
R E S U S C I T A T I O N P L U S 1 6 ( 2 0 2 3 ) 1 0 0 4 9 3
Available online at www.sciencedirect.com

Resuscitation Plus
journal homepage: www.elsevier.com/locate/resuscitation-plus
Review
Wolf Creek XVII Part 7: Mechanical

circulatory support
https://doi.org/10.1016/j.resplu.2023.100493

2666-5204/� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommo

org/licenses/by-nc-nd/4.0/).

* Corresponding author at: Department of Emergency Medicine, University of Michigan Medical School, NCRC B026-309N, 2800 Plymouth Road, A

Arbor, MI 48109-2800, USA.

E-mail address: hcindy@med.umich.edu (C.H. Hsu).
Cindy H. Hsu a,b,*, George Trummer c, Jan Belohlavek d, Demetris Yannopoulos e,

Jason A. Bartos e
Abstract
Introduction: Failure to restore spontaneous circulation remains a major cause of death for cardiac arrest (CA) patients. Mechanical circulatory

support, specifically extracorporeal cardiopulmonary resuscitation (ECPR), has emerged as a feasible and efficacious rescue strategy for selected

refractory CA patients.

Methods: Mechanical Circulatory Support was one of six focus topics for the Wolf Creek XVII Conference held on June 14–17, 2023 in Ann Arbor,

Michigan, USA. Conference invitees included international thought leaders and scientists in the field of CA resuscitation from academia and industry.

Participants submitted via online survey knowledge gaps, barriers to translation and research priorities for each focus topic. Expert panels used the

survey results and their own perspectives and insights to create and present a preliminary unranked list for each category that was debated, revised

and ranked by all attendees to identify the top 5 for each category.

Results: Top 5 knowledge gaps included optimal patient selection, pre-ECPR treatments, logistical and programmatic characteristics of ECPR pro-

grams, generalizability and effectiveness of ECPR, and prevention of reperfusion injury. Top 5 barriers to translation included cost/resource limita-

tions, technical challenges, collaboration across multiple disciplines, limited patient population, and early identification of eligible patients. Top 5

research priorities focused on comparing the outcomes of prehospital/rapid transport strategies vs in-hospital ECPR initiation, implementation of

high-performing ECPR system vs standard care, rapid patient identification tools vs standard clinical judgment, post-cardiac arrest bundled care

vs no bundled care, and standardized ECPR clinical protocol vs routine care.

Conclusion: This overview can serve as an innovative guide to transform the care and outcome of patients with refractory CA.
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Introduction

Cardiac arrest (CA) is a prevalent public health problem with high

incidence of mortality and neurologic impairment.1–5 Approximately

70% of CA is associated with primary myocardial failure, which is

often caused by acute coronary occlusion and malignant cardiac

arrhythmia.6 Timely restoration of cardiac function and return of

spontaneous circulation (ROSC) during cardiopulmonary resuscita-

tion (CPR) remains a major challenge for refractory CA.

Failure to achieve ROSC within 30 minutes from onset of CA

has been associated with almost 100% mortality.7,8 To overcome

this life-threatening circulatory failure, short-term mechanical circu-

latory support provided by venoarterial extracorporeal membrane

oxygenation (VA-ECMO) and extracorporeal cardiopulmonary
resuscitation (ECPR) during refractory CA have become rescue

strategies in selected centers.9–13 Recent randomized controlled

trials have demonstrated ECPR to improve the survival and neuro-

logic outcome of selected refractory out-of-hospital CA (OHCA)

patients with initial shockable rhythm.14–16 The 2022 International

Liaison Committee on Resuscitation Consensus on Science with

Treatment Recommendation suggests that ECPR may be

considered as a rescue therapy for selected patients with OHCA

and in-hospital CA (IHCA) when conventional CPR is failing to

restore spontaneous circulation in settings where this can be imple-

mented.17 However, ECPR remains a resource-intensive system of

care that is not readily available at most healthcare centers.18–20 Key

questions regarding ECPR implementation include optimal patient

selection, strategies to shorten time from CA to extracorporeal

support, and resource utilization.
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The main focus of the Wolf Creek Conference XVII Mechanical

Support Panel on June 16, 2023, in Ann Arbor, Michigan, was to

highlight the current state and propose a potential future state for

ECPR, as well as to identify its top knowledge gaps, barriers to trans-

lation, and research priorities. The panel was co-chaired by

Drs. Cindy Hsu and Jason Bartos, with Drs. George Trummer, Jan

Belohlavek, and Demetris Yannopoulos as panelists. This

manuscript provides an overview of the current and potential future

state of the field and prioritized results of the discussions between

the panelists (authors of this manuscript) and the conference

participants.

Methods

Since its inception in 1975, the Wolf Creek Conference has a well-

established tradition of providing a unique forum for robust intellec-

tual exchange between thought leaders and scientist from academia

and industry that focuses on advancing the science and practice of

CA resuscitation.21 The Wolf Creek XVII Conference was hosted

by the Max Harry Weil Institute for Critical Care Research and Inno-

vation in Ann Arbor, Michigan, USA on June 15–17, 2023.22

Mechanical Circulatory Support was one of 6 focus topics for the

Wolf Creek XVII Meeting hosted by the Max Harry Weil Institute for

Critical Care Research and Innovation in Ann Arbor, Michigan, USA

on June 15–17, 2023. Meeting invitees included international aca-

demic and industry scientists as well as thought leaders in the field

of CA resuscitation. All participants were required to complete con-

flict of interest disclosures. Prior to the meeting, all participants were

asked via online survey to list up to three knowledge gaps, barriers to

translation and research priorities for each topic. Participants were

instructed that the topic of mechanical circulatory support would

focus on rescue strategies for refractory CA using invasive mechan-

ical devices such as ECPR, percutaneous left ventricular assist

devices, and aortic balloon occlusion.

Knowledge gaps were defined as areas where our understanding

or knowledge is incomplete or limited. These gaps can arise due to

various factors, such as lack of research, inadequate information,

limited access to data or resources, or simply because the topic is

new or complex. Barriers to translation were defined as obstacles

that can prevent the successful transfer of knowledge or innovations

from research or development settings to practical applications in the

real world. Research priorities were defined as the areas of study

that are considered most important or urgent by the scientific com-

munity or society as a whole. These priorities are often determined

by a range of factors such as knowledge gaps, scientific break-

throughs, new challenges, societal needs or funding opportunities.

Panels of experts in each topic used the survey results and their

own perspectives and insights to create an initial unranked list of up

to ten items for each category. For this panel, the survey responses

for each question were entered in ChatGPT (OpenAI, Microsoft Cor-

poration) with the prompt, “You are a qualitative researcher. Please

code the following open-ended survey responses into relevant cate-

gories using a modified delphi approach.” ChatGPT was also pro-

vided with the original question for the responses. CHH and JAB

then iteratively revised and collapsed the categories generated by

ChatGPT into top 10 categories for each of the three questions.

The top research priorities were restructured in patient/population,

intervention, comparison, outcomes (PICO) format whenever

feasible.
During the conference, expert panelists provided an overview of

the current state and potential future state of the field to lay the

groundwork for an informed debate. This was followed by presenta-

tion and initial ranking of the knowledge gaps, barriers to translation,

and research priorities by all attendees using electronic voting,

discussion and revision by the panel and attendees, and then

re-ranking. The top 5 items in each category underwent final review

on the last day of the conference. An overview of the current and

potential future state of the field and prioritized results for Mechanical

Circulatory Support are presented and discussed in this manuscript.

The complete results and rankings from all three categories are listed

in Supplemental Materials.
Current state

What is currently in use?

The integration of mechanical circulatory support devices during

CPR is performed to counteract the ongoing circulatory failure

caused by refractory CA. Potential devices for this purpose include

VA-ECMO and microaxial blood pumps. All these systems require

central arterial and venous vascular access.23,24 Microaxial pumps

can provide high rates of blood flow (3.5–5 l/min) and therefore

can temporarily replace circulatory function. However, the concomi-

tant pulmonary failure from refractory CA is not supported by

microaxial pumps. Moreover, the use of microaxial pumps in

biventricular dysfunction may become inadequate due to cardiac

non-contractility. Therefore, VA-ECMO is the most suitable option

for ECPR due to its ability to fully support the cardiac and pulmonary

systems.
What is being clinically studied?

The availability of extracorporeal devices and experienced staff to

implement ECPR is still limited to specialized centers. Beyond that,

the course of VA-ECMO support has not been standardized yet with

respect to specific elements like circuit priming, blood flow, and spec-

ified conditions of gas exchange.25–31 Until recently, the outcomes of

ECPR for refractory OHCA and IHCA have been limited to retrospec-

tive or prospective observational studies, case series, or case

reports.

Three randomized trials on the outcome of OHCA were recently

published.14,32,33 These trials provide promising survival rates

between 20% and 43% in patients who received ECPR. Further-

more, these trials indicate that ECPR requires well defined patient

selection criteria, sophisticated program structures to provide extra-

corporeal circulation in the scenario of ECPR, and a well-designed

integration along the interfaces to prehospital and in-hospital

advanced cardiac life support (ACLS).

What is in development?

Post-cardiac arrest syndrome is a summation of detrimental pro-

cesses following CA, low-flow state, and ROSC.34 The underlying

pathophysiologic comprehension of this syndrome refers to a gener-

alized ischemia/reperfusion injury. Other than in CPR, the implemen-

tation of ECPR enables the control over blood circulation and gas

exchange and therefore the conditions and composition of reperfu-

sion. “Controlled Automated Reperfusion of the Whole Body” (CARL)

is such an approach currently under investigation in a first clinical

trial.35–37
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Potential future state

The ongoing vision of improved survival and neurologic recovery

following CA in combination with state of the art medical engineering

motivates the medical community to continue to innovate and

improve the methods of ECPR. ECPR is currently performed in var-

ious institutions across the world with innumerable variations in each

aspect of the ECPR system that are driven by local logistics and pro-

fessional society guidelines. Ideally, these institutions and organiza-

tions would collaborate to compare outcomes and improve the

integration of ECPR within the chain of survival. Potential areas for

improvement include: (a) timely consideration of ECPR and activa-

tion of ECPR teams during ACLS, (b) selection criteria for ECPR,

(c) training and skill maintenance of ECPR providers, (d) develop-

ment of robust reporting standards for ECPR clinical trials, (e)

improved strategies for post-cardiac arrest care incorporating the

risks and opportunities of ECPR, and (f) development of reliable

prognostication strategies to focus resources on those likely to

recover. ECPR has the potential to become the standard of care in

selected groups of CA patients if the essential components for a suc-

cessful system of care can be identified and implemented at other

centers.

Knowledge gaps

The following top 5 knowledge gaps were identified by conference

participants and discussed during the Mechanical Circulatory Sup-

port Panel (Fig. 1).

1. Patient selection for optimal outcomes

Since ECPR is resource-intensive and rare, patient selection is

crucial to maximize outcome. The proof-of-concept ECPR systems

of care should ideally be performed in well-defined groups of

patients. Indications and contraindications for ECPR are still

debated, including whether ECPR should be implemented in patients

with initial nonshockable rhythm or unwitnessed CA.15,38 However, in

order to achieve time from CA to VA-ECMO of less than 60 minutes,

prompt ECPR initiation would require early dispatch (i.e. 10–20 min

after start of CPR) of the ECPR team (i.e. prehospital, emergency

department, cardiac catheterization lab).8,10,39–41 This requirement

can be challenging because accurate prehospital information about

the OHCA patients may not be readily available.
Figure 1 – Mechanical circulatory support: Top 5 knowledg

15-17, 2023, Ann Arbor, MI
2. Pre-ECPR treatment for refractory cardiac arrest including venti-

lation, CPR methods, medications

CPR is a community-based intervention and an integral compo-

nent within the chain of survival. ECPR should be integrated with

prompt initiation and continuation of high quality CPR. However,

the best strategies for CPR, ventilation, and vasoactive support to

optimize brain and cardiac perfusion during refractory CA require fur-

ther investigation.42

3. Logistical, community and program characteristics that favor dif-

ferent models of ECPR program (Cath lab, ED, field, etc.)

OHCA more commonly occurs in private residences than in pub-

lic locations, and IHCA may also occur at different locations in hos-

pitals.2,43 The integration and initiation of extracorporeal support

during CPR is therefore faced with logistic challenges. Beyond that,

the structure of healthcare systems may vary between countries,

regions, or cities, which adds more complexity to logistical, commu-

nity, and program characteristics. Nevertheless, scenarios of ECPR

in IHCA or OHCA settings are described but require adaptation to

local conditions and resources.44,45

4. Generalizability, cost effectiveness, and comparative effective-

ness of ECPR compared to other strategies

Within the given heterogeneity of patients in refractory CA, it is

challenging to determine the effect of ECPR on specific populations.

Since ECPR is a rescue strategy at the end of the chain of survival,

the CA patients generally represent those who would not have other-

wise survived without ECPR. On the other hand, patient selection for

ECPR impacts the outcomes observed which may provide important

insights into the effects of ECPR.15 Documentation of ECPR along

established reporting standards (i.e. Utstein style) could help to cre-

ate a more comprehensive database useful for drawing conclusions

of the effect of ECPR. In addition, the cost and cost-effectiveness of

ECPR will need further elucidation in order to demonstrate its feasi-

bility and sustainability within different health systems.

5. Quantification and prevention of reperfusion injury (e.g. priming

solution, ECPR initiation strategies, goals and precautions, etc.)

The pathophysiology of CPR is closely related to a generalized

ischemia/reperfusion injury of the whole body. Since ECPR provides

the opportunity to gain control over blood circulation, monitoring, and
e gaps as ranked by attendees at Wolf Creek XVII, June
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gas exchange, the conditions and composition of reperfusion may be

adapted to limit post-cardiac arrest syndrome.34 Components of VA-

ECMO that have not been standardized for ECPR patients include

optimal priming and perfusate composition, blood flow, and specified

conditions of gas exchange.

Barriers to translation

The following top 5 barriers to translation were identified by confer-

ence participants and discussed during the Mechanical Circulatory

Support Panel (Fig. 2).

1. Cost and resource limitations impacting ECPR program start-up

and sustainability: resource intensive, lack of reimbursement out-

side the hospital

Cost and resource limitations were identified as the top barrier to

translation for successful implementation and sustainability of ECPR

systems of care. This barrier is often associated with disparities in

access to healthcare that are disproportionately affected by the clin-

ical characteristics and geographic location of CA patients. Further-

more, the variability in reimbursement for prehospital care poses

another barrier to sustainability of ECPR programs.

2. Technical and procedural challenges due to vascular access

(particularly in pre-hospital settings), technology management,

post-cardiac arrest care

The relative low incidence and unpredictable timing of ECPR

pose significant challenges to the training and skill competency

maintenance for both proceduralists who initiate ECPR for the refrac-

tory CA patients and those who care for these patients in the emer-

gency departments and intensive care units. These same barriers

apply to all members of the medical team such as emergency med-

ical services, nurses, respiratory therapists, and perfusionists.

3. Required collaboration of prehospital/EMS, procedural, and in-

hospital care teams despite limited baseline integration. Need

for dedication of all teams
Figure 2 – Mechanical circulatory support: Top 5 barriers to

June 15-17, 2023, Ann Arbor, MI
ECPR is a system of care that begins in the prehospital setting.

Successful implementation of an ECPR system must integrate pre-

hospital teams, emergency departments, intensive care units, and

related subspecialists who manage ECPR patients after initiation of

VA-ECMO. The success of an ECPR program is dependent on the

seamless integration of these multidisciplinary teams.

4. Limited patient population for skill acquisition, maintenance, and

research

Similar to technical and procedural challenges, the infrequent

ECPR incidence poses a challenge to supporting the training and

sustainability of a successful ECPR system of care. With the excep-

tion of high volume health centers, it is unlikely that there are enough

refractory CA patients to consistently sustain the training efforts. As

such, the development of novel training strategies will be critically

important.

5. Early identification of patients for ECPR

As ECPR is a time-sensitive intervention, and shorter time from

CA to VA-ECMO initiation has been associated with better out-

come,46 early identification of eligible patients is critical for patient

outcome. This applies to both OHCA and IHCA settings. For OHCA,

prehospital identification and notification of refractory CA patients

who may meet inclusion criteria within suitable transport time is

important. Similarly for IHCA, prompt notification and activation of

the ECMO team of eligible patients may shorten their time to extra-

corporeal support and impact their outcome.

Research priorities

The following top 5 research priorities in PICO format were identified

by conference participants and discussed during the Mechanical Cir-

culatory Support Panel (Fig. 3).

1. In OHCA patients with refractory shockable/nonshockable car-

diac arrest, does prehospital ECPR initiation/rapid transport com-

pared to in-hospital ECPR initiation improve patient outcome?

Comparing prehospital ECPR activation vs in-hospital activation

for OHCA was identified as the top research priority. In-hospital acti-
translation as ranked by attendees at Wolf Creek XVII,
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vation could occur in the emergency departments, catheterization

labs, or intensive care units. An ideal study would also identify pre-

hospital strategies that could shorten the time from CA to initiation

of VA-ECMO, which has been associated with better outcomes in

observational studies.45

2. For refractory CA patients, does implementing a high-performing

ECPR system of care (e.g., simplified technique, reduced cost,

adaptation to low resource settings, hub-spoke system) com-

pared to standard system of care improve patient outcomes?

Discussions on this research priority focused on identifying the

elements of a high-performing ECPR system of care that are essen-

tial and scalable to other centers. The conference participants and

panelists discussed that the ARREST trial has already demonstrated

the efficacy of a high-performing ECPR program’s ability to improve

survival with good neurologic outcomes for refractory OHCA patients

with initial shockable rhythm. The outcomes from the Minnesota

ECPR system of care have already demonstrated superior outcomes

compared to historical data from other OHCA trials.8 The INCEP-

TION trial33 demonstrated that ECPR may not be effective in real

world clinical settings if performed at centers with variable

experience.

3. In patients with refractory cardiac arrest, does the implementation

of rapid identification tools compared to standard clinical judg-

ment shorten the time needed to accurately identify patients

who are eligible for ECPR?

The eligibility criteria for ECPR patients and how to rapidly iden-

tify these patients emerged as another research priority. The identi-

fication of refractory CA patients with initial shockable rhythm is a

reasonable starting point for the development, iterative refinement,

and implementation of rapid identification tools, as these patients

have been demonstrated to benefit from ECPR in a randomized con-

trolled trial.14 The eligibility criteria of refractory CA patients with ini-

tial nonshockable rhythm will require further investigation to first

identify which of these patients may benefit from ECPR, then to

develop and test rapid identification strategies.
4. In ECPR patients, does the implementation of a post-cardiac

arrest bundle of care that includes accurate neuromonitoring,

hemodynamic targets, temperature control, and neuroprognosti-

cation compared to no bundled care improve patient outcome?

The post-cardiac arrest care of ECPR patients remains an impor-

tant modifiable variable that could impact the clinical outcome of

these critically ill patients. This research priority aims to identify a

bundle of care that could improve the outcome of ECPR patients.

Some potential elements of the bundled care may include protocol-

ized temperature management strategy, circuit and ventilator param-

eters, hemodynamic optimization, and neuroprognostication.

5. In cardiac arrest patients eligible for ECPR, does the implemen-

tation of a standardized clinical protocol compared to routine care

improve the ECPR implementation outcomes (e.g., optimal tech-

niques, patient selection) and patient outcome?

This research priority incorporates elements from the previous

four priorities. In order to answer this research question, the appro-

priate ECPR eligibility criteria will need to first be established. The

development and implementation of a standardized clinical protocol

to identify these eligible patients, initiate ECPR, and to provide con-

sistent post-cardiac arrest care may facilitate the implementation of

ECPR programs and ultimately their patient outcome.

Dissenting opinions

The conference participants discussed the limitations of PICO format

in identifying research priorities, as some priorities cannot be written

in this format. There were also discussions regarding what would be

considered a “standard” system of care and how “clinical judgment”

is defined.

Conclusions

The 2023 Wolf Creek Conference XVII Mechanical Circulatory Sup-

port Panel identified the top knowledge gaps, barriers to translation,

and research priorities for ECPR in refractory CA. The themes that
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emerged from the discussions during this panel included strategies

to rapidly and accurately identify eligible patients to shorten the time

from CA to initiation of extracorporeal support; identification of phys-

iologic and programmatic elements that are critical to successful

ECPR programs; development of implementation strategies to facil-

itate ECPR skill acquisition, maintenance, and multidisciplinary col-

laborations; development of novel training methods to sustain low

frequency, high-stake procedures and knowledge retention; and

strategies to eliminate healthcare disparities that are associated with

inequitable access to ECPR systems of care. We hope that this over-

view can serve as an innovative guide to those who hope to trans-

form the care and outcome of patients with refractory CA.
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