirm that the wire for the return cannula is in the aorta.
g. For RA-PA cannulation, confirm the wire is in the pulmonary artery using TEE.
Confirm the wire is not looped in the RA, right atrial appendage nor right ventricle
Perform the cannulation through serial dilations followed by cannula insertion while continuously monitoring the wires’ position
It is important to remove the obturators before confirming the cannula tip location on ultrasound?
Confirm tips of cannulas in proper location after patient’s repositioning and modification of ventilatory settings (Table 3)
a. Refer to the manufacturer specifications for cannula lengths and locations of drainage and reinfusion ports to aid in confirming
adequate location.
b. For femoro-jugular cannulation, confirm on ultrasound that the tip of the drainage cannula is deep enough to maximize drainage and
optimize the position of the return cannula to prevent clinical recirculation'®%
c. For femoral-femoral VA cannulation, differential oxygenation may be improved by insertion of the drainage cannula higher, into the
SVC instead of RA, which can be safely confirmed by ultrasound®®

©o~NOo

DPC, distal perfusion cannula; IJ, internal jugular; IVC, inferior vena cava; RA, right atrium; RA-PA, right atrium-pulmonary artery; SFA,
superficial femoral artery; SVC, superior vena cava; TTE, transthoracic echocardiogram; TEE, transesophageal echocardiogram; VA ECMO,

venoarterial extracorporeal membrane oxygenation; VV ECMO, venovenous extracorporeal membrane oxygenation.

pulmonary vascular resistance through improved oxygen-
ation, decarboxylation, and less aggressive positive pressure
ventilation.?*-* Patients with ARDS and moderate to high ino-
tropic support have similar or better survival outcomes on VV
ECMO compared with VA ECMO, with fewer complications,
both in pediatric and adult patients, and have a low percent-
age of conversion to VA ECMO (~4%).2¢%

Additionally, patients with ARDS and acute RV failure may
be at risk of differential oxygenation when placed on periph-
eral VA ECMO. Finally, venopulmonary ECMO (VP ECMO) has
been described in ARDS-induced RV failure but data compar-
ing VV, VA, and VP ECMO is currently lacking.>

Conversely, as patients with pulmonary hypertension may be
insufficiently supported on VV ECMO, it is essential to identify
signs of chronic RV overload such as right ventricular hypertro-
phy and pulmonary artery dilatation with adaptation to higher
pulmonary artery pressures.'**!

Specific Neonatal and Pediatric Considerations

As the prevalence of CHD is higher in the neonatal and
pediatric population, it is crucial to rule out CHD in patients
in shock. Indeed, undiagnosed pathologies such as left-sided
obstruction (aortic stenosis, mitral stenosis, aortic coarctation,
aortic arch interruption), congenital coronary artery anoma-
lies, and others (e.g., obstructive total anomalous pulmonary
venous return) may present as CS.

Vascular size is a major determinant in guiding the choice
of ECMO modality in children and patients with vasculopa-
thy. Ultrasound assesses vascular diameter, patency, pres-
ence of thrombus, and anatomy (inferior vena cava-to-right

atria continuity, existence of a left superior vena cava with a
bridging vein, presence of patent duct). Vascular anatomy is
especially important in patients with CHD as these patients
have a higher incidence of vascular anomalies and obstruction
(previous indwelling vascular catheters, surgeries, and cardiac
catheterization).

Finally, for postcardiotomy ECMO patients, residual lesions
should be searched.

Role of Ultrasound for Cannulation

The use of ultrasound is critical for percutaneous cannula-
tions using the Seldinger technique (Table 2). Different ana-
tomical sites can be visualized using ultrasound to determine
vascular patency and size and prevent complications such as
inadvertent arterial cannulation (during VV ECMO), piercing of
the inguinal ligament, vascular dissection, arteriovenous fistula
creation, or cardiac perforation during cannulation.’** The
formula: maximum cannula size in Fr (outer diameter) = 3 x
vessel diameter in mm is useful to guide the choice of can-
nula size, although some exceptions exist, e.g., severe vaso-
constriction in the context of shock. Additionally, thorough
assessment of atrial anatomy, specifically of the right atrium,
is needed to exclude normal variants or pathologies that may
hinder advancement of the cannulas (e.g., prominent Chiari
network, atrial thrombi). Compared to TTE, TEE provides better
visualization of the wires correctly traversing the SVC and IVC
and not entering the RV on the midesophageal bicaval view.
Real-time visualization is needed at each step of the proce-
dure, including guidewires’ insertion, serial tissular dilation,
and cannulas’ insertion to promptly detect wire migration or
complications.'*?
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Table 3. Echocardiographic Views for the Most Frequent ECMO Configurations

Ultrasound Monitoring

Cannulation/Cannulas Considerations

TTE TEE

V-A ECMO in neonates
(neonatal/pediatric)*®

- Tip of arterial cannula within the
innominate artery near the aorta

- Tip of venous cannula within the right
atrium, remote from atrial septum

- Tip of drainage cannula in RA™

- Return IJ cannula within SVC or RA

Femoro-jugular V-V
ECMO

Jugular-femoral V-V
ECMO

Drainage cannula in RA and return
within lower IVC*

Femoro-femoral V-V
ECMO

- Drainage cannula at the SVC-RA
junction*'

- Return cannula at the mid RA level

- Tip of the cannula 2-3cm above the
pulmonary valve and not in one of the
pulmonary artery branches

Tip in the RA not abutting the right atrial
appendage

V-P ECMO with single
stage return PA limb

Dual-lumen RA cannula

Dual-lumen bicaval
cannula*

- Infusion jet pointing at tricuspid valve
using color flow Doppler

- Tip of cannula within the IVC (and not
within a hepatic vein)

- Drainage ports in IVC and SVC

- Tip of the cannula 2-3cm above the
pulmonary valve and not in one of the
pulmonary artery branches

Confirm drainage ports are in the RA

Drainage ports in both SVC and IVC

Dual-lumen RA-PA
cannula (V-P ECMO)

Bicaval multistage
cannula

Peripheral V-A ECMO - Tip of the drainage cannula at SVC-
RA junction or above

- Doppler ultrasound to assess flow in
the cannulated legs

- CEUS over the popliteal arteries can
assess proper functioning of a distal
perfusion cannula®

- Venous drainage within the RA through
the right atrial appendage or 2
drainage cannulas in SVC and IVC;

- Also possible is, dual-stage drainage
cannula with drainage within the RA
and IVC or SVC

- Return in the ascending aorta

Central cannulation

For arterial cannula: N/A

suprasternal notch window

- Subcostal longitudinal (4
chamber)

- Subcostal bicaval sagittal view
(marker at 12 o’clock)

- Transhepatic view

Subcostal longitudinal and
sagittal view (marker at 12
o’clock), transhepatic view

- Subcostal longitudinal

- Subcostal sagittal views

- Transhepatic view

Parasternal and subcostal RV
inflow—outflow

Midesophageal bicaval view (90°+ 10°)

Midesophageal bicaval view

Midesophageal bicaval view

- Midesophageal RV inflow—outflow

- Midesophageal view of pulmonary
valve and PA upper esophageal view

- Subcostal sagittal view Midesophageal bicaval view
(marker at 12 o’clock)

- Subcostal 4- chamber view

- Subcostal sagittal view
(marker at 12 o’clock)

- Transhepatic RA/IVC view

- Midesophageal bicaval or modified
bicaval view
- Esophagogastric IVC view

Parasternal and subcostal RV
inflow—outflow

- Midesophageal RV inflow—outflow
- Midesophageal view of pulmonary
valve and PA upper esophageal view

Subcostal sagittal view (marker - Midesophageal bicaval
at 12 o’clock) - Esophagogastric IVC view
Subcostal sagittal view (marker Midesophageal bicaval view
at 12 o’clock)

Usually N/A - Midesophageal bicaval view for
drainage

- Midesophageal distal ascending
aortic

- Upper esophageal aortic arch view

CEUS, contrast-enhanced ultrasound; ECMO, extracorporeal membrane oxygenation; IJ, internal jugular; IVC, inferior vena cava; N/A, not

applicable; PA, pulmonary artery; RA, right atrium; RV, right ventricle;

SVC, superior vena cava; TEE, transesophageal echocardiography; TTE,

transthoracic echocardiogram; V-A, venoarterial ECMO; V-V, venovenous ECMO.

A postcannulation echocardiogram is needed to confirm
adequate cannula location after ventilatory settings adjustment
and patient’s repositioning (before final cannula securement)
and rule out new or expanding pleural or pericardial effusion
or aortic dissection (for VA ECMO)."

Use of Ultrasound for Monitoring on ECMO

Cannula Monitoring

Monitoring of ECMO cannulas with ultrasound is crucial
to prevent flow impediment, recirculation, cannula malposi-
tion, or worse decannulation and should be performed with
clinical changes. Confirmation of the position of the cannulas’
tips is extremely important as the radiolucent tips may not be

visualized on radiographs. Suboptimal positioning of cannulas
can lead to complications, structural damage, cardiac perfora-
tion, hepatic congestion, and recirculation.****% Determining
the degree of recirculation by dilutional ultrasound is possi-
ble.**” Ultrasound can also assess thrombus formation at the
tip and around the cannulas.**

For bicaval dual-lumen cannula, color flow Doppler (CFD)
is helpful to identify the reinfused flow directed toward the tri-
cuspid valve. Direction of the reinfusion flow should be ascer-
tained in case of persistent hypoxemia and cannula position
may need to be readjusted accordingly.

For right atrial (RA) cannulation with a dual-lumen can-
nula in neonates and children, echocardiography with CFD is
essential to check the correct cannula position (upper to mid-
atrium) and the direction of the reinfused flow (the jet should
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Table 4. Ultrasound Monitoring on ECMO

Monitoring on ECMO

Echocardiography

VV ECMO

VA ECMO

Biventricular size and function with emphasis on RV Biventricular size and function (LVEF may decrease with

function (TAPSE, RV FAC, S at tricuspid annulus,

RVSP estimation), paradoxical septum

Hypoxemia: CO estimation, direction of reinfused

flow with CFD for dual-lumen cannula,
recirculation

All ECMO configurations
Follow up of any other pre-existing pathology
Cannula position

increasing ECBF)

Ventricular interdependence

Biatrial size and volume

Mitral (including diastolic MR)/aortic regurgitation, flow
reversal in pulmonary veins (these may increase with
increasing ECBF)

Opening of aortic valve (may decrease with increasing ECBF)

LVOT VTI (may decrease with increasing ECBF)

Intracavitary spontaneous echo contrast/intracavitary
thrombus

Aortic root thrombosis: (may increase with increasing ECBF)

Absence of systolic reversal in suprahepatic veins

Position of mixing zone in descending aorta®

Drainage insufficiency (intravascular volume, pericardial effusion)

Cannula-related thrombosis
IVC and SVC size and respiratory variations

Extracardiac ultrasound

VV ECMO

VA ECMO

Lung ultrasound

Cerebral ultrasound

Vascular ultrasound

Lung score, signs of pneumonia
Pneumothorax, hemothorax
TCD: Peak, diastolic, and mean flow velocities,
pulsatility index, estimated ICP and CPP
Optic nerve sheath diameter, midline shift
Microembolic signals if intracardiac or
intrapulmonary shunt
VT

Pulmonary edema, signs of pneumonia

Pneumothorax, hemothorax

Peak, diastolic, and mean flow velocities, pulsatility index
with and without IABP when applicable, estimated ICP
and CPP

Optic nerve sheath diameter, midline shift

Microembolic signals

Arterial flow with Doppler + contrast

Deep vein thrombosis

Placement of percutaneous vascular closure device

Weaning phase

VV ECMO

VA ECMO

RV size and function

Ventricular interdependence

Absence of a significant pleural effusion or a
pneumothorax

Absence of significant lung consolidation or
atelectasis on CUS

Right-to-left shunt

Adult: LVOT VTI >10cm. LVEF >20-25%*°

Pediatric: VTI >7.9cm, EF> 41%, stable MRS

S’ wave at lateral mitral annulus >6 cm/s* and delta lateral
e’>3.2%

RV size and function, TAPSE, S’, and delta S’ >9% at
tricuspid annulus,® FAC, 3D RVEF> 25%°%

TR and RVSP

Ventricular interdependence®

Biventricular strain®%¢ and RV-PA coupling®®

Absence of significant mitral regurgitation and dilatation of
mitral annulus

Right-to-left shunt

Post-ECMO

All ECMO configurations

Vascular ultrasound of previous cannulation sites and IVC to exclude complications (vascular stenosis,
thrombosis, pseudoaneurysm, and arteriovenous fistula)

RA, RV thrombus
Right-to-left shunt

Adapted from Douflé et al.™?

3D RVEF, three-dimensional right ventricular ejection fraction; CFD, color flow Doppler; CO, cardiac output; CPP, cerebral perfusion pres-
sure; CUS, chest ultrasound; DVT, deep vein thrombosis; ECBF, extracorporeal blood flow; ECMO, extracorporeal membrane oxygenation;
FAC, fractional area change; IABP, intra-aortic balloon pump; ICP, intracranial pressure; IVC, inferior vena cava; LV, left ventricle; LVEF, left
ventricular ejection fraction; LVOT VTI, left ventricular outflow tract velocity-time integral; RA, right atrium; RV, right ventricle; RV FAC, right
ventricular fractional area of change; RV-PA coupling, right ventricle-pulmonary artery coupling; RVSP, right ventricular systolic pressure;
SVC, superior vena cava; TAPSE, tricuspid annular plane systolic excursion; TCD, transcranial Doppler; TR, tricuspid regurgitation; VV ECMO,
venovenous ECMO; VA ECMO, venoarterial ECMO.
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be directed towards the tricuspid valve and should start from
the junction between the SVC and the RA). In neonates with
CHD and central shunts, the arterial cannula position must be
monitored by ultrasound to prevent migration and obstruction
of the shunt.

Each cannulation strategy has distinctive ultrasound monitor-
ing considerations (Table 3). Monitoring of cannulas in unique
populations such as patients who have undergone a Glenn or
Fontan procedure is recommended, however, exact location of
cannula placement is beyond the scope of this review as this
may be very specific to individual patient’s anatomy.

Cardiac Function Monitoring on Venoarterial
Extracorporeal Membrane Oxygenation

Echocardiogram in VA ECMO is required to assess preload,
biventricular contractility, afterload, and potential need for
unloading (Table 4).

VA ECMO greatly changes cardiac preload and afterload,
thus significantly impacting cardiac function evaluation and
interpretation.””>® Inotropic support, ECMO, and ventilatory
settings need to be reported and accounted for when interpret-
ing echocardiographic findings.

The most used parameter to stratify LV systolic function is
the left ventricular ejection fraction (LVEF) calculated with the
biplane Simpson’s method. While LVEF is load-dependent, it
has been shown to be higher and to increase early in patients
who are successfully weaned off ECMO.*%°

Left ventricular outflow tract (LVOT) velocity-time integral
(VTI) is another widely used parameter to trend LV function
recovery. Although load-dependent, it is consistently reported
across studies to detect cardiac improvement and to predict
successful weaning.*>**° Finally, tissue Doppler systolic
velocities such as mitral annular systolic velocity and lateral e’
velocity have been shown to improve in successfully weaned
patients.*52

For neonates and pediatric patients with CHD supported
on VA ECMO, echocardiography is useful to evaluate residual
lesions or worsening function that may require further surgical
intervention.

Valvulopathy. By increasing LV afterload and subsequently,
LV end-diastolic pressure, VA ECMO may lead to new onset
of left-sided valvular regurgitation or worsening of pre-
existing regurgitation, typically due to mitral annular dilata-
tion. Therefore, both mitral and aortic valvular function should
be closely monitored while on VA ECMO."2

LV distension. A subset of VA ECMO patients benefit from
addition of a mechanical unloading device.®*** For all ages
of ECMO patients, the indication for LV unloading must be
guided by clinical and echocardiographic parameters.®>-” A
detailed description of possible unloading devices is beyond
the scope of this review but options include percutaneous
(IABP, microaxial pump, atrial septostomy, transseptal cannu-
lation, pulmonary artery vent) and surgical (direct LV vent, LA
vent via pulmonary veins) approaches. Echocardiography may
help choose the optimal unloading strategy by excluding con-
traindications to a specific unloading device (e.g., LV thrombus
contraindicating the use of a microaxial pump) and guide inser-
tion and adequate positioning. In contrast to other unloading
devices, Impella increases flow in the aortic root, thus poten-
tially improving coronary perfusion. A successful application

of the device is contingent on its daily echocardiographic
monitoring and prevention of axial and lateral malposition.®®

Irrespective of LV size, the following echocardiographic
signs (in conjunction with clinical parameters, such as wors-
ening pulmonary congestion, minimal pulse pressure) may
indicate the need for LV unloading: very severely reduced
ejection fraction (i.e., LVEF <10%, LVOT VTI <5cm) and/
or presence of AR, absence of aortic valve opening (or only
intermittent opening), retrograde diastolic mitral flow, wors-
ening mitral regurgitation, systolic flow reversal in the pulmo-
nary veins, spontaneous LV echocardiographic contrast, and/
or LV thrombus.®*7°

When considering unloading, determination of the presence
of ongoing subendocardial LV ischemia on VA ECMO can be
challenging, as traditional regional wall motion scoring is unre-
liable. The demonstration of post-ejection shortening, and/or
the use of echocardiographic myocardial perfusion scanning
can be useful in expert hands. Nevertheless, the optimal timing
of LV unloading remains a matter of debate.

Right ventricular monitoring. VA ECMO also significantly
affects right ventricular function; however, the complex RV
morphology compared to the LV, makes it more challenging
to accurately measure its geometry or quantify its function.
Additionally, the definition of RV failure remains inconsistent,
more so on mechanical circulatory support (MCS).”!

While there is no specific separate set of parameters for RV
assessment on ECMO, the conventional echocardiographic
assessment is applicable (Table 4)."* However, values need to
be interpreted cautiously given the inherent decrease in RV
preload on VA ECMO.

Additionally, tricuspid £/A and E/e’, as measurements of RV
diastolic function, have not been validated against the gold
standard of end-diastolic elastance and should therefore be
used and interpreted with caution.

Ultrasound for combined MCS. While specific recom-
mendations on the use of ultrasound for other forms of MCS
are beyond the scope of this review a few points are worth
mentioning,.

Transvalvular assist devices, such as Impella, are com-
monly used to address LV distension during VA ECMO.
Echocardiography plays a pivotal role in facilitating insertion,
titration, detection of complications, and weaning of these
devices.®>”? Adequate position of the device depends on its
size and should be frequently monitored to ensure optimal
functioning and in case of dysfunction.”? The distal part of
the catheter should be directed towards the LV apex to avoid
interaction with the ventricular wall and the subvalvular mitral
valve apparatus.”* Notably, with an Impella, certain measure-
ments of ventricular performance may need to be extrapolated
from other measurements due to Impella interference, such as
the LVOT VTI that may be inferred from the RVOT VTI mea-
sured in the proximal pulmonary artery.

Similarly, adequate positioning and repositioning of IABP
can be guided with echocardiography, using the supraclavicu-
lar view on TTE or TEE short and long-axis aortic view.”

VA ECMO is also used in postoperative RV failure fol-
lowing left ventricular assist device (LVAD) insertion.”>”®
Echocardiography plays a crucial role in this context by facili-
tating the adjustment of ECMO and LVAD flows, ensuring
hemodynamic stability, maintaining adequate LV preload, and
right ventricular decompression.
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Cardiac Function Monitoring on Venovenous
Extracorporeal Membrane Oxygenation

Cardiac function, and more specifically RV function should
also be monitored on VV ECMO as a significant subset of
patients will develop RV dysfunction during VV ECMO sup-
port, which may prompt a change of ECMO configuration
to V-A, V-VA, or V-P ECMO.?2%7778 The frequency of cardiac
monitoring on VV ECMO should be guided by the patient’s
clinical condition.”

Troubleshooting

Drainage Insufficiency, Hypoxemia, and Recirculation

Drainage insufficiency is frequent in any type of ECMO
configuration.?>” We recommend performing an ultrasound
to identify causes of drainage insufficiency, such as cannula
malposition, hypovolemia, tension pneumothorax, cardiac
tamponade, intracardiac, or cannula-related thrombosis.'?#

The differential diagnoses of hypoxemia on VV ECMO are
multiple and can be secondary to ECMO or patient-related
etiologies. ECMO-related causes include membrane lung dys-
function, drainage insufficiency, recirculation, and insufficient
extracorporeal blood flow (ECBF) in relation to cardiac out-
put. Patient-related diagnoses include tension pneumothorax
or hemothorax, and pulmonary atelectasis. Performing an
echocardiogram and lung ultrasound to assess hypoxemia
unrelated to membrane lung failure is recommended to iden-
tify factors contributing to drainage insufficiency and recircu-
lation. In case of hypoxemia or suspected recirculation, the
orientation of the reinfusion flow with CFD should also be
assessed, particularly with dual-lumen cannulas and V-P con-
figurations.'? Furthermore, contrast echocardiography can be
used to estimate recirculation.'" Echocardiography also allows
the determination of cardiac output to assess the ratio of ECBF
to patient’s cardiac output. Contrast-enhanced ultrasound
can also be used to find the location of the mixing point to
assess differential oxygenation on peripheral VA ECMO.* In
case of differential oxygenation on VA ECMO, performing a
comprehensive ultrasonographic examination (including heart
and lung) is crucial to determine the cause of hypoxemia and
implement the appropriate treatment (e.g., pleural drainage or
pulmonary optimization, change of configuration to V-AV, or
LV unloading).

Tamponade

Tamponade is an infrequent but important complication of
ECMO, occurring in 2.6% of adult patients receiving ECMO.®!
In ELSO registry data, tamponade was most frequent in VA
ECMO (78% of cases) followed by VV ECMO (18%) and extra-
corporeal cardiopulmonary resuscitation (12%). Additionally,
cardiac tamponade was associated with worse outcomes
(35% hospital survival vs. 49%).5" Tamponade may result
from cannula malpositioning (demonstrated by echocardiog-
raphy) or RA or RV rupture. Tamponade may be associated
with drainage insufficiency and increasingly negative inlet
pressures (with or without a rise in central venous pressure
(CVP)), patient’s instability, or may be concealed until present-
ing as loss of pulsatility or failure to wean from VA ECMO.'%%2

There are numerous echocardiographic features supporting
the diagnosis in the native circulation, including demonstra-
tion of a pericardial collection, exaggerated respiratory varia-
tion in transtricuspid, transmitral and transaortic flow, and the
presence of chamber collapse. Importantly, these echocardio-
graphic features of tamponade may be absent on ECMO and in
case of localized pericardial collections.?> On VV ECMO with
low tidal volumes secondary to severely reduced lung compli-
ance and lung rest strategy, transvalvular respiratory variations
may be absent even in the presence of tamponade.®> As reli-
ance on traditional clinical and echocardiographic features of
tamponade may mislead, serial echocardiograms are recom-
mended if a pericardial effusion is present, at least daily and
more frequently in case of deterioration or ongoing drainage
insufficiency.

Vascular Ultrasound

Vascular complications on ECMO remain frequent and
include venous and arterial thrombosis, pseudoaneurysm,
arteriovenous fistula, arterial dissection, and post-ECMO vas-
cular stenosis.?”#5> While deep venous thrombosis (DVT) may
be clinically insidious on ECMO, recent systematic reviews
reported a high incidence of thromboembolic events and
ECMO itself was a positive predictor for DVT.#>#0-88 As patients
on ECMO are in most cases on systemic anticoagulation, the
benefit of systematic ultrasonographic detection of DVTs on
ECMO is uncertain. However, given the high frequency of
cannula-associated DVT (CaDVT), it is recommended to sys-
tematically perform a post-decannulation ultrasound of the
previous cannulation sites and vena cavae to exclude CaDVT,
as ongoing systemic anticoagulation may be required in case
of post-ECMO DVT.8>88:89

Arterial vascular complications are usually symptomatic, but
early detection of perfusion loss is crucial to limit progression
to limb ischemia. For peripheral arterial cannulation, insertion
of an antegrade distal perfusion cannula (DPC) on ipsilateral
arterial cannulation site is usually warranted and should be
placed under ultrasound guidance in the superficial femoral
artery (SFA).>2°°Visualization of the wire in the SFA and CEUS
in the popliteal artery can help confirm adequate position of
the DPC.* Ultrasound guidance can also be used for retro-
grade DPC placement in the posterior tibial artery. Even in the
presence of a DPC, frequent Doppler ultrasound assessment is
needed to ensure the presence of adequate flow, in conjunc-
tion with clinical examination and other monitoring tools, such
as near-infrared spectroscopy. Ultrasound can also be used to
assist placement of arterial closure devices and diagnose post-
decannulation vascular stenosis, thrombosis (including throm-
bus between the antegrade DPC and retrograde cannula before
decannulation, which may influence the choice between per-
cutaneous or surgical closure), pseudoaneurysm, and arterio-
venous fistula.”'

Chest Ultrasound

Including in ECMO patients with severe ARDS, a combina-
tion of chest ultrasound (CUS), echocardiography, and chest
X-ray provides a high diagnostic yield to detect complica-
tions.?”> Chest ultrasound is reproducible and can quantify pul-
monary involvement.”-%
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Quantitative and qualitative assessment of pleural space
with ultrasound are essential for decision on pleural fluid
drainage, which may improve oxygenation, ventilation, RV
function and may facilitate weaning of ECMO support.”’-%°
Importantly, in heavily consolidated and less buoyant lungs,
the estimated amount of fluid using classical methods may be
underestimated.?® As pleural drainage may have an increased
risk of bleeding on ECMO, identification of the intercostal ves-
sels with ultrasound may be of interest.'®

The incidence of barotrauma was around 12-26% in high-
volume ECMO centers during the COVID-19 pandemic.'
A prompt diagnosis and management of pneumothorax
with ultrasound is essential in ventilated patients.'®> Chest
ultrasound, including the high specificity of a lung point,
helps diagnose and assist in drainage.'” However, the lung
point has a sensitivity of only 66% and is absent in larger
circumferential pneumothoraces. Other CUS indicators of
pneumothorax are absence of lung sliding, lung pulse, and
B-lines.'>1% Caution needs to be exercised in absence of
lung sliding in patients with ultraprotective MV. Similarly,
lung pulse may be absent in patients on VA ECMO with non-
ejecting hearts.'?

While normal alveolar air content and alveolar disten-
sion cannot be distinguished on lung ultrasound, it may help
monitor lung aeration and PEEP titration on ECMO including
in pediatric patients. Lung recovery can be monitored using
the lung ultrasound score on VV ECMO and persistently high
scores portend worse outcomes.'®'% The presence of dynamic
bronchogram and lung pulse helps differentiate lung consoli-
dation from atelectasis and has been used in conjunction with
CFD to support the diagnosis of pneumonia on ECMO.'%®

Neurological Ultrasound

Screening for acute neurologic complications in newborns
and infants relies on bedside transcranial brain ultrasound.
Even though this modality can underestimate both minor hem-
orrhagic and ischemic injury compared to computed tomog-
raphy or magnetic resonance imaging.'” Nonetheless, early
detection of brain hemorrhages may be helpful to tailor antico-
agulation during ECMO."-"13

However (both in neonates, pediatric, and adult patients),
while changes in estimated cerebral perfusion pressure (CPP),
intracranial pressure (ICP), and pulsatility index (PI) derived
from cerebral blood flow velocities may be signs of acute brain
injury, data on the optimal frequency and duration of tran-
scranial Doppler (TCD) monitoring is lacking.''*'"> Notably,
absent Pl in any vessel has been linked to a heightened risk
of intracranial hemorrhage. However, as Pls correlate with
LVEF and may be absent in patients on VA ECMO with LVEF
below 20% and may be impacted by the presence of an IABP,
Pls should be interpreted with caution. Similarly, the clinical
significance of microembolic signals is uncertain and needs
further investigation.'*'”

Brain ultrasound can also be used to detect changes in
optic nerve sheath diameter and increase in diameter can be
indicative of high ICP even in ECMO patients."'®'"? Finally,
caution should be used while interpreting signs of cerebral
circulatory arrest on TCD in the presence of minimal cardiac
ejection and repeated examinations by the same operator are
needed.'20-122

Ultrasound to Guide ECMO Weaning

Venovenous Extracorporeal Membrane Oxygenation (Adults)

Monitoring of LV filling pressures and right heart function
in combination with lung ultrasonography may facilitate VV
ECMO weaning.''%” Chest ultrasound and echocardiography
should help exclude elevated LVEDP and set goals for preload,
heart contractility, and afterload.'?* Monitoring of the presence
of a right-to-left shunt may be helpful in case of repeated fail-
ure of ECMO weaning trial."?*

Venovenous Extracorporeal Membrane
Oxygenation (Pediatric)

Venovenous ECMO weaning depends mostly on the degree
of lung function recovery allowing gradual decrease of the
sweep gas flow while continuing ECBF. Echocardiogram in
VV ECMO evaluates RV function and the presence and degree
of pulmonary hypertension. Estimation of PAP, assessment of
right-to-left shunt at the atrial or ductal level, interventricular
septum motion, TAPSE, and pulmonary artery acceleration
time of >100ms are useful during weaning trials together with
clinical and laboratory parameters supporting suitability to
come off ECMO. 161977125

Venoarterial Extracorporeal Membrane Oxygenation (Adults)

Extracorporeal blood flow should be maintained at the
lowest level tolerated to allow sufficient organ perfusion
and avoid further LV distension while maintaining patency
of the circuit. Weaning trials should start as soon as pos-
sible, once ventricular function has recovered sufficiently to
meet circulatory needs.*'2¢-128 Assessment of readiness for
liberation must integrate clinical, biological, echocardio-
graphic parameters and invasive cardiac monitoring when
available. Although protocols differ between studies, regular
approaches include a stepwise reduction of ECBF with echo-
cardiographic reassessment at each step (as low as 0.5-1L/
min or transient clamping) and subsequent return to baseline
flows or slightly lower.'?® This process may require an anti-
coagulation adjustment. A gradual reduction of ECBF diverts
circulating stress volume from the extracorporeal circuit to
the right heart and pulmonary circulation, thus increasing
RV preload while decreasing LV afterload. Importantly, most
echocardiographic parameters used to assess readiness are
load-dependent and should be interpreted and integrated
with caution (Table 4). Initially described parameters, such
as LVEF >20-25%, LVOT VTl >10cm, and tissue Doppler
imaging of the mitral annulus peak systolic velocity (TDSa)
>6cm/s, were associated with weaning success.***> An
adequate inotropic LV response to stepwise ECBF reduc-
tions without dilatation versus a reduced inotropic response
and LV dilatation was associated with improved odds of LV
recovery.'* The LV longitudinal contractility may be assessed
during ECMO weaning by tissue Doppler velocity of the
mitral annulus rather than by two-dimensional strain rate
imaging.” Indeed, studies failed to demonstrate LV global
longitudinal strain prognostic value and ability to predict
successful weaning.”> However, a load-dependent cardiac
reserve was identified by an increase in strain in patients
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weaned from ECMO. Notably, new or worsening ventricu-
lar interdependence is associated with weaning failure and
assessment of RV function is critical to determine readiness
for liberation.>*'3' Since the RV is significantly unloaded dur-
ing VA ECMO, it is inherently difficult to judge its intrinsic
contractility unless assessed during weaning trial. Three-
dimensional RVEF was shown to correlate strongly with
weaning success with a cutoff value of 25%.'*

Dynamic changes of echocardiographic parameters in
response to flow decrements may be more predictive than
single values.®* Similarly, markers of RV-PA coupling may be
better predictors than the originally described parameters.>®

Venoarterial Extracorporeal Membrane
Oxygenation (Pediatric)

In neonates and pediatric patients, smaller circuits make
weaning of VA ECMO more challenging, as it requires
decreasing the ECBF to evaluate native cardiac function
while maintaining circuit patency. To better assess native car-
diac function, ECBF may be reduced by the use of bridges,
Hoffman clamps, or by performing a Pump Controlled
Retrograde Trial Off (PCRTO)." As in adults, cardiac func-
tion should be high enough to allow adequate oxygen
delivery which is assessed in conjunction with clinical, bio-
logical, and invasive monitoring parameters. As LVOT VTI
significantly varies with age and body size, absolute cutoff
values may not be applicable in the pediatric population.>°
Nonetheless, a recent multicenter study (including neonates
and pediatric patients) showed an increase in LVOT VTI and
LVEF in all patients during VA ECMO weaning and demon-
strated that LVOT VTl <7.9cm, LVEF <41%, worsening MR,
and a disproportionate increase in CVP during ECMO wean
were associated with unfavorable outcomes (i.e., death,
heart transplant, need for VAD, second ECMO run).>>" Left
ventricular outflow tract VTl is a promising parameter in
CHD patients with altered ventricular shape or univentricu-
lar hearts in whom measurement of LVEF is challenging or
not possible.

Conclusions

Ultrasound is ubiquitous and indispensable in the care of
ECMO patients, from indication to choice of configuration,
cannulation, monitoring, weaning and post decannulation.
Clinicians managing ECMO patients should be cognizant of
ultrasonographic parameters to assess on ECMO and of the
impact of ECMO support on these parameters for optimal
decision-making.

References

1. Combes A, Brodie D, Bartlett R, et al; International ECMO Network
(ECMONet): Position paper for the organization of extracorpo-
real membrane oxygenation programs for acute respiratory fail-
ure in adult patients. Am / Respir Crit Care Med 190: 488-496,
2014.

2. Abrams D, Garan AR, Abdelbary A, et al; International ECMO
Network (ECMONet) and The Extracorporeal Life Support
Organization (ELSO): Position paper for the organization of
ECMO programs for cardiac failure in adults. Intensive Care
Med 44:717-729, 2018.

3. Hahn RT, Abraham T, Adams MS, et al: Guidelines for perform-
ing a comprehensive transesophageal echocardiographic
examination: Recommendations from the American Society
of Echocardiography and the Society of Cardiovascular
Anesthesiologists. /] Am Soc Echocardiogr 26: 921-964, 2013.

4. Kirkpatrick JN, Panebianco N, Diaz-Gomez JL, et al:
Recommendations for cardiac point-of-care ultrasound
nomenclature. | Am Soc Echocardiogr 24: S0894-7317, 2024.
doi:10.1016/j.echo.2024.05.001.

5. Mitchell C, Rahko PS, Blauwet LA, et al: Guidelines for perform-
ing a comprehensive transthoracic echocardiographic exami-
nation in adults: Recommendations from the American Society
of Echocardiography. /] Am Soc Echocardiogr 32: 1-64, 2019.

6. Kirkpatrick JN, Grimm R, Johri AM, et al: Recommendations for
echocardiography laboratories participating in cardiac point
of care cardiac ultrasound (POCUS) and critical care echo-
cardiography training: Report from the American Society of
Echocardiography. / Am Soc Echocardiogr 33: 409-422.e4,
332020.

7. Rajamani A, Galarza L, Sanfilippo F, et al; SPARTAN Collaborative
(Small Projects, Audits and Research Projects-Australia/New
Zealand): Criteria, processes, and determination of competence
in basic critical care echocardiography training: A Delphi pro-
cess consensus statement by the learning ultrasound in critical
care (LUCC) initiative. Chest 161: 492-503, 2022.

8. Jing Y, Yuan Z, Zhou W, et al: A phased intervention bundle to
decrease the mortality of patients with extracorporeal mem-
brane oxygenation in intensive care unit. Front Med (Lausanne)
9: 1005162, 2022.

9. Nowak-Machen M, Schmid E, Schlensak C, et al: Safety of trans-
esophageal echocardiography during extracorporeal life sup-
port. Perfusion 31: 634-639, 2016.

10. Morales Castro D, Abdelnour-Berchtold E, Urner M, et al:
Transesophageal  echocardiography-guided  extracorporeal
membrane oxygenation cannulation in COVID-19 patients. /
Cardiothorac Vasc Anesth 36: 4296-4304, 2022.

11. Lashin H, Shepherd S, Smith A: Contrast-enhanced echocardiog-
raphy application in patients supported by extracorporeal mem-
brane oxygenation (ECMO): A narrative review. / Cardiothorac
Vasc Anesth 36: 2080-2089, 2022.

12. Douflé G, Dragoi L, Morales Castro D, et al: Head-to-toe bedside
ultrasound for adult patients on extracorporeal membrane oxy-
genation. Intensive Care Med 50: 632-645, 2024.

13. Lang RM, Badano LP, Mor-Avi V, et al: Recommendations for car-
diac chamber quantification by echocardiography in adults: An
update from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. / Am Soc
Echocardiogr 28: 1-39.e14, 2015.

14. Rudski LG, Lai WW, Afilalo ], et al: Guidelines for the echocar-
diographic assessment of the right heart in adults: A report from
the American Society of Echocardiography endorsed by the
European Association of Echocardiography, a registered branch
of the European Society of Cardiology, and the Canadian
Society of Echocardiography. | Am Soc Echocardiogr 23: 685-
713; quiz 786, 2010.

15. Koestenberger M, Ravekes W, Everett AD, et al: Right ventricular
function in infants, children and adolescents: Reference values
of the tricuspid annular plane systolic excursion (TAPSE) in 640
healthy patients and calculation of z score values. | Am Soc
Echocardiogr 22: 715-719, 2009.

16. Lammers AE, Apitz C, Michel-Behnke I, Koestenberger M: A guide
to echocardiographic assessment in children and adolescents
with pulmonary hypertension. Cardiovasc Diagn Ther 11:
1160-1177, 2021.

17. LaiWW, GevaT, Shirali GS, et al; Task Force of the Pediatric Council
of the American Society of Echocardiography: Guidelines and
standards for performance of a pediatric echocardiogram:
A report from the Task Force of the Pediatric Council of the
American Society of Echocardiography. / Am Soc Echocardiogr
19: 1413-1430, 2006.

18. Pettersen MD, Du W, Skeens ME, Humes RA: Regression equa-
tions for calculation of z scores of cardiac structures in a
large cohort of healthy infants, children, and adolescents: An



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

ELSO REVIEW ON US IN ECMO 95

echocardiographic study. / Am Soc Echocardiogr 21: 922-934,
2008.

Koestenberger M, Nagel B, Ravekes W, et al: Reference values
of tricuspid annular peak systolic velocity in healthy pediatric
patients, calculation of z score, and comparison to tricuspid
annular plane systolic excursion. Am J Cardiol 109: 116-121,
2012.

Lopez L, Saurers DL, Barker PCA, et al: Guidelines for per-
forming a comprehensive pediatric transthoracic echocar-
diogram: Recommendations from the American Society of
Echocardiography. / Am Soc Echocardiogr 37: 119-170, 2024.

Lemor A, Basir MB, O’Neill BP, et al: Left atrial-veno-arterial extra-
corporeal membrane oxygenation: Step-by-step procedure and
case example. Struct Heart 6: 100117, 2022.

GolzarianH, Thiel A, Hempfling G, et al: Severe aortic insufficiency-
induced cardiogenic shock treated with left atrial VA-ECMO
and emergent valve-in-valve TAVR. ESC Heart Fail 10: 3718-
3724, 2023.

Huang S, Vignon P, Mekontso-Dessap A, et al: Echocardiography
findings in COVID-19 patients admitted to intensive care units:
A multi-national observational study (the ECHO-COVID study).
Intensive Care Med 48: 667-678, 2022.

Reis Miranda D, van Thiel R, Brodie D, Bakker J: Right ventricular
unloading after initiation of venovenous extracorporeal membrane
oxygenation. Am / Respir Crit Care Med 191: 346-348, 2015.

Levy D, Desnos C, Lebreton G, et al: Early reversal of right ven-
tricular dysfunction after venovenous extracorporeal membrane
oxygenation in patients with COVID-19 pneumonia. Am /|
Respir Crit Care Med 207: 784-787, 2023.

Kon ZN, Bittle GJ, Pasrija C, et al: Venovenous versus venoarte-
rial extracorporeal membrane oxygenation for adult patients
with acute respiratory distress syndrome requiring precannula-
tion hemodynamic support: A review of the ELSO registry. Ann
Thorac Surg 104: 645-649, 2017.

Jaber B, Bembea MM, Loftis LL, et al; the Pediatric ECMO
(PediECMO) Subgroup of the Pediatric Acute Lung Injury and
Sepsis Investigators (PALISI) Network and the Extracorporeal
Life Support Organization (ELSO): Venovenous versus veno-
arterial extracorporeal membranous oxygenation in inotrope
dependent pediatric patients with respiratory failure. ASAIO |
67:457-462, 2021.

Furlong-Dillard JM, Feygin YB, Reeder RW, et al: Comparing
outcomes of venovenous versus venoarterial extracorporeal
membrane oxygenation in neonatal and pediatric respiratory
failure: A retrospective review of Extracorporeal Life Support
Organization registry. / Ped Crit Care 10: 205-212, 2023.

Rais-Bahrami K, Van Meurs KP: Venoarterial versus venovenous
ECMO for neonatal respiratory failure. Semin Perinatol 38: 71—
77,2014.

Bagate F, Masi P, Boukantar M, et al: Refractory cor pulmonale
under extracorporeal membrane oxygenation for acute respira-
tory distress syndrome: The role of conversion to veno-pulmonary
arterial assist—a case series. Front Med 11: 1348077, 2024.

Vieillard-Baron A, Prin S, Chergui K, Dubourg O, Jardin F: Echo-
Doppler demonstration of acute cor pulmonale at the bedside
in the medical intensive care unit. Am J Respir Crit Care Med
166: 1310-1319, 2002.

Lorusso R, Shekar K, MacLaren G, et al: ELSO interim guidelines
for venoarterial extracorporeal membrane oxygenation in adult
cardiac patients. ASAIO | 67: 827-844, 2021.

Hussey PT, von Mering G, Nanda NC, Ahmed MI, Addis DR:
Echocardiography for extracorporeal membrane oxygenation.
Echocardiogr 39: 339-370, 2022.

Donker DW, Meuwese CL, Braithwaite SA, et al: Echocardiography
in extracorporeal life support: A key player in procedural guid-
ance, tailoring and monitoring. Perfusion 33(1_suppl): 31-41,
2018.

Ko UW, Choi CH, Park CH, Lee SI: Alternative position of can-
nulae in veno-venous extracorporeal membrane oxygenation
for maintaining sufficient flow support. Gen Thorac Cardiovasc
Surg 71:369-372, 2023.

Falk L, Sallisalmi M, Lindholm JA, et al: Differential hypoxemia
during venoarterial extracorporeal membrane oxygenation.
Perfusion 34: 22-29, 2019.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bidar F, Lancelot A, Lebreton G, et al: Venous or arterial throm-
boses after venoarterial extracorporeal membrane oxygenation
support: Frequency and risk factors. / Heart Lung Transplant 40:
307-315, 2021.

Kipfmueller F, Bo B, Schmitt J, et al: Percutaneous, ultrasound-
guided single- and multisite cannulation for veno-venous
extracorporeal membrane oxygenation in neonates. Pediatr
Pulmonol 58: 2574-2582, 2023.

Salazar PA, Blitzer D, Dolejs SC, Parent JJ, Gray BW:
Echocardiographic guidance during neonatal and pediatric
jugular cannulation for ECMO. J Surg Res 232: 517-523, 2018.

Frenckner B, Broman M, Broomé M: Position of draining venous
cannula in extracorporeal membrane oxygenation for respira-
tory and respiratory/circulatory support in adult patients. Crit
Care 22: 163, 2018.

The Alfred ICU: ECMO.icu; December 15, 2021. Available at:
https://ecmoicu/procedures-percutaneous-ecmo-cannulation/
Accessed November 11, 2025

Tabak B, Elliott CL, Mahnke CB, Tanaka LY, Ogino MT: Transthoracic
echocardiography visualization of bicaval dual lumen catheters
for veno-venous extracorporeal membrane oxygenation. / Clin
Ultrasound 40: 183-186, 2012.

Pineton de Chambrun M, Combes A, Hekimian G: Contrast-
enhanced Doppler echography to assess position of the distal
leg perfusion line in patients on venoarterial extracorporeal
membrane oxygenation: A preliminary study. Artif Organs 43:
605-606, 2019.

Speggiorin S, Robinson S, Harvey C, et al: Experience with the
Avalon® bicaval double-lumen veno-venous cannula for neo-
natal respiratory ECMO. Perfusion 30: 250-254, 2015.

Jarboe MD, Gadepalli SK, Church JT, Arnold MA, Hirschl RB,
Mychaliska GB: Avalon catheters in pediatric patients requiring
ECMO: Placement and migration problems. / Pediatr Surg 53:
159-162, 2018.

Korver EP, Ganushchak YM, Simons AP, Donker DW, Maessen )G,
Weerwind PW: Quantification of recirculation as an adjuvant to
transthoracic echocardiography for optimization of dual-lumen
extracorporeal life support. Intensive Care Med 38: 906-909,
2012.

Clements D, Primmer J, Ryman P, Marr B, Searles B, Darling E:
Measurements of recirculation during neonatal veno-venous
extracorporeal membrane oxygenation: Clinical application of
the ultrasound dilution technique. / Extra Corpor Technol 40:
184-187, 2008.

Buchtele N, Staudinger T, Schwameis M, Schorgenhofer C,
Herkner H, Hermann A; UltraECMO investigators: Feasibility
and safety of watershed detection by contrast-enhanced ultra-
sound in patients receiving peripheral venoarterial extracorpo-
real membrane oxygenation: A prospective observational study.
Crit Care 24: 126, 2020.

Aissaoui N, Luyt CE, Leprince P, et al: Predictors of successful
extracorporeal membrane oxygenation (ECMO) weaning after
assistance for refractory cardiogenic shock. Intensive Care Med
37:1738-1745, 2011.

Punn R, Axelrod DM, Sherman-Levine S, Roth §J, Tacy TA:
Predictors of mortality in pediatric patients on venoarterial
extracorporeal membrane oxygenation. Pediatr Crit Care Med
15: 870-877,2014.

Punn R, Falkensammer CB, Blinder J), et al: Hemodynamic and
echocardiographic predictors of mortality in pediatric patients
on venoarterial extracorporeal membrane oxygenation: A mul-
ticenter investigation. / Am Soc Echocardiogr 36: 233-241,
2023.

Kim D, Jang W/, Park TK, et al: Echocardiographic predictors of
successful extracorporeal membrane oxygenation weaning
after refractory cardiogenic shock. / Am Soc Echocardiogr 34:
414-422.e4,2021.

Huang KC, Lin LY, Chen YS, Lai CH, Hwang JJ, Lin LC: Three-
dimensional echocardiography-derived right ventricular ejec-
tion fraction correlates with success of decannulation and
prognosis in patients stabilized by venoarterial extracorporeal
life support. ] Am Soc Echocardiogr 31: 169179, 2018.

Aissaoui N, Caudron ], Leprince P, et al: Right-left ventricu-
lar interdependence: A promising predictor of successful


https://ecmoicu/procedures-percutaneous-ecmo-cannulation/

96

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

DOUFLE ET AL.

extracorporeal membrane oxygenation (ECMO) weaning after
assistance for refractory cardiogenic shock. Intensive Care Med
43:592-594, 2017.

Aissaoui N, Guerot E, Combes A, et al: Two-dimensional strain
rate and Doppler tissue myocardial velocities: Analysis by
echocardiography of hemodynamic and functional changes
of the failed left ventricle during different degrees of extra-
corporeal life support. | Am Soc Echocardiogr 25: 632-640,
2012.

Kim D, Park Y, Choi KH, et al: Prognostic implication of RV cou-
pling to pulmonary circulation for successful weaning from
extracorporeal membrane oxygenation. JACC Cardiovasc
Imaging 14: 1523-1531, 2021.

Ng PY, Ma TSK, Ip A, et al: Effects of varying blood flow rate
during peripheral veno-arterial extracorporeal membrane
oxygen (V-A ECMO) on left ventricular function measured by
two-dimensional strain. Front Cardiovasc Med 10: 1147783,
2023.

Ng PY, MaTSK, Ip A, et al: Sensitivity of ventricular systolic func-
tion to afterload during veno-arterial extracorporeal membrane
oxygenation. ESC Heart Fail 9: 3241-3253, 2022.

Sawamura A, Okumura T, Hirakawa A, et al;, CHANGE PUMP
Investigators: Early prediction model for successful bridge
to recovery in patients with fulminant myocarditis supported
with percutaneous venoarterial extracorporeal membrane oxy-
genation—insights from the CHANGE PUMP study. Circ / 82:
699-707, 2018.

Sawada K, Kawakami S, Murata S, et al: Predicting parameters for
successful weaning from veno-arterial extracorporeal mem-
brane oxygenation in cardiogenic shock. ESC Heart Fail 8:
471-480, 2021.

Ostadal P, Vondrakova D, Popkova M, et al: Aortic stenosis and
mitral regurgitation modify the effect of venoarterial extracor-
poreal membrane oxygenation on left ventricular function in
cardiogenic shock. Sci Rep 12: 17076, 2022.

Villablanca P, Nona P, Lemor A, et al: Mechanical circulatory sup-
port in cardiogenic shock due to structural heart disease. Interv
Cardiol Clin 10: 221-234, 2021.

Schrage B, Sundermeyer ], Blankenberg S, et al: Timing of active
left ventricular unloading in patients on venoarterial extracor-
poreal membrane oxygenation therapy. JACC Heart Fail 11:
321-330, 2023.

Mgller JE, EngstromT, Jensen LO, et al; DanGer Shock Investigators:
Microaxial flow pump or standard care in infarct-related car-
diogenic shock. N Engl ] Med 390: 1382-1393, 2024.

Belohlavek J, Hunziker P, Donker DW: Left ventricular unloading
and the role of ECpella. Eur Heart | Suppl 23(Suppl A): A27-
A34,2021.

Ezad SM, Ryan M, Donker DW, et al: Unloading the left ventricle
in venoarterial ECMO: In whom, when, and how? Circulation
147:1237-1250, 2023.

Tavazzi G, Alviar CL, Colombo CNJ, Dammassa V, Price S,
Vandenbriele C: How to unload the left ventricle during veno-
arterial extracorporeal membrane oxygenation. Eur Heart |
Cardiovasc Imaging 24: 696-698, 2023.

Tavazzi G, Price S, Beitnes JO, et al: Imaging in acute percutane-
ous mechanical circulatory support in adults: A clinical consen-
sus statement of the Association for Acute CardioVascular Care
(ACVCQ) of the ESC, the European Association of Cardiovascular
Imaging (EACVI) of the ESC and the European branch of the
Extracorporeal Life Support Organization (EuroELSO). Eur
Heart | Cardiovasc Imaging 25: €296-e311, 2024.

Price S, Platz E, Cullen L, et al: Expert consensus document:
Echocardiography and lung ultrasonography for the assessment
and management of acute heart failure. Nat Rev Cardiol 14:
427-440, 2017. doi:10.1038/nrcardio.2017.56.

Cevasco M, Takayama H, Ando M, Garan AR, Naka Y, Takeda K:
Left ventricular distension and venting strategies for patients on
venoarterial extracorporeal membrane oxygenation. / Thorac
Dis 11: 1676-1683, 2019.

Zochios V, Nasa P, Yusuff H, et al; on behalf of the RVI-ECMO
Delphi Expert group: Definition and management of right
ventricular injury in adult patients receiving extracorpo-
real membrane oxygenation for respiratory support using the

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Delphi method: A PRORVnet study. Expert position statements.
Intensive Care Med 50: 14111425, 2024.

Fiedler AG, Dalia A, Axtell AL, et al: Impella placement guided by
echocardiography can be used as a strategy to unload the left
ventricle during peripheral venoarterial extracorporeal mem-
brane oxygenation. / Cardiothorac Vasc Anesth 32: 2585-2591,
2018.

Anand S, Barry T, Arsanjani R, LeMond L: Echocardiography in
cardiac assist devices. Rev Cardiovasc Med 23: 253, 2022.

Montisci A, Bertoldi LF, Price S, Hassager C, Moller ], Pappalardo
F: Intensive care unit management of percutaneous mechanical
circulatory supported patients: The role of imaging. Eur Heart |
Suppl 23(Suppl A): A15-A22, 2021.

Shimada S, Nawata K, Kinoshita O, Ono M: Mechanical circula-
tory support for the right ventricle in combination with a left
ventricular assist device. Expert Rev Med Devices 16: 663-673,
2019.

Estep JD, Nicoara A, Cavalcante J, et al: Recommendations for
multimodality imaging of patients with left ventricular assist
devices and temporary mechanical support: Updated recom-
mendations from the American Society of Echocardiography. /
Am Soc Echocardiogr 37: 820-871, 2024.

Isha S, Narra SA, Batool H, et al: Assessing right ventricle over
time in patients on veno-venous extracorporeal membrane oxy-
genation: insights from serial echocardiography. ASAIO J 70:
1033-1039, 2024.

Morales Castro D, Ferreyro BL, McAlpine D, et al:
Echocardiographic findings in critically ill COVID-19 patients
treated with and without extracorporeal membrane oxygen-
ation. / Cardiothorac Vasc Anesth 38: 3043-3054, 2024.

Tonna JE, Abrams D, Brodie D, et al: Management of adult patients
supported with venovenous extracorporeal membrane oxy-
genation (VV ECMO): Guideline from the Extracorporeal Life
Support Organization (ELSO). ASAIO J 67: 601-610, 2021.

Martin-Villen L, Martin-Bermudez R, Perez-Chomon H, Fuset
Cabanes MP: Role of ultrasound in the critical ill patient with
ECMO. Med Intensiva (Engl Ed) 48: 46-55, 2024.

Basilio C, Anders M, Rycus P, Paiva JA, Roncon-Albuquerque R:
Cardiac tamponade complicating extracorporeal membrane
oxygenation: An extracorporeal life support organization regis-
try analysis. / Cardiothorac Vasc Anesth 38: 731-738, 2023.

Seelhammer TG, Loftsgard TO, Wittwer ED, Ritter MJ: Cardiac
tamponade in a patient supported by veno-arterial extracorpo-
real membrane oxygenation. Ann Card Anaesth 25: 204-205,
2022.

Dragoi L, Teijeiro-Paradis R, Douflé G: When is tamponade not an
echocardiographic diagnosis... Or is it ever? Echocardiogr 39:
880-885, 2022.

Combes A, Leprince P, Luyt CE, et al: Outcomes and long-term
quality-of-life of patients supported by extracorporeal mem-
brane oxygenation for refractory cardiogenic shock. Crit Care
Med 36: 1404-1411, 2008.

lannattone PA, Yang SS, Koolian M, Wong EG, Lipes J: Incidence
of venous thromboembolism in adults receiving extracorpo-
real membrane oxygenation: A systematic review. ASAIO / 68:
1523-1528, 2022.

Abruzzo A, Gorantla V, Thomas SE: Venous thromboembolic
events in the setting of extracorporeal membrane oxygenation
support in adults: A systematic review. Thromb Res 212: 58-71,
2022.

Fanning JP, Weaver N, Fanning RB, et al; COVID-19 Critical Care
Consortium: Hemorrhage, disseminated intravascular coagu-
lopathy, and thrombosis complications among critically ill
patients with COVID-19: An international COVID-19 critical
care consortium study. Crit Care Med 51: 619-631, 2023.

Kohs TCL, Weeder BR, Chobrutskiy Bl, et al: Predictors of throm-
bosis during VV ECMO: An analysis of 9809 patients from the
ELSO registry. | Thromb Thrombolysis 57: 345-351, 2024.

Miksova L, Dytrych V, Ptacnik V, et al: Pulmonary perfusion in
long-term survivors of COVID-19-related severe acute respi-
ratory distress syndrome treated by extracorporeal membrane
oxygenation. Pulm Circ 14: 12431, 2024.

Simons J, Di Mauro M, Mariani S, et al: Bilateral femoral cannula-
tion is associated with reduced severe limb ischemia-related



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

ELSO REVIEW ON US IN ECMO 97

complications compared with unilateral femoral cannulation
in adult peripheral venoarterial extracorporeal membrane oxy-
genation: Results from the extracorporeal life support registry.
Crit Care Med 52: 80-91, 2024.

Sun G, Huang S, Zhang G, Zhang Z, Wang B: Outcomes com-
parison between percutaneous decannulation with perclose
ProGlide and surgical decannulation of veno-arterial extracorpo-
real membrane oxygenation. Perfusion 8: 2676591231194761,
2023. doi:10.1177/02676591231194761.

Balik M, Maly M, Huptych M, Mokotedi MC, Lambert L: Prognostic
impact of serial imaging in severe acute respiratory distress syn-
drome on the extracorporeal membrane oxygenation. / Clin
Med 12: 6367, 2023.

Bouhemad B, Brisson H, Le-Guen M, Arbelot C, Lu Q, Rouby JJ:
Bedsideultrasoundassessmentofpositiveend-expiratory pressure-
induced lung recruitment. Am / Respir Crit Care Med 183:
341-347, 2011.

Mongodi S, Bouhemad B, Orlando A, et al: Modified lung ultra-
sound score for assessing and monitoring pulmonary aeration.
Ultraschall Med 38: 530-537, 2017.

ZhangY, Xue H, Wang M, He N, Lv Z, Cui L: Lung ultrasound find-
ings in patients with coronavirus disease (COVID-19). AJR Am /
Roentgenol 216: 80-84, 2021.

Yang Y, Huang Y, Gao F, Yuan L, Wang Z: Lung ultrasonography
versus chest CT in COVID-19 pneumonia: A two-centered ret-
rospective comparison study from China. Intensive Care Med
46:1761-1763, 2020.

Goligher EC, Leis JA, Fowler RA, Pinto R, Adhikari NK, Ferguson
ND: Utility and safety of draining pleural effusions in mechani-
cally ventilated patients: A systematic review and meta-
analysis. Crit Care 15: R46, 2011.

Balik M, Mokotedi MC, Maly M, et al: Pulmonary consolidation
alters the ultrasound estimate of pleural fluid volume when
considering chest drainage in patients on ECMO. Crit Care 26:
144, 2022.

Balik M, Plasil P, Waldauf P, et al: Ultrasound estimation of volume
of pleural fluid in mechanically ventilated patients. Intensive
Care Med 32: 318, 2006.

Bedawi EO, Talwar A, Hassan M, et al: Intercostal vessel screen-
ing prior to pleural interventions by the respiratory physician:
A prospective study of real world practice. Eur Respir | 55:
1902245, 2020.

Balik M, Svobodova E, Porizka M, et al: The impact of obesity
on the outcome of severe SARS-CoV-2 ARDS in a high volume
ECMO centre: ECMO and corticosteroids support the obesity
paradox. / Crit Care 72: 154162, 2022.

Maly M, Mokotedi MC, Svobodova E, et al: Interpleural loca-
tion of chest drain on ultrasound excludes pneumothorax and
associates with a low degree of chest drain foreshortening on
the antero-posterior chest X-ray. Ultrasound | 14: 45, 2022.
Lichtenstein D, Meziere G, Biderman P, Gepner A: The “lung
point”: An ultrasound sign specific to pneumothorax. Intensive
Care Med 26: 1434-1440, 2000.

Mokotedi MC, Lambert L, Simakova L, et al: X-ray indices of
chest drain malposition after insertion for drainage of pneumo-
thorax in mechanically ventilated critically ill patients. / Thorac
Dis 10: 5695-5701, 2018.

Curry S, Tan A, Gargani L, et al: Lung ultrasound and the role
of lung aeration score in patients with acute respiratory distress
syndrome on extracorporeal membrane oxygenation. Int J Artif
Organs 44: 854-860, 2021.

Moller-Sorensen H, Gjedsted J, Lind Jorgensen V, Lindskov
Hansen K: COVID-19 assessment with bedside lung ultra-
sound in a population of intensive care patients treated with
mechanical ventilation and ECMO. Diagnostics (Basel) 10:
447, 2020.

Mongodi S, Pozzi M, Orlando A, et al: Lung ultrasound for daily
monitoring of ARDS patients on extracorporeal membrane oxy-
genation: Preliminary experience. Intensive Care Med 44: 123—
124, 2018.

Pasqueron J, Dureau P, Arcile G, et al: Usefulness of lung ultra-
sound for early detection of hospital-acquired pneumonia in
cardiac critically ill patients on venoarterial extracorporeal

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

membrane oxygenation. Annals of Intensive Care 12: null,
2022. doi:10.1186/513613-022-01013-9.

O’Brien NF, Reuter-Rice K, Wainwright MS, et al: Practice
recommendations for transcranial Doppler ultrasonography in
critically ill children in the pediatric intensive care unit: A mul-
tidisciplinary expert consensus statement. / Pediatr Intensive
Care 10: 133-142, 2021.

McCutcheon KC, Wise L, Lewis K, Gilbert B, Bhatia J, Stansfield
BK: The utility of cranial ultrasound as a screening tool for neo-
natal ECMO. J Perinat Med 48: 173178, 2020.

Bianzina S, Singh'Y, lacobelli R, Amodeo A, GunerY, Di Nardo
M: Use of point-of-care ultrasound (POCUS) to monitor neona-
tal and pediatric extracorporeal life support. Eur | Pediatr 183:
1509-1524, 2024.

Aboul-Nour H, Jumah A, Abdulla H, et al: Neurological moni-
toring in ECMO patients: Current state of practice, challenges
and lessons. Acta Neurol Belg 123: 341-350, 2023.

Polito A, Barrett CS, Wypij D, et al: Neurologic complications
in neonates supported with extracorporeal membrane oxygen-
ation. An analysis of ELSO registry data. Intensive Care Med 39:
1594-1601, 2013.

Cho SM, Hwang J, Chiarini G, et al: Neurological monitoring
and management for adult extracorporeal membrane oxygen-
ation patients: Extracorporeal life support organization consen-
sus guidelines. Crit Care 28: 296, 2024.

Cho SM, Farrokh S, Whitman G, Bleck TP, Geocadin RG:
Neurocritical care for extracorporeal membrane oxygenation
patients. Crit Care Med 47: 1773-1781, 2019.

Caturegli G, Choi CW, Geocadin R, Whitman G, Cho SM, Ziai
W: Cerebral hemodynamics with TCD in ECMO. Crit Care Med
50: 368, 2022. doi:10.1097/01.ccm.0000809316.17322.1a.
Caturegli G, Kapoor S, Ponomarev V, et al; HERALD (Hopkins
Exploration, Research, and Advancement in Life Support
Devices) Investigators: Transcranial Doppler microemboli and
acute brain injury in extracorporeal membrane oxygenation:
A prospective observational study. /TCVS Tech 15: 111-122,
2022.

Rivas-Rangel ], Garcia-Arellano M, Marquez-Romero JM:
Correlation between optic nerve sheath diameter and extra-
corporeal life support time. An Pediatr (Engl Ed) 96: 91-96,
2022.

Cannata G, Pezzato S, Esposito S, Moscatelli A: Optic nerve
sheath diameter ultrasound: A non-invasive approach to evalu-
ate increased intracranial pressure in critically ill pediatric
patients. Diagnostics (Basel) 12: 767, 2022.

Cestari M, Gobatto ALN, Hoshino M: Role and limitations
of transcranial Doppler and brain death of patients on veno-
arterial extracorporeal membrane oxygenation. ASAIO | 64:
e78,2018.

Berthoud V, Ellouze O, Constandache T, Martin A, Bouhemad
B, Guinot PG: Transcranial doppler waveform patterns in non-
pulsatile blood flow under venoarterial extracorporeal mem-
brane oxygenation for brain death diagnosis. ASAIO ] 66: e64,
2020.

Marinoni M, Cianchi G, Trapani S, et al: Retrospective analysis
of transcranial Doppler patterns in veno-arterial extracorporeal
membrane oxygenation patients: Feasibility of cerebral circula-
tory arrest diagnosis. ASAIO J 64: 175-182, 2018.

Balik M, Waldauf P, Maly M, et al: Echocardiography predic-
tors of sustained sinus rhythm after cardioversion of supraven-
tricular arrhythmia in patients with septic shock. / Crit Care 83:
154832, 2024.

Gillon SA, Barrett NA, loannou N, et al: Intracardiac right-to-
left shunt impeding liberation from veno-venous extracorporeal
membrane oxygenation: Two case studies. Crit Care Med 44:
e583-e586, 2016.

Bautista-Rodriguez C, Sanchez-de-Toledo J, Da Cruz EM: The
role of echocardiography in neonates and pediatric patients on
extracorporeal membrane oxygenation. Front Pediatr 6: 297,
2018.

Aissaoui N, El-Banayosy A, Combes A: How to wean a patient
from veno-arterial extracorporeal membrane oxygenation.
Intensive Care Med 41: 902-905, 2015.



98

127.

DOUFLE ET AL.

Pappalardo F, Pieri M, Arnaez Corada B, et al: Timing and strat-
egy for weaning from venoarterial ECMO are complex issues. /
Cardiothorac Vasc Anesth 29: 906-911, 2015.

128.Charbonneau F, Chahinian K, Bebawi E, et al: Parameters associated

129.

130.

with successful weaning of veno-arterial extracorporeal membrane
oxygenation: A systematic review. Crit Care 26: 375, 2022.

Douflé G, Roscoe A, Billia F, Fan E: Echocardiography for adult
patients supported with extracorporeal membrane oxygenation.
Crit Care 19: 326, 2015.

Cavarocchi NC, Pitcher HT, Yang Q, et al: Weaning of extracor-
poreal membrane oxygenation using continuous hemodynamic
transesophageal echocardiography. / Thorac Cardiovasc Surg
146: 1474-1479, 2013.

131.

132.

133.

Bartko PE, Wiedemann D, Schrutka L, et al: Impact of right
ventricular performance in patients undergoing extracorporeal
membrane oxygenation following cardiac surgery. | Am Heart
Assoc 6: e005455, 2017.

Huang KC, Lin LY, ChenYS, Lai CH, Hwang JJ, Lin LC: Three-
dimensional echocardiography-derived right ventricular ejec-
tion fraction correlates with success of decannulation and
prognosis in patients stabilized by venoarterial extracorpo-
real life support. | Am Soc Echocardiogr 31: 169-179, 2017.
doi:10.1016/j.echo.2017.09.004.

Westrope C, Harvey C, Robinson S, Speggiorin S, Faulkner G,
Peek GJ: Pump controlled retrograde trial off from VA-ECMO.
ASAIO ] 59: 517-519, 2013.



