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Abstract

Extracorporeal membrane oxygenation (ECMO) provides advanced cardiopulmonary life support
for patients in cardiac and/or respiratory failure. Echocardiography provides essential diagnostic
and anatomic information prior to ECMO initiation, allows for safe and efficient ECMO cannula
positioning, guides optimization of flow, provides a modality for rapid troubleshooting and patient
evaluation, and facilitates decision-making for eventual weaning of ECMO support.

Currently, guidelines for echocardiographic assessment in this clinical context are lacking. In
this review, we provide an overview of echocardiographic considerations for advanced imagers
involved in the care of these complex patients. We focus predominately on new cannulas

and complex cannulation techniques including a special focus on double lumen cannulas

and a section discussing indirect left ventricular venting. Echocardiography is tremendously
valuable in providing optimal care in these challenging clinical situations. It is imperative for
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imaging physicians to understand the pertinent anatomic considerations, the often complicated
physiological and hemodynamic context, and the limitations of the imaging modality.
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cannulation; LAVA-ECMO

Introduction

Extracorporeal membrane oxygenation (ECMO) provides advanced cardiopulmonary life
support for patients in cardiac and/or respiratory failure. ECMO is increasingly utilized for a
variety of indications. Expanding clinical applications are accompanied by the adoption

of novel configuration strategies and new cannula designs. Echocardiography provides
essential diagnostic and anatomic information prior to ECMO initiation, allows for safe

and efficient ECMO cannula positioning, guides optimization of flow, provides a modality
for rapid troubleshooting and patient evaluation, and facilitates decision-making for eventual
weaning of ECMO support.

In this review, we provide an overview of echocardiographic considerations for advanced
imagers involved in the care of these complex patients with a primary emphasis on
transesophageal echocardiography (TEE). We focus predominately on new cannulas and
complex cannulation techniques including options for indirect left ventricular venting.
Currently, guidelines for echocardiographic assessment in this clinical context are lacking.
We review the existing literature and provide a supportive framework to help facilitate

the future development of guidelines and standards by focusing our discussion on; 1) pre-
ECMO assessment, 2) cannulation and initiation of ECMO, 3) troubleshooting and ECMO
emergencies, 4) weaning and assessment of recovery. First, we will briefly cover veno-
venous ECMO, followed by veno-arterial ECMO with a special focus on left ventricular
venting strategies, and concluding with a discussion of future avenues for research and
guideline development. Echocardiography is tremendously valuable in providing optimal
care in these challenging clinical situations. It is critical for the echocardiographer

to understand the pertinent anatomic considerations for their patient and the proposed
cannulation strategy, the often complicated physiological and hemodynamic context, and
to understand the limitations of this imaging modality.

Veno-venous ECMO

Veno-venous (VV)-ECMO removes deoxygenated and hypercarbic blood as it returns to

the heart, routing it through venous cannula(s) connected to a membrane oxygenator. The
blood is oxygenated, CO, is removed, and the blood returned to the patient through a
venous return cannula(s). Therefore, the primary indication for VV-ECMO is to provide an
extracorporeal “lung” for patients with severe respiratory failure. Because blood is returned
to the right heart by a venous cannula (to the right atrium (RA) or venae cavae), the patient’s
heart must be capable of providing the cardiac output necessary for both pulmonary and
systemic circulation. Although traditional VV-ECMO does not provide any direct cardiac

Echocardiography. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hussey et al.

Page 3

support, in practice, oxygenation and CO, removal in a patient with severe respiratory
failure is beneficial to the right ventricle (RV). VV-ECMO decreases the incidence of RV
failure in patients by reducing pulmonary artery (PA) pressures, improving cardiac index,
reducing central venous pressure, and reducing ventilatory settings®. The near universal
adoption of lung protective ventilatory strategies has reduced the prevalence of right
ventricular dysfunction in patients with respiratory failure, however, correction of acidosis
and hypoxia using VV-ECMO can further improve RV function while concurrently reducing
peak airway pressures2. A summary of focused considerations for echocardiographic
assessment during VV-ECMO can be found in Table 1.

VV-ECMO: initial pre-ECMO echocardiographic assessment

We advocate for the performance of a comprehensive echocardiographic examination in all
patients considered candidates for ECMO cannulation when TEE is not contraindicated and
timing and the patients’ clinical status allows. A thorough discussion of a comprehensive
TEE examination is beyond the scope of this review and the reader is referred

to the American Society of Echocardiography Guidelines3. Alternatively, transthoracic
echocardiography (TTE) also provides considerable useful information to the clinician, can
readily assess the RV, is non-invasive, and is often more rapidly available at the bedside.
Much of the pre-ECMO assessment is particularly amendable to TTE, especially apical
imaging to assess for LV or RV thrombus as well as taking measurements of structures at the
base of the heart such as the LA or RA. TEE has many advantages over TTE, particularly

in the assessment of valve structure and function, the imaging of wires and cannulas, and

in providing consistent imaging windows irrespective of patient body habitus or recent
sternotomy that may limit the obtainable TTE views. While we will refer predominately to
TEE in this review, for most of the discussion herein, analogous TTE views are available and
may provide useful information.

The downstream consequences of respiratory failure are readily apparent on TEE. A
thorough evaluation of the right heart is essential. Key findings to look for include right
atrial (RA) or RV dilation, tricuspid valve (TV) annular dilation, the presence and severity
of tricuspid regurgitation (TR) (Movies 1 and 2), flattening of the interventricular septum
(carefully noting the phase in the cardiac cycle where it predominates), an eccentricity index
greater than 1, or McConnell’s sign (severe hypokinesis of the basal and mid RV wall with
sparing of the apex).

Notably, assessing the TV is of particular importance prior to initiation of VV-ECMO.
Once ECMO flow is established, accurate evaluation of TR is inhibited due to the drainage
and reinjection of blood from and into the RA. Semi-quantitative measures of RV function
include tricuspid annular plane systolic excursion (TAPSE), tricuspid annular systolic peak
velocity (S’), and fractional area change (FAC)*. Due to the complex geometry of the RV,
3D assessment of size and function may prove valuable in the future, but their utility in
this context at present remains unclear®. 3D assessment can differentiate RV longitudinal
motion (shortening of the longitudinal axis of tricuspid annulus toward the apex), radial
motion (inward movement of the RV free wall), and anteroposterior motion (traction of the
RV free wall by LV myocardium circumferential deformation)®. Though longitudinal and
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anteroposterior motion of the RV are the most prominent contributors to RV performance,
there is an age-dependent increase in radial motion contribution’. FAC, especially when
derived from a 3D dataset, may provide more useful information than a subjective visual
estimate of RV function or measurement of TAPSE. A key point for physicians is to
understand both the geometric and mechanistic complexities of the RV and recognize the
potential limitations of common indices used to assess RV function that are limited to

a single plane (TAPSE for example). Elevated pulmonary pressures can be estimated by
the simplified Bernoulli equation with the TR jet peak velocity. A PA acceleration time
shorter than 100ms and a biphasic waveform can also indicate elevated pulmonary pressures
even in the absence of TR8. Crucially, in the context of acute RV failure, the RV power
output drops and may barely overcome the increased afterload of the pulmonary vasculature.
Consequently, the RV systolic pressure (RVSP) may be low but is now reflective of

cardiac failure as opposed to “normal” pulmonary pressures. It is imperative the physician
conducting the exam convey this clearly in the diagnostic report, as a cursory glance at

the automatically-generated number for RVSP may provide a false sense of security if not
accompanied by a clear assessment of RV function for appropriate context. Furthermore,
novel methods seek to assess the coupling between the RV and the PA, thus contextualizing
the function of the RV with the afterload the chamber is facing. RV-PA coupling can
predict RV failure in patients with pulmonary hypertension (pHTN) using cardiac magnetic
resonance (CMR) imaging®. 3D echocardiography-derived stroke volume to end-systolic
volume ratio (measuring RV-PA coupling) predicts adverse outcomes in pediatric pHTN
and correlates with free-wall RV longitudinal strainlC. Importantly, 3D echocardiography
correlates well with CMR and may provide an alternative method for assessing this novel
index in the ECMO population®!.

Establishing a baseline assessment of TR and the interatrial septum (IAS) can serve as

a reference for future weaning and monitoring of VVV ECMO. Evaluation of the 1AS

and presence of patent foramen ovale (PFO) (Movie 3) or atrial septal defect (ASD)

can sometimes be critically important, especially during initiation or weaning of ECMO.

As the RA receives blood from the VV-ECMO circuit at a relatively high-velocity, it

is possible for right to left shunting to occur in the presence of a PFO. Additionally, a

PFO with significant shunt may cause persistent hypoxia while weaning. Other anatomical
variants of embryologic structures should be noted as a prominent Chiari network or
Eustachian valve could ensnare wires and hinder venous cannula placement and positioning.
A dilated coronary sinus (>1.5cm) warrants caution and close evaluation for the presence

of a persistent left superior vena cava (SVC)12. Injection of agitated saline through a

left upper extremity intravenous line can identify the presence of a persistent left SVC

by early opacification of the coronary sinus prior to the right atrium and ventricle

(Movie 4). Incidental cannulation of a dilated coronary sinus could result in perforation,
rupture, pericardial effusion, and hemodynamic compromise. If a newer dual-lumen cannula
(discussed in detail later) is accidentally positioned within the coronary sinus orifice,

one may note excellent superior drainage but poor IVC drainage with resultant venous
congestion. Cannulation of a coronary sinus in the presence of a persistent left SVC with a
support device like the Protek Duo may lead to outflow from the ECMO circuit recirculating
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though the coronary sinus into the left SVC and into the venous circulation of the left upper
extremity.

Presence of pre-existing pacemaker wires, central venous lines, peripherally inserted central
catheters, and PA catheters can also hinder with both the identification of guidewires and the
insertion and positioning of venous cannulas!3.

VV-ECMO: Guiding cannulation and initiation of ECMO

As discussed above, guidewire confirmation is often one of the first steps in the venous
cannulation process and TEE can visualize wires within the venae cavae and RA. Clear
communication is essential when confirming guidewires and must be emphasized. The
imager should meticulously assess for the presence and location of guidewires, particularly
when additional catheters and wires are present. The proceduralist should wait for explicit
confirmation from the imager prior to proceeding as mistaking a preexisting intracardiac
device lead for a guidewire may lead to catastrophic complications. Movie 5 illustrates
confirmation of the “J-tip” of a guidewire adjacent to a preexisting pacing lead. Movie 6
demonstrates the use of biplane imaging to help confirm the presence of a guidewire in
addition to two preexisting pacing leads.

With two separate single lumen cannulas, it is imperative the echocardiographer confirm
two distinct venous guidewires as the guidewire can generate a number of strong
echocardiographic artifacts. Reverberation artifacts can make identification of wires at
greater echocardiographic depth more difficult as well as potentially creating the appearance
of duplicate catheters or wires within the chamber (Movie 7). Mirror image and refraction
artifacts can result in false positive identification of two separate guidewires. Beam width
artifacts can be avoided by adjusting the focal zone in the area of interest to enhance lateral
resolution. Side lobe and beam width artifacts can cause blurring of a guidewire4. Use of a
3D matrix-array TEE probe can provide simultaneous bi-plane imaging (also called x-plane)
that may be beneficial in these situations®. (Movie 8). Figure 1a illustrates representative
traditional two-cannula ECMO (V#Vj-ECMO) (Movies 9 and 10). and Figure 1b depicts
traditional femoral access dual lumen cannulation [(ca)Vi-V-ECMO]. Availability of TEE
and the capability to transport an unstable patient to a fluoroscopy suite may limit the
application of these modalities in the acute setting. Bedside TTE however has been shown
to be comparable to fluoroscopy guidance in placement of VA and VV cannulas and may
provide a good option if neither TEE nor fluoroscopy is readily availablel8.

Dual lumen cannulas such as the Avalon Elite (Maquet, Rastatt, Germany) or Crescent

MC3 (Cardiopulmonary, Dexter, MI) and the ProtekDuo Dual Lumen Cannula (LivaNova,
England, UK) offer many potential advantages over traditional VV-ECMO including; a
single-site for percutaneous insertion, typical deployment in the right internal jugular vein
allowing avoidance of femoral cannulation, and a decreased incidence of recirculationl’.
With avoidance of femoral cannula placement, patients have improved mobilization,
ambulation, and participation in physical therapy. Importantly, ECMO is not a curative
therapy, but rather buys time for correction of underlying pathophysiologic disturbances.
Thus, a cannulation strategy that improves patient mobilization may lead to swifter recovery
and ECMO weaning?8.

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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TEE provides an ideal imaging modality to guide placement of these single insertion

site, dual lumen cannulas!3. A summary of dual lumen cannulas and echocardiographic
assessment can be found in Table 2 and Figure 2 provides images of the Avalon Elite (Fig.
2a), Crescent (Fig. 2b) and Protek Duo RD (Fig. 2c) with detailed insets depicting the inflow
and outflow ports.

The Avalon Elite is a 13 to 31Fr dual lumen cannula introduced through the right internal
jugular with the cannula tip positioned in the inferior vena cava (IVC)19. The Crescent MC3
is a 24 to 32Fr dual lumen cannula positioned and utilized in the same method as the Avalon
Elite?0. Differences between the two cannulas include the French diameter where the Avalon
Elite includes sizes 13Fr, 16Fr, 19Fr, 20Fr, 23Fr, 27Fr, and 31Fr where the Crescent MC3
includes sizes 24Fr, 26Fr, 28Fr, 30Fr, and 32Fr. As internal lumen diameter increases, higher
flow rates are achievable without drastic increases in pressure gradients. The appropriately
sized cannula should be selected individually for each patient.

Vascular irregularities such as stenosis of the jugular vein or presence of thrombus may
preclude vascular access. Alternatively, placement of these dual lumen cannulas in the
left internal jugular vein and left subclavian vein have been reported?!. With left-sided
cannulation, there may be significant interaction between guidewires and cannulae with
intracardiac device leads if present.

Using bedside TEE, dual lumen cannulas can be placed in the intensive care unit, preventing
the need to transport an unstable patient in respiratory distress to a procedure room with
fluoroscopy. Echocardiography also allows visualization of cannula outflow ports and their
relationship to key soft tissue structures invisible on fluoroscopy (ie. tricuspid valve leaflets,
the IAS, a Eustachian valve). In addition, the orientation and direction of cannula outflow
can be assessed to ensure appropriate cannula positioning. Finally, complications may be
more rapidly detected as echocardiography can identify a pericardial effusion or injury to
intracardiac structures whereas fluoroscopy cannot. In one small study, TEE was found to
be superior to fluoroscopy in positioning the Avalon Elite cannulal®. Care must be taken to
ensure proper orientation of the outflow jet. Improper positioning (for example, with flow
directed against the IAS or into a hepatic vein) may lead to pressure alarms, structure
damage or perforation, hepatic congestion, or recirculation. Using 2D, 3D, and color

flow Doppler, the echocardiographer can identify distinct components of these dual lumen
cannulas. The cannula has distal inflow ports designed for 1\VC drainage with proximal
inflow ports for SVC drainage. The outflow port is located centrally on the cannula and
should be positioned to direct outflow across the TV. The spacing of the ports in these

dual lumen cannulas is designed to decrease the incidence of recirculation when compared
to two separate inflow and outflow cannulas!’. The midesophageal modified bicaval view
allows visualization of the SVC, IVC, RA, left atrium (LA), IAS, and TV and is useful for
appropriately positioning these dual lumen cannulas. Color flow Doppler should be used to
visualize flow emanating from the central outflow port directed toward the TV. Additionally,
color flow Doppler should be used to visualize and document blood inflow through the
SVC and IVC ports. Figure 3 illustrates placement of an I1J approach double-lumen cannula
for VV-ECMO with an anatomic diagram (Fig. 3a), an idealized TEE image diagram

(Fig. 3b), and an actual TEE still frame depicting a Crescent double-lumen cannula with

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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color Doppler flow directed towards the tricuspid valve annulus (Fig. 3c). Movies 11 and

12 also demonstrate Crescent cannula positioning using TEE. Figure 4 demonstrates the
radiographic appearance of a Crescent cannula with radiopaque markers for the SVC and
IVC drainage ports, the infusion site (within the RA), and the catheter tip readily visualized.

The ProtekDuo is also inserted through the right internal jugular vein, however, unlike

the Avalon Elite, outflow of the VV ECMO circuit is delivered through the distal port
(typically within the main PA) with venous inflow drained proximally (ideally at the
superior cavoatrial junction)22. 2D echocardiography can guide placement of the ProtekDuo,
similar to positioning a PA catheter, as the ProtekDuo traverses from right internal jugular
vein through SVC into the RA, across the TV, through the RV and pulmonic valve into

the main PA. The midesophageal modified bicaval view allows for visualization of the
wire and subsequent cannula to pass through the TV and shifting to the midesophageal RV
inflow-outflow view can allow for imaging of the entire ProtekDuo cannula. Color flow
Doppler should confirm the cannula inflow port proximally at the cavoatrial junction and
the outflow port in the PA. If unable to confirm the outflow port beyond the PV in the
midesophageal RV inflow-outflow view, an aortic arch short axis view can be used. Unlike
the Avalon Elite where blood is purely being oxygenated, cleared of carbon dioxide, and
delivered back to the RA, the Protek Duo can assist a failing right ventricle by supporting
the cardiac output and transporting blood from the RA, oxygenating it, and delivering

it directly into the PA. These capabilities blur the delineation between VV ECMO and

RV assist device (RVAD)8. Figure 5 illustrates the anatomic positioning of a Protek Duo
cannula (Fig. 5a), an idealized TEE view demonstrating final positioning (Fig. 5b), and a
TEE still-frame demonstrating color flow Doppler outflow from a Protek Duo within the
main PA (Fig. 5¢). Movies 13-15 illustrate 2D, color Doppler, and 3D imaging of a Protek
Duo cannula in a patient undergoing (dl)Vj-P-ECMO.

Once cannulas are appropriately positioned, TEE provides an excellent monitor during
initiation of VVV-ECMO and establishment of flow. Immediate re-assessment should

include reevaluation of biventricular and biatrial size and function, re-assessing pre-existing
pathology, monitoring cannula position for stability, screening for new pericardial or pleural
effusions, and assessing intraventricular volume status. Under direct visualization of TEE,
VV-ECMO flows can be adjusted by evaluation of RA and RV size, RV function, and
evolution, either worsening or improvement, of TR.

VV-ECMO: Troubleshooting and ECMO emergencies

TEE is a useful tool for troubleshooting issues that arise during VV-ECMO and in evaluating
patients who acutely decompensate while supported by VV-ECMO.

Cannula displacement or rotation with consequent mispositioning of ports is relatively
common and can lead to hypoxemia, reduced flow, and high-pressure alarms23. TEE can
readily identify cannula malposition and color flow Doppler is integral to ensure outflow
jets are appropriately oriented. Reduced ECMO flow can also result from insufficient
intravascular volume. Relatively restrictive intravenous fluid administration is common in
patients with severe lung pathology, potentially predisposing these patients to intravascular
depletion. Patient positioning can impact inflow drainage by altering cannula location and

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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RA size. Evaluation of TR to estimate PA pressure is no longer reliable during ECMO
given the alterations of flow in the RA from the inflow and outflow cannulas. Lastly, it

is important to evaluate for thrombus adherent or adjacent to the cannula(s). Intravascular
or intracardiac thrombus may impair ECMO flow, lead to high pressure alarms, embolize
distally, and may contribute to or presage oxygenator thrombosis. Color flow Doppler,
2D, and 3D TEE can readily identify thrombotic material involving the cannula(s) and
intracardiac or caval structures?*.

VV-ECMO: Weaning, assessment of recovery, and post-decannulation evaluation

Currently, there are no well-accepted and globally recognized clinical guidelines, let

alone echocardiography protocols, to guide weaning of VV ECM022:26 There are three
components of weaning from VV ECMO: the ECMO flow rate, the fraction of delivered
oxygen in the sweep gas flow (FdO,), and the sweep gas flow rate. In addition, there is
management of the patient’s ventilator settings in concert with the VV-ECMO wean as the
patient transitions from extracorporeal support to intrinsic pulmonary support. Decision

on which of the three VVV-ECMO parameters to wean can be institution or physician
specific and monitoring of PaO,, PaCO,, FiO,, ventilatory peak, plateau, driving, positive
end-expiratory pressures (PEEP), and sedation all should be considered during an attempted
VV-ECMO wean®.

TEE evaluation during weaning of VVV-ECMO must consider RV function. As VV-ECMO
flow decreases, evaluation of TR becomes more accurate and reflective of RVSP. RA,

RV, TV annular dilation, flattening of the interventricular septum, along with the semi-
quantitative measures including TAPSE, FAC, or tricuspid lateral S’ can be trended as
alterations in flow and changes in PaO, and PaCO, may affect RV function®. As in the
preoperative assessment, 3D analysis of the RV can be acquired, however, the utility of this
evaluation is not known at this time®. Factors of successful RV weaning have been found
to include a smaller RV size, increased RVEF, higher RV FAC, and higher magnitudes of
RV strain. TAPSE and TR were not found to be associated with successful RV weaning?’.
TTE often provides superior alignment for assessment of TAPSE and given the non-invasive
nature of TTE imaging may be preferred for VV-ECMO weaning, particularly in non-
intubated patients.

VV-ECMO: Special considerations for SARS-CoV-2 infection

One year into the SARS-CoV-2 (COVID-19) pandemic, the role of VV ECMO for
COVID-19 positive patients with acute respiratory distress syndrome (ARDS) is continuing
to evolveZ8. Initial outcomes from VV-ECMO initiation in COVID-19 ARDS is comparable
to patients supported with VV-ECMO for ARDS prior to the pandemic2°.

TEE during the COVID-19 pandemic and specifically in known COVID-19 positive
patients should include proper selection of patient population and protection of the
personnel involved in image acquisition as recommended by The American Society of
Echocardiography3°. TEE should only be performed if the results are expected to provide
clinical benefit and guide patient management. Given the potential for aerosol generation
during the conduct of a TEE, TTE may be preferable. Minimizing exposure to known

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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COVID-19 positive patients during TEE includes use of personal protective equipment
(PPE) including, but not limited to proper handwashing, gloves, surgical face mask, gown,
eye shields, and either an N-95 respirator or powered air purifying respirator (PAPR)
system in accordance with institutional guidelines. TEE should be performed by the most
experienced provider to minimize aerosolization and chance for accidental exposure3L. We
would also advocate a focused TEE examination in this unique circumstance to minimize
operator and bystander exposure. With the continuing evolution of the COVID-19 pandemic
and the introduction of vaccines, providers should continue to follow the recommendations
of their respective societies.

Veno-arterial ECMO

VA-ECMO combines the pulmonary support of VV-ECMO (a membrane oxygenator)
with an extracorporeal pump(s), providing the capability to support the failing ventricle(s)
for patients in cardiogenic shock or with combined respiratory and cardiac failure.

Labor intensive and technically challenging, VA-ECMO has a variety of clinical
indications and a myriad of potential configurations that can be tailored to meet the

needs of the patient and the clinical scenario. VA-ECMO may be indicated for such
diverse situations as: post-cardiotomy cardiogenic shock, massive pulmonary embolism,
circulatory support during lung transplantation, amniotic fluid embolism in parturients,
“prophylactic” circulatory support for mediastinal mass resection, cardiogenic shock
during acute myocardial infarction, or even out-of-hospital cardiac arrest (extracorporeal
cardiopulmonary resuscitation [ECPR]). A full discussion of the indications for and
specific configurations of VA-ECMO is beyond the scope of this review. We focus

on anatomic, physiologic, and hemodynamic considerations of specific relevance to the
echocardiographer. A summary of focused considerations for echocardiographic assessment
during VA-ECMO can be found in Table 1.

VA-ECMO: initial pre-ECMO echocardiographic assessment

As with VV-ECMO, if no contraindications are present and time and clinical situation
allows, a comprehensive TEE examination is valuable for all patients considered candidates
for ECMO cannulation. The decision whether to institute VA-ECMO is complicated

and adding to the complexity are the multiple configurations and cannulas available.

TEE can aid in decision-making regarding the appropriateness of VA-ECMO as well

as the optimal configuration strategy. A baseline exam establishes ventricular size and
function, identifies anatomic defects, and provides a detailed assessment of valvular
morphology and competency. TEE can quickly detect contraindications for cannulation

or discover underlying disease necessitating surgical intervention. For example, detection
of an aortic dissection flap could prompt emergent surgery, and aortic dissection is a
relative contraindication for VA-ECMO (Movie 16). Severe, mobile atherosclerotic plaques
within the aorta could prompt a decision to opt for central over peripheral (and surgical vs
percutaneous) cannulation. Presence of pericardial effusion and tamponade physiology also
could prompt a specific, targeted intervention that if successful, may obviate the need for
extracorporeal support. A thorough baseline exam should capture and note the presence or
absence of each of these pertinent findings as complications of VA-ECMO cannulation may

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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include aortic dissection, stroke/embolic events, and pericardial tamponade. After initiation
of VA-ECMO it is difficult to interpret the clinical relevance and etiology of a pericardial
effusion if no baseline exam is available32. As with screening echocardiography for VV-
ECMO, TTE may play an important role here as TTE can readily identify the presence of a
pericardial effusion (Movie 17) as well as may provide superior apical imaging to screen for
ventricular thrombus (Movie 18). In addition, TTE provides excellent non-invasive imaging
of the IVC and in conjunction with a ventricular assessment can help estimate overall
volume status (Movie 19), right atrial pressure, RVSP, and left atrial pressure.

Objective measurements of LV function should be obtained prior to VA-ECMO. It is our
preference to use both 3D and 2D methods to calculate LVEF based upon EDV and ESV.
We concur with the ASE guidance that when available and feasible 3D measurements should
be used and believe this is particularly important in assessment prior to ECMO33. 3D or
biplane imaging is also particularly helpful to ensure that the ventricular chamber is not
foreshortened. This has implications not only for accurate assessment of global and regional
function, but also in identifying the presence of an apical thrombus. As mentioned, if an
apical thrombus is suspected, TTE may provide better apical imaging in some instances

and can be used for quick verification. In low flow states, common when considering
VA-ECMO, blood stasis can lead to intracardiac thrombus and this is important to identify
prior to initiation of ECMO and potential distal embolization of the thrombotic material34.
Notable aspects such as a dilated LA and dilated LV with thin ventricular walls correlate
with persistently elevated LA and LV diastolic pressures indicating a chronic process3®. TEE
evaluation of the RV is conducted in a similar manner as described prior to VV-ECMO.

The echocardiographer should incorporate clinical context into their assessment and the final
written interpretation should note the presence of inotropic agents, the use of mechanical
circulatory support (eg. IABP), the patient’s ventilatory status (eg. positive pressure
ventilation), and coexisting medical conditions such as sepsisl®. A low cardiac output in

the context of high-dose inotropic support and an IABP with 1:1 augmentation is markedly
different than a low cardiac output in a spontaneously ventilating patient on their ambulatory
dose of milrinone for example.

VA-ECMO increases the afterload on the LV (in many cases a failing LV), therefore pre-
existing aortic and mitral valve insufficiency must be identified and quantified. Worsening
of aortic insufficiency with VA-ECMO initiation can lead to LV distention and consequent
increased wall stress, myocardial oxygen consumption, subendocardial ischemia, arrhythmia
risk, worsened pulmonary edema, stasis, and thrombus formation36. Pre-existing mitral
regurgitation (MR) should be evaluated. MR also may be exacerbated by a VA-ECMO-
induced increase in afterload leading to LA distention, arrhythmia, and pulmonary edema.

VA-ECMO: Guiding cannulation and initiation of ECMO

Venous cannula guidewires are visualized as discussed above for VV-ECMO. Arterial
cannulation can be performed peripherally via femoral or axillary cannulation or centrally
via cannulation of the ascending aorta3’. Visualization of the arterial guidewire within
either the descending thoracic aorta or ascending aorta serves as additional confirmation
of correct arterial vascular access. This may be especially helpful in cases of profoundly
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impaired cardiac output and/or oxygenation where identification of the femoral artery can be
challenging, especially in the emergent setting.

After initiation of VA-ECMO, TEE provides real-time assessment of ventricular unloading,
interventricular septal motion, and estimation of intravascular volume status and preload.
Venous drainage decreases RV preload and peripheral venous congestion while providing
an increase in systemic cardiac output via the ECMO arterial cannula3®. Though removal of
blood from the right heart may decrease LV preload from the RV system, increased arterial
flow from ECMO increases LV preload from the residual pulmonary circuit, Thebesian
coronary blood, bronchial blood, and aortic regurgitation if present39. Movies 20 and 21
demonstrate an increase in the severity of aortic insufficiency after initiation of peripheral
VA-ECMO. The failing LV must be able to surmount the increase in afterload provided

by the ECMO circuit to eject this increased blood return out of the aortic valve. If the
aortic valve remains closed, blood will gradually accumulate within the LV leading to
increased distention, increased wall stress, decreased myocardial perfusion by reduction of
the transcoronary perfusion gradient, venous stasis, and thrombus formation (Movie 22)%.

TEE provides the ability to monitor LV distention and function. As VA-ECMO flow is
increased, aortic pressure increases and LV stroke volume may decrease leading to increased
LV volume, LV end-diastolic and end-systolic pressure, LA pressure, and PA pressure,
TEE can demonstrate increased LV distention and failure of the aortic valve to open
potentially correlating to a decreased pulse pressure and decrease in pulsatility on the arterial
line waveform38. However, the LV end-diastolic pressure versus volume relationship is
nonlinear and the LV is contained within the constraints of an intact pericardium. Therefore,
LV chamber size as determined by TEE may be an insensitive indicator of ventricular
distention, end-diastolic pressure, and left atrial pressure and this limitation should be
recognized by the echocariographerL.

VA-ECMO: Left ventricular venting

With commencement of peripheral VA-ECMO, the retrograde flow into the aorta from the
femoral artery cannula causes an increase in afterload while the venous drainage from

the RA will cause a decrease in preload. Patients with severe LV dysfunction placed

on VA-ECMO may generate inadequate intraventricular pressures to open the AV in the
face of this increased afterload. With no native cardiac ejection, the LV distends. Blood
stasis within the heart can progress to thrombosis within the aortic root, LV, LA, or
pulmonary veins. Key TEE findings of LV distention include lack of AV opening, a dilated
and impaired LV, severe MR during systole and diastole, and spontaneous echo contrast
throughout the LV and LA32. LV distention leads to LA pressure overload and contributes
to the development of pulmonary edema presenting as declining respiratory function,
difficulty in ventilator management, pink frothy secretions and presence of pleural effusions,
peribronchial cuffing, air space opacification, and thickening of interlobar fissures on chest
x-ray. Medical management of LV distention includes ensuring adequate anticoagulation,
decreasing afterload with inodilators or vasodilators, and reducing ECMO flow. Changing
the ECMO circuit can also be considered. Should medical management fail, alternative LV
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venting strategies may be employed*2. A summary of common LV venting strategies and
focused echocardiographic considerations is contained in Table 3.

If interventions to reduce afterload (inodilators/vasodilators) and a decrease in VA-ECMO
flows fail to relieve LV distention, percutaneous and surgical strategies may be indicated.

In a meta-analysis of 7581 patients, LV venting strategies were associated with 35% higher
probability of weaning and 12% lower risk of mortality#3. TEE identification of risk factors
may help predict which patients might require LV venting strategies and early initiation of
these strategies may have a beneficial impact on patient outcome. A systemic review of 7995
patients showed early initiation (<12hr) after the start of VA ECMO was shown to have a
reduction in 30-day mortality and an increase in successful weaning**. Therefore, while data
is limited, echocardiographic screening with a goal of identifying patients who may benefit
from early LV venting is an important area worthy of additional research.

The intra-aortic balloon pump (IABP) is one of the most commonly employed techniques,
although use does not improve survival in patients on ECMO%. Inflation of the IABP during
diastole increases coronary perfusion pressure and the decrease in afterload with the Venturi
effect can lower mean arterial pressure, decrease the pressure gradient allowing for AV
opening, and decompress the left ventricle?6. Relative contraindications to IABP placement
are similar to VA-ECMO including severe aortic insufficiency and aortic dissection. Though
IABP can be placed under fluoroscopic guidance, TEE visualization of the descending aorta
can help verify correct positioning. The distal tip of the IABP should be two to three
centimeters below the take-off of the left subclavian artery at the level of the aortic arch. If
the patient has a left sided upper extremity arterial line, dampening of the arterial line could
indicate proximal migration of the distal tip of the IABP. If the IABP is positioned too far
distally in the aorta (can be visualized by TEE) perfusion to the kidneys and bowel could be
compromised.

The Impella (Abiomed, Danvers, MA) is a ventricular assist device capable of direct

left ventricular unloading in addition to providing cardiac output for the failing L4748,
The Impella is a family of catheters that utilize a transaortic axial flow pump that can
provide up to 5.5L of blood flow per minute from the LV to the ascending aorta, directly
reducing left ventricular distention from VA ECMO. In addition, it should be noted that

the Impella RP is available for RV support and will be discussed later in this review.

By directly decompressing the LV, the Impella has been shown to improve RV function

and reduce PA pressures. A retrospective single-center trial including 66 patients showed
combination of Impella and VA-ECMO significantly reduced mortality from 78% to
57%%°. An international, multicenter study of 510 patients showed a reduction of 30-day
mortality by 21%°%0. Impella placement and use carries similar risks as other mechanical
circulatory support options including bleeding, hemolysis, limb ischemia, and need for renal
replacement therapy®C. After percutaneous or surgical insertion from the femoral, axillary,
or subclavian artery, TEE can be utilized in placement of the Impella device and positioning
it appropriately across the AV and into the LV®L. The entire Impella should be visualized
throughout the LVOT with the inflow port position 3.5 to 5.0 cm from the aortic annulus
depending on type Impella deployed. The Impella has a 45-degree bend in the cannula
designed to be positioned at the level of the aortic annulus®l. Care must be taken that the
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device does not disturb the mitral valve, papillary muscles, or the subvalvular apparatus.
After initiation of the Impella, a midesophageal long axis view should be obtained to
confirm color flow through the device from the LV to the ascending aorta. Subsequent direct
LV decompression and reduction in LV size should be visualized as well48.

Indirect LV venting can be obtained via atrial septostomy which can reduce distention

of the LV by removing preload from the LA. Studies have shown improvement in return

of LV function with early left ventricular decompression?®, however, there has been no
demonstration of improved survival®2. Recently, limited balloon atrial septostomy via a
percutaneous approach was demonstrated as a feasible technique for indirect LV venting

in a small, single-center case series®. The authors found no immediate complications and
noted a decrease in mean LA pressure in patients with available pre-and-post measurements.
TandemHeart, a left atrial to femoral artery centrifugal pump employs a multi-holed cannula
inserted via a transeptal puncture to directly drain the LA, This procedure takes the older
practice of atrial septostomy a step further by directly draining the LA after intentional
creation of an interatrial connection.

Both the TandemHeart and the Impella, through either indirect left ventricular venting
(positioning within the LA) or direct left ventricular venting, can effectively reduce LV
stroke work by reducing left ventricular end diastolic volume and pressure®®.

Several instances of direct percutaneous cannulation of the LA (left atrial veno-arterial
[LAVA] ECMO) with a venous cannula as a method of indirect left ventricular venting are
now reported in the literature®6-58, As opposed to balloon septostomy, the addition of a
drainage cannula allows for adjustment of flow to facilitate more or less unloading of the
chamber.

In LAVA ECMO, TEE is essential for multiple aspects of the procedure. As with any
patient who requires initiation of VA ECMO, a thorough pre-exam should be done. Key
echocardiographic findings that could lead the clinician in considering LAVA ECMO as
opposed to standard VA ECMO would include a LV likely to distend in the presence of

the increased afterload of VA ECMO. Aortic insufficiency, severely decreased LV ejection
fraction (EF), dilated LV chamber size, and MR are risk factors for increased LV distension,
arrhythmia, pulmonary edema, venous stasis, and thrombus formation®°.

TEE is used to guide transseptal puncture, guidewire insertion, balloon atrial septostomy,
cannula positioning, and for flow titration. Careful imaging is integral to identify the optimal
location for transseptal puncture and guide the performance of the puncture. Perforation

of the RA, LA, coronary sinus, or damage to TV, mitral valve, pulmonary veins, or aortic
root can occur but these risks are drastically mitigated through meticulous imaging and
communication between the echocardiographer and the proceduralist.

The TandemHeart ProtekSolo Transeptal (LivaNova, London, UK) is a 21 French cannula
specifically designed to be inserted via the femoral vein and placed in the left atrium by
transseptal puncture?2. Blood from the LA is returned via a ProtekSolo Arterial cannula
into the femoral artery enabling indirect left ventricular decompression via the left atrium
while supporting cardiac function®. This LA cannula may also be directed into a “Y”
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configuration with the arterial or venous limb of a pre-existing VA ECMO circuit adding
indirect LV venting to the hemodynamic and gas exchange support of the basic VA circuit.
This can be preplanned with initial VA ECMO institution for those deemed at risk for LV
distension or may serve as a rescue technique, with one cannula draining the RA and the
other draining the LA®. Two venous cannulas creates the ability to de-escalate biventricular
venting support gradually with the removal of one cannula should the heart begin to recover.

Alternatively, a single, multistage venous cannula can be used proactively when indirect

LV venting is deemed necessary at initiation of support. To achieve both venous drainage

as well as LA decompression, a transseptal puncture is performed and the distal drainage
ports are positioned under TEE guidance within the LA (Figure 6) (Movies 23 and 24).

A midesophageal bicaval view allows identification of the optimal transseptal puncture site
in the superior-inferior plane and a midesophageal aortic valve short axis view provides
anterior-inferior orientation with the desired puncture site in the “mid-mid” position. Biplane
imaging and 3D supplementation may help facilitate optimal transseptal access. Once a wire
is across, taking the time to orient the imaging plane to capture a view of the full length

of the wire in long-axis (often obtained by starting with an aortic valve short axis view

and increase to around 70 degrees on the Omniplane) will put the imager in the optimal
position for visualizing the dilator and cannula as they enter the RA and move to cross the
septum. The proximal ports then remain in the RA, at the inferior cavoatrial junction, or
both depending on the cannula selected, to provide concurrent drainage of venous blood and
simultaneous biatrial drainage. Color flow Doppler and 3D echocardiography can be used to
visualize the flow and the ports in respect to their location in the RA and LA. 3D imaging
allows for real time visualization of the cannula and its side ports, the IAS, the LA wall, the
RA wall, and the aortic root (Movie 25)°6.

Upon initiation of LAVA-ECMO, flows can be adjusted with TEE assistance with a goal of
AV opening with each cardiac cycle (Movie 26)%6. In the case of severe MR, initiation of
LAVA-ECMO has been shown to improve pulmonary vein flow reversal as visualized by
PWD to at least blunted systolic pulmonary vein flow>8. Ventricular function is evaluated
by TEE in the context of direct measurement of biventricular filling pressures to provide

a more comprehensive picture of cardiac function after LAVA ECMO initiation. With LV
decompression, a reduction in inotrope dosage, reduction in spontaneous echocardiography
contrast, increased opening of the AV, resolution of arrhythmias, and improvement in
pulmonary edema should be seen6. Alhussein et a/. found significant improvement in
pulmonary edema as viewed on chest x-ray in 7 patients with atrial septostomy with
placement of a left atrial drainage cannula®2.

As LAVA ECMO involves introduction of an iatrogenic atrial septal defect and placement of
temporary cannulas for cardiopulmonary support, it is important to consider the implications
of this new intracardiac shunt after resolution of ECMO. If cardiac function improves

and the patient is successfully decannulated, the atrial septal defect can be repaired either
percutaneously or surgically if clinically indicated based on size and direction of shunt,

RV function and degree of pulmonary hypertension. In the case of severe persistent heart
failure, ECMO would ultimately be switched for either a more durable device or the patient
would be eligible and listed for transplant. Unfortunately, the mortality rate in this patient
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population receiving ECMO in need of left ventricular decompression is high and many
patients do not survive due to multiorgan failure®3.

Case reports have also presented percutaneous LV venting via pigtail catheter at the apex

of the left ventricle, placed under ultrasound guidance or directly into the PAS4, Should

all minimally invasive and percutaneous interventions fail, sternotomy or thoracotomy and
direct cannulation of the PA, pulmonary vein, LA, or LV and initiation of central ECMO can
provide benefit by using larger cannulas and centrally bypassing the heart®5. With an open
surgical procedure, the patient must be under general anesthesia and mechanical ventilation,
but this can be used as a last resort as a bridge to a more durable option.

VADs and ECMO

Ventricular assist devices (VADSs) are traditionally considered durable implants and devices
to aid a failing left or right ventricle. However, as numerous temporary percutaneous
devices have been introduced (i.e., Protek Duo, Impella), enabling percutaneous transfer of
the end-ventricular preload past the semilunar valves, the definition between “ventricular
assist device” and “veno-arterial ECMO” has blurred. We first briefly discuss durable
LVAD considerations and then focus our discussion predominately on echocardiography
for temporary VADs.

As patients are bridged with VA-ECMO to placement of a durable left ventricular assist
device (LVVAD), some may develop subsequent RV failure due to changes in RV preload and
afterload, altered RV chamber geometry, RV ischemia, and fluctuations in fluid balance®®.
TEE evaluation pre LVAD implantation should include thorough assessment of LV function
and size, RV function and size, presence and/or severity of aortic insufficiency, mitral
stenosis, thrombus, and interatrial communication. A full discussion of echocardiography
for durable LVADs is beyond the scope of this review and the reader is referred to the
recent and comprehensive ASE Guidelines for this specific patient population®1. After
LVAD implantation, the right ventricle is frequently supported with inotropic agents,
pulmonary vasodilators (e.g. inhaled nitric oxide), judicious fluid management, and
avoidance or minimization of situations leading to increased RV afterload (eg. adrenergic
vasoconstrictors, acidosis, hypoxia, hypercapnia). In many cases however, mechanical
support of the RV is necessary.

A temporary surgical implantation of a RVAD involves percutaneous RA drainage via
either femoral or internal jugular venous access with outflow into the PA trunk, typically
via a prosthetic graft anastomosed to the PA. Placement of the venous drainage cannula
into the RA can be facilitated by TEE with care to ensure the tip of the cannula is not
placed into the hepatic vein or perforates the atrial wall during positioning. Outflow into
the PA trunk can be visualized with color flow Doppler and the PV should be evaluated
to ensure no significant valvular disruption occurs after cannulation and flow initiation.
Further evaluation of the RV with TEE and adjustment of the RVAD flows can be done
simultaneously to optimize RV decompression.

The ProtekDuo Dual Lumen Catheter, as discussed above, is a percutaneous dual lumen,
single cannula, ventricular support device designed to be inserted in the right internal jugular
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vein with RA drainage, compatibility with a centrifugal pump with or without an oxygenator
based on gas exchange status, and outflow blood directed into the PAZ2. TEE guidance
confirms correct positioning of the cannula with the distal tip in the PA and monitors RV
function and decompression upon initiation of support. With percutaneous RVAD support
patients can be extubated, mobilized, and ambulated. RV support can then be weaned as
ventricular function recovers followed by percutaneous removal of the ProtekDuo cannula
without necessitating a return to the operating room for removal of a PA graft®. The Impella
RP (Abiomed) is another device designed specifically to support a failing RV and can
provide flows > 4.0 Ipm. An Impella RP is designed for femoral insertion and consists of a
proximal inflow port positioned within the IVC and a distal outflow port positioned in the
main PA. As discussed above, the ease of mobilization often may drive the ECMO team to
prefer a jugular-SVVC approach when feasible. An additional consideration is the potential

of infection. Although the authors are not aware of specific literature in this population

with respect comparing these devices, it is reasonable to consider femoral access sites as
potentially at higher risk of infection.

VA-ECMO: Troubleshooting and ECMO emergencies

As VA ECMO partially bypasses the heart, especially with LV venting strategies, pericardial
effusions may not lead to tamponade physiology until weaning is attempted. Injury to
structures in the heart such as the TV or RA leading to pericardial effusion and tamponade
are not uncommon and can be discovered by TEE®. The Protek Duo is placed in the main
PA and consequently RV or PA perforation can occur while advancing the cannula. Cannula
malposition is also a possibility as the distal cannula tip may migrates back into the RVOT?S8,

Low flow alarms are not uncommon with VA ECMO and TEE can confirm cannula
positioning, suction events from the venous cannula, or presence of a thrombus at the
cannula inflow. Depending on venous cannula positioning, RA or LA invagination can be
seen due to high negative inflow cannula pressures (Movie 26)%9. This invagination can
easily be misidentified as a pericardial effusion or cannular malpositioning and should
undergo thorough TEE evaluation and be interpreted in clinical context. In cases of
thrombus formation at the distal cannula, TEE plays an imperative monitoring step in
ensuring no thrombus remains in the body should the cannula be removed and replaced. It is
not uncommon for thrombus to embolize into the lungs or systemically upon manipulation
of these large bore cannulas32,

TEE allows for visualization of the opening and closure of the AV. As mentioned, failure
of the AV to open is an indication the LV cannot generate enough power to overcome the
higher afterload seen on peripheral VA-ECMO. This manifests as loss of pulsatility on the
arterial line tracing and is diagnosed using TEE by noting dilation of the LV, spontaneous
echo contrast present in the LV, and no or infrequent AV opening. In this scenario, the
aforementioned medical, percutaneous, and surgical interventions of indirect and direct LV
venting should be considered. With stasis noted in the aortic root, anticoagulation goals
should be reevaluated to ensure prevention of thrombus formation. TEE can help guide
anticoagulation management by identifying spontaneous echo contrast in the LV or aorta’®.
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If intrinsic cardiac function is maintained or begins to improve, differential hypoxemia can
occur, in particular with femoral arterial cannulation’®. Patients requiring ECMO universally
undergo lung protective ventilation, however, if lung function is poor and there is sufficient
native left ventricular function present, blood ejected from the left ventricle across the aortic
valve can be poorly oxygenated’2. This poorly oxygenated blood will eventually encounter
the well oxygenated arterial ECMO blood from the femoral cannula and result in hypoxemic
blood delivery to the aortic root and arch vessels’3.

Color flow doppler in the descending aorta can determine mixing of VA ECMO support
and native cardiac output, and the level at which mixing occurs can be indicative of cardiac
recovery and weaning progress’4. Use of a right radial arterial line can detect upper body
hypoxemia by blood gas analysis. A narrow pulse-pressure indicates the watershed area
may be closer to the aortic root, where a wider pressure suggests a more distal area of
mixing’2. Should differential hypoxia be determined to be a valid problem, ECMO flow can
be increased and titrated by color flow doppler, visualization of the opening of the aortic
valve, and serial blood gases to improve oxygenation of the upper extremity and aortic
root’4.

When cannulating for ECMO or during ECMO reconfiguring efforts, TEE plays in
important role in actively monitoring for air entrainment. Although great care is taken

by proceduralists to avoid air entrainment, and flows are reduced (or temporarily stopped)
when reconfiguring, the risk of air embolism remains ever-present and of high potential
consequence. Continuous imaging of the intracardiac chambers during high-risk portions of
the procedure will readily identify the presence of even a small amount of intracardiac air
and the proceduralist and perfusionist should be promptly alerted.

VA-ECMO: Weaning and Post-ECMO exam

Currently, there are no recognized echocardiography protocols for weaning of VA-ECMO.
In the opinion of these authors, comprehensive, interdisciplinary societal consensus
guidelines in this area are needed to develop consistency across institutions and provide

a basis for additional research and investigation. In the interim, TEE evaluation for
improvement of cardiac function as well as guidelines pertaining to evaluation of patients
with VADs can assist in clinical decision making.

As the LV begins to recover, invasive monitors such as an arterial line may show
improvement and increased pulsatility. Cardiac output monitoring seen on PA catheter

will not give an accurate assessment of cardiac function as a blood is bypassing the

PA. According to Extracorporeal Life Support Organization (ELSO) guidelines, hepatic
function should be recovered before an attempt to wean ECMO, however, there is no
recommendation for return of renal function’®. In addition, pulmonary oxygenation of blood
must be intact with PaO2/FiO2 ratio greater than 200 with 0.21 FiO2 delivered on the
ECMO circuit and 0.60 FiO2 with the ventilator.

TEE findings such as an improvement of EF, an LV outflow tract velocity-time integral
(\VTI) greater than 10cm, absence of LV dilation, and increased AV opening could indicate
recovery of LV function. Aissaoui et al explored alternative measurements by changing
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ECMO loading parameters and viewing blood pressure, transmitral E velocity, tissue
Doppler of the lateral annulus (e’ and S’), E/e’, VTI of the AV, and strain’®. Though
currently unvalidated, these quantitative measures can offer guidance as a patient’s progress
toward weaning begins’’. Ortuno et al found in a systemic review (including the study
described above), factors more predictive of successful LV weaning include an AV VTI
greater than 10cm, an LVVEF greater than 20%, and a lateral mitral annulus velocity S’
greater than 8cm/s2”. Improvement of EF after cannulation of VA ECMO of at least 25%
EF at time of ECMO weaning was found to be indicative of successful discontinuation

of ECMO in 129 patients’8. Consistent with these findings is recent data from Kim et

al. demonstrating that lateral e’ velocity as well as tricuspid annular S’ velocity both
improved in patients who were then successfully weaned from VA-ECMO7®. Importantly,
in this same cohort the authors also looked at previously published criteria for weaning
including an LVEF >20-25%, LV VTI >/= 10cm, and a mitral annular S’ >/= 6cm/sec. They
demonstrated that 30% of patients who were unable to be weaned off support met all three
criteria for weaning while only 16% of patients successfully weaned met all three’®.

As discussed in the context of VVV-ECMO weaning, factors indicative of potential successful
RV function after weaning included a smaller RV size, increased RVEF, higher RV FAC,

and higher magnitudes of RV strain. TAPSE and TR were not found to be associated with
successful RV weaning?’. If more intracardiac volume and preload gets delivered to the RV
due to decreased venous drainage and the RV cannot tolerate the volume in combination
with possible increased PA pressures, TR and elevation in RA pressures could open a PFO to
precipitate hypoxemia with a right-to-left shunt.*

As ECMO flows are weaned 0.5 to 1L at a time, heart rate, blood pressure and arterial
oxygen saturation (preferably from a right sided arterial line), central venous pressure,

and PA pressures can all be monitored to direct weaning. TEE can provide additional
information including stroke volume, LV and RV size and function, and AV efficacy8.
During weaning, LV and RV interdependence is present and should one ventricle struggle
with the decreased support, it can lead to failure of the other ventricle8!. Both LV and

RV size and function should be evaluated during weaning of extracorporeal support and if
distension and impending failure of either ventricle is noted it may warrant discontinuation
of the weaning trial.

Future avenues for study

Currently there are no echocardiography guidelines for VA-ECMO and physicians rely on
prior clinical experience, expert opinion, limited peer-reviewed literature, and extrapolations
from existing echocardiography guidelines (including VAD guidelines)®2. Guidelines for

a complete and comprehensive pre cannulation examination, positioning of the variety

of cannulas present and available, monitoring during ECMO support, weaning, and post
cannulation examination need to be developed to facilitate clinical care, education, and
research in this high risk and complex patient population.

Suggested echocardiography recommendations for institutions with an ECMO program
should include a pre-ECMO assessment meeting diagnostic standards for assessment of
valve function and pathology, evaluation and troubleshooting common problems on VA
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ECMO, and standard proposals for ECMO weaning with echocardiographic evaluation of
cardiopulmonary recovery®3.

Conclusion

Echocardiography is a powerful and significant asset in the assessment of patients
undergoing extracorporeal support. Echocardiography can facilitate pre-procedure screening
and assessment, guidance of cannulation and ECMO initiation, troubleshooting of problems
or emergencies that may arise during ECMO, and facilitate weaning and assessment of
recovery. Physicians performing echocardiography for these complex and critically ill
patients need to understand the relevant anatomical considerations, cannula design, function,
and positioning, the relevant hemodynamic context, and the limitations of the imaging
modality. Additional research is warranted is this rapidly expanding field. Interdisciplinary
consensus guidelines for echocardiography in patients undergoing ECMO are needed to
facilitate improved clinical care, echocardiographic education, and to support future research
in this area.
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Figure 1. Schematic of common VV-ECM O cannulation strategies.
‘1—> The Maastricht consensus nomenclature is used to describe cannula location. “Traditional”
;5 two-cannula approach to VV-ECMO. In VV;-ECMO the femoral venous drainage cannula
% tip is positioned within the IVC and an internal jugular venous return cannula tip
) is positioned within the right atrium (A). In (ca)VsV-ECMO a single, double-lumen
5 (cavoatrial) cannula is placed with venous return achieved from the IVC and return flow
Q into the RA. One example is the ProtekDuo RD cannula (CardiacAssist) (B). A similar
g strategy may be achieved with two separate femoral venous cannulas. ca: cavoatrial, ECMO:
extracorporeal membrane oxygenation, f: femoral, I\VC: inferior vena cava, j: jugular, RA:
right atrium, SVC: superior vena cava, VV: veno-venous.
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Figure 2. Examples of double lumen ECMO cannulas.
The Avalon Elite (Getinge AB) (A) and Crescent (MC3) (B) are used for bicaval cannulation

with two inflow ports designed to be positioned within the SVC and I\VVC and a central
outflow port that is oriented to direct flow towards the center of the tricuspid valve. The
Protek Duo (CardiacAssist) has proximal inflow ports with outflow ports at the distal tip

of the cannula (C). These cannulas come in various lengths and can be placed from the
internal jugular vein and positioned with the proximal inflow port within the RA and the
distal outflow port within the PA. Alternatively, the femoral vein can be cannulated, the
proximal inflow ports positioned within the 1\VC, and the distal outflow port oriented within
the RA. A shorter option, the Protek Duo RD cannula is pictured. ECMO: extracorporeal
membrane oxygenation, IVC: inferior vena cava, RA: right atrium, SVC: superior vena cava,
PA: pulmonary artery.
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Figure 3. Double lumen bicaval cannulation for VV-ECMO.
A common method for conducting VV-ECMO is through placement of a double lumen

cannula via the right internal jugular vein [(bc)Vj-V-ECMO]. Inflow ports are then
positioned within the IVC and the SVC and a central outflow port is then oriented within
the RA to direct blood flow across the tricuspid valve (A). Examples include the Avalon
Elite (Getinge AB) and the Crescent (MC3). TEE readily confirms appropriate outflow
port positioning and outflow jet orientation towards the tricuspid valve using color Doppler
imaging. The mid-esophageal modified bicaval view is useful during positioning (B) and
is often found by increasing the omniplane angle and making a slight clockwise turn of
the probe from the mid-esophageal bicaval view. A modified bicaval view of a Crescent
dual-lumen cannula with color flow Doppler demonstrating an outflow jet appropriately
directed towards the center of the TV (C).

bc: bicaval, CS: coronary sinus, ER: Eustachian ridge, IVC: inferior vena cava, LA: left
atrium, RA: right atrium, SVC: superior vena cava, TV: tricuspid valve, VV-ECMO: veno-
venous extracorporeal membrane oxygenation.

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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Cannula

Figure 4. Radiographic appearance of dual lumen veno-venous ECM O cannula.
A Crescent MC3 (Cardiopulmonary, Dexter, MI) bicaval dual lumen cannula in a patient

on (bc)Vj-V-ECMO support. The radiopaque markers at the site of SVC drainage, the
infusion site (RA), the site of IVC drainage, and the catheter tip are readily apparent. (bc):
bicaval, ECMO: extracorporeal membrane oxygenation, IVC: inferior vena cava, Vj: venous
(jugular), RA: right atrium, SVC: superior vena cava.

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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A. (dl)Vj-P-ECMO

Figure5. Protek Duo cannulation for temporary RV support.
Double lumen cannulas are available for mechanical support of the RV including the Protek

Duo (CardiacAssist) and the Impella RP (Abiomed). The Protek Duo is placed via the 1J
with the inflow ports positioned within the RA and the distal outflow in the main PA [(dl)V;-
P-ECMOQ] allowing for offloading of the RV (A). The midesophageal RV inflow-outflow can
demonstrate the Protek Duo cannula traversing the TV and the tip and outflow port location
distal to the PV (B). A TEE view with color flow Doppler demonstrating outflow from the
distal port within the main PA (C). dI: double lumen, ECMO: extracorporeal membrane
oxygenation, j:jugular, P: Pulmonary artery, PV: Pulmonic valve, RV: right ventricle.

Echocardiography. Author manuscript; available in PMC 2023 February 01.
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Figure 6. Percutaneous, transseptal indirect left ventricular venting.
To address LV distention during VA-ECMO and indirect LV venting strategy may be

employed. One approach is placement of a dedicated transseptal cannula across the 1AS to
provide LA drainage and consequent indirect LV venting. Alternatively, a single, multistage
cannula may be employed for percutaneous transseptal cannulation with the distal inflow
ports positioned within the LA and the proximal inflow ports within the inferior cavoatrial
junction (A). As depicted (A) this represents both femoral venous drainage and left atrial
venting in addition to the arterial return via the femoral artery. Purple arrows represent return
of blood with variable oxygenation contingent upon the clinical scenario. A non-standard
mid or upper esophageal window can demonstrate the position of a transseptal cannula and
the inflow ports and can identify key intracardiac structures including the 1AS, the RPA, and
the AscAo (B). A TEE view demonstrating color Doppler inflow of blood into a multistage
venous cannula positioned across the 1AS (C).

al: left atrium, AscAo: Ascending aorta, ECMO: Extracorporeal membrane oxygenation,

f: Femoral, IAS: Interatrial septum, I\VVC: Inferior vena cava, LA: Left atrium, LV: Left
ventricle, RA: Right atrium, RPA: Right pulmonary artery.
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