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A B S T R A C T

Background: We describe implementation, evaluate performance, and report outcomes from the first pro-
gram serving an entire metropolitan area designed to rapidly deliver extracorporeal membrane oxygenation
(ECMO)-facilitated resuscitation to patients with refractory ventricular fibrillation/ventricular tachycardia
(VF/VT) out-of-hospital cardiac arrest (OHCA).
Methods: This observational cohort study analyzed consecutive patients prospectively enrolled in the Minne-
sota Mobile Resuscitation Consortium’s ECMO-facilitated resuscitation program. Entry criteria included: 1)
adults (aged 18�75), 2) VF/VT OHCA, 3) no return of spontaneous circulation following 3 shocks, 4) auto-
mated cardiopulmonary resuscitation with a Lund University Cardiac Arrest System (LUCASTM), and 5) esti-
mated transfer time of < 30 min. The primary endpoint was functionally favorable survival to hospital
discharge with Cerebral Performance Category (CPC) 1 or 2. Secondary endpoints included 3-month func-
tionally favorable survival, program benchmarks, ECMO cannulation rate, and safety. Essential program com-
ponents included emergency medical services, 3 community ECMO Initiation Hospitals with emergency
department ECMO cannulation sites and 24/7 cardiac catheterization laboratories, a 24/7 mobile ECMO can-
nulation team, and a single, centralized ECMO intensive care unit.
Findings: From December 1, 2019 to April 1, 2020, 63 consecutive patients were transported and 58 (97%)
met criteria and were treated by the mobile ECMO service. Mean age was 57 § 1.8 years; 46/58 (79%) were
male. Program benchmarks were variably met, 100% of patients were successfully cannulated, and no safety
issues were identified. Of the 58 patients, 25/58 (43% [CI:31�56%]) were both discharged from the hospital
and alive at 3 months with CPC 1 or 2.
Keywords:
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cardiac life support; CCL, cardiac catheterization laboratory; CPC, Cerebral Performance Category; CPR, cardiopulmonary
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Interpretation: This first, community-wide ECMO-facilitated resuscitation program in the US demonstrated
100% successful cannulation, 43% functionally favorable survival rates at hospital discharge and 3 months, as
well as safety. The program provides a potential model of this approach for other communities.
Funding: The Helmsley Charitable Trust
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Out-of-hospital cardiac arrest (OHCA) affects approximately
360,000 patients/year in the United States with a survival rate of <
10% [1�3]. Although OHCA patients presenting to emergency medical
services (EMS) with a shockable rhythm, including ventricular fibril-
lation/ventricular tachycardia (VF/VT), have better outcomes (30%
functionally favorable survival rates overall), [3,4] 50% of these
patients are refractory to standard advanced cardiac life support
(ACLS) treatment [4�6].

Extracorporeal membrane oxygenation (ECMO), followed by
immediate coronary angiography and percutaneous coronary inter-
vention (PCI), called ECMO-facilitated resuscitation, has been used to
treat refractory VF/VT OHCA [7�12]. The survival to hospital dis-
charge rate of this approach was studied in the prospective, random-
ized, single center ARREST Trial, demonstrating a rate of 42.9% with
ECMO-facilitated resuscitation compared to 6.7% with standard ACLS
treatment [13]. Whether this approach can be routinely provided
outside this single center experience is unknown.

The purpose of this observational study is to describe implemen-
tation, evaluate program performance, and report outcomes from the
first refractory VF/VT OHCA, ECMO-facilitated resuscitation program
in the United States serving an entire metropolitan community. This
reported experience was performed with complete independence
and without patient overlap to the ARREST Trial [13]. Its unique pro-
gram structure included using mobile ECMO cannulation teams, 3
strategically located ECMO Initiation Hospitals, each housing both an
emergency department (ED) ECMO cannulation site and a 24/7 car-
diac catheterization laboratory (CCL), and a single, centralized ECMO
intensive care unit (ICU). We hypothesized that the program would
successfully provide 24/7 ECMO-facilitated resuscitation to the entire
metropolitan community, demonstrate safety, and achieve function-
ally favorable survival rates consistent with our previously published
case series from a single center [5,7�9].

2. Methods

The Center for Resuscitation at the University of Minnesota in
Minneapolis established the Minnesota Resuscitation Consortium
(MRC) in 2012 with the goal to advance research, education, and
community engagement in the field of resuscitation. In 2015, a single
center (the University of Minnesota) developed an approach for
ECMO-facilitated resuscitation treatment of refractory VF/VT OHCA,
publishing multiple case series of its survival potential [5,7�9]. By
2017, community consensus had been achieved to extend a new
ECMO-facilitated resuscitation program to the entire metropolitan
community.

3. Program development

Inclusion of all community stakeholders was fundamental to
development of the new program, involving four healthcare systems,
ten EMS systems, governmental officials, hospital administrative
leadership, and key clinical leaders throughout the Minneapolis-St.
Paul metropolitan area. Developmental meetings established funda-
mental components: 1) a single, centralized ECMO ICU at the Univer-
sity of Minnesota for delivery of post-arrest care (experienced caring
for this challenging patient population with 24/7 surgical and medi-
cal specialist availability), 2) 3 additional, ECMO Initiation Hospitals
at strategic geographic locations to extend the ECMO-facilitated
resuscitation footprint, with ED ECMO Cannulation Site capability,
and 24/7 CCL availability at each ECMO Initiation Hospital, 3) a core,
24/7 mobile ECMO cannulation team, 4) four dedicated ECMO cannu-
lation team rapid response vehicles, 5) standard operating proce-
dures, hospital privileges, certifications, training programs, and
contracts for services, 6) community-wide data collection and perfor-
mance benchmarks, and 7) maximal likelihood of economic and orga-
nizational sustainability. Development began in February 2017 and
the community-wide program was activated on December 1, 2019.

4. System organization

The Minnesota Mobile Resuscitation Consortium (MMRC) was
established as a nonprofit entity. Representatives from each health-
care system had positions on the MMRC board of directors providing
direct input and future planning. The MMRC coordinated training
EMS providers, hiring and training mobile ECMO cannulation team
members from each healthcare system, training and credentialing
team members at each ECMO Initiation Hospital, supply acquisition
and resupply at each ECMO Initiation Hospital ED Cannulation Site,
documentation and billing, cost sharing across healthcare systems,
and performance evaluation. All services were provided 24/7 at every
ECMO Initiation Hospital and the single, centralized ECMO ICU.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Organization of the Minnesota Mobile Resuscitation Consortium. A. The functions and organizational structure of the non-profit Minnesota Mobile Resuscitation Consor-
tium are shown. B. The ECMO cannulation team responds to one of three ECMO Initiation Hospitals geographically optimized across the Minneapolis-St. Paul metropolitan area
(black arrows). Once ECMO-cannulated, patients undergo coronary angiography and percutaneous coronary intervention at the ECMO Initiation Hospital. Following this, the
patients are transported to the centrally located ECMO ICU for post-arrest care (red arrow). The coverage area is demonstrated by the orange circles. Black dots indicate entered
patients geographically identified by zip code and often overlapping.
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MMRC organization and geographic coverage is shown in Fig. 1A
and B.
5. Mobile ECMO cannulation team

Each mobile ECMO cannulation team consisted of three mem-
bers: one senior cannulating physician, one sterile assistant, and
one non-sterile assistant. Assistants were critical care-experienced
paramedics/nurses or physicians. Ten physicians and 9 critical care-
experienced paramedics/nurses from all four healthcare systems
participated. Physicians performing the cannulations were special-
ized in interventional cardiology, emergency medicine, and critical
care. Team members were on-call for 12 or 24-hour shifts with
benchmark activation to ED ECMO Cannulation site time of <

15 min. Team members completed emergency vehicle operations
courses allowing them to drive dedicated rapid response vehicles.
The team carried all necessary cannulation supplies to the ED can-
nulation site, although some supplies were kept on-site to speed
preparation. The team stayed at the patient’s bedside from ED can-
nulation through transport to the single, centralized ECMO ICU, pro-
viding ongoing resuscitation and ECMO management, as needed.
The process for team activation, patient stabilization, and transport
is shown in Fig. 2.
6. Training

Mobile ECMO cannulation team members were recruited from
participating healthcare systems. Given varied medical backgrounds,
extensive training ensured achievement of similar skillsets. Training
included 16 h didactic lecture/discussion and 12 h cannulation simu-
lation and trouble-shooting. Members were trained in all aspects of
the equipment including supplies needed for ECMO cannulation,
ECMO initiation, equipment troubleshooting, resuscitation techni-
ques, and treatments to optimize the first hours of acute care and sta-
bilization. Successful performance of the cannulation procedure and
demonstration of troubleshooting proficiency was required in simu-
lation prior to progression to clinical training. Upon completion, each
physician was credentialed by the healthcare systems to begin as a
trainee. Clinical training included observation, the assistant role, fol-
lowed by the primary cannulator role under supervision. Clinical pro-
ficiency was assessed by successful completion of at least 5
cannulations in the primary cannulator role followed by appropriate
resuscitation and troubleshooting of alarms and post-arrest pathol-
ogy. Consensus of the senior cannulators was required prior to
advancement to independent cannulator. Once acceptable perfor-
mance was confirmed, they were certified and credentialed for inde-
pendent practice. All trainees successfully completed the training
program.



Fig. 2. Flow diagram of the ECMO Cannulation Team activation and patient stabilization process. A cardiac arrest is recognized and emergency medical services are activated.
Paramedics arrive and begin ACLS. If the patient meets the MMRC VF/VT OHCA criteria, the central dispatcher is called who activates the mobile ECMO team and notifies the ED
ECMO Cannulation Site. The mobile ECMO team and paramedics meet at one of 3 ECMO Initiation Hospital ED Cannulation Sites nearest to the patient and ECMO is initiated in the
emergency department. Once ECMO-cannulated, the patient is taken to the cardiac catheterization laboratory for angiography and PCI, as indicated, at the ECMO Initiation Hospital.
The patient is then transported to the single, centralized ECMO ICU for post-arrest care.
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Ongoing quality improvement and skill maintenance was accom-
plished by participation in case review conferences, monitoring and
feedback on management of ECMO complications (Extracorporeal
Life Support Organization [ELSO] criteria [14]), ongoing discussions
of advancements in resuscitation, and repeated simulation cannula-
tion training. Quarterly skill assessment was performed to verify
maintenance of skills.

EMS medical directors assisted training EMS providers. This prac-
tice change represented a paradigm shift from prolonged on-scene
resuscitation to accurate identification of eligible refractory VF/VT
patients, early dispatch notification, and rapid transport with ongoing
ACLS. Feedback was provided in each case reinforcing minimal on-
scene time, airway management, appropriate ventilation, medical
therapy, and ACLS care during transport.

6.1. Study design

This observational cohort study analyzes the first 63 consecutive
patients in the MMRC’s ECMO-facilitated resuscitation protocol from
December 1, 2019 to April 1, 2020. The Institutional Review Board at
the University of Minnesota approved this study (No. 1703M11301)
with waiver of informed consent.

The primary study endpoint was functionally favorable survival to
hospital discharge (Cerebral Performance Category [CPC] of 1 or 2)
assessed in-person by the discharging physician. Secondary end-
points included 3-month survival, 3-month functionally favorable
survival (assessed in-person by follow up physicians), program per-
formance and benchmarks, successful cannulation rate, and safety
(program safety and cannulation complications).

This report adheres to the STROBE guidelines for observational
studies in epidemiology [15].

6.2. MMRC ECMO-facilitated resuscitation protocol

Patient selection criteria were previously published [5]. Briefly,
patients meeting the following criteria were transported by EMS to
the closest participating ECMO Initiation Hospital ED cannulation
site: 1) adults (aged 18�75), 2) VF/VT OHCA, 3) no return of sponta-
neous circulation (ROSC) following 3 shocks, 4) automated cardiopul-
monary resuscitation with a Lund University Cardiac Arrest System
(LUCASTM), and 5) estimated transfer time of < 30 min. Exclusions
were nursing home residents, known DNR orders, significant bleed-
ing, or known terminal illness with less than one-year life expec-
tancy. These inclusion criteria are identical to the ARREST Trial
inclusion criteria [13].

On eligible patient identification, paramedics called a central
dispatcher who then notified the mobile ECMO cannulation team
and the ED ECMO cannulation site (Fig. 2). Paramedics transported
with ongoing mechanical CPR and ACLS. The mobile ECMO cannu-
lation team also traveled to the ECMO Initiation Hospital ED can-
nulation site and prepared equipment in a pre-specified room in
the ED. On patient arrival, an arterial blood gas and lactic acid
were assessed to determine resuscitation discontinuation criteria.
Patients meeting � 2 resuscitation discontinuation criteria (previ-
ously established as metabolic status unlikely to benefit [5, 7�9])
were declared dead: 1) end-tidal CO2 � 10 mmHg, 2) arterial par-
tial pressure of oxygen (PaO2) � 50 mmHg or O2 saturation � 85%,
or 3) lactic acid � 18 mmol/L. Patients without these criteria
underwent emergent ultrasound-guided percutaneous ECMO can-
nulation by the mobile ECMO cannulation team in the ED while ED
physicians continued resuscitation. Dedicated ED fluoroscopy con-
firmed wire and cannula position. Patients achieving hemodynam-
ically stable ROSC during transport were treated by ED staff per
standard practice.

ECMO patients were stabilized with pressors, as needed, and
the cannulas secured. The CCL was then paged and mobilized.
Next, patients underwent computerized tomography with non-
contrast head, chest, abdomen, and pelvis scans assessing CPR-
related trauma. Following computerized tomography, patients
proceeded to the CCL for coronary angiography and PCI, as
needed. Patients were then transferred to the single, centralized
ECMO ICU (Fig. 2).



Table 1
MMRC program performance metrics and benchmarks.

Performance Metric Benchmark

10 EMS Agencies
Time from 911 to first responder arrival
EMS on-scene time < 15 min
Time from 911 to patient arrival at ED
Accuracy of patient selection

ECMO Initiation Hospitals
Number/proportion of patients treated

Discontinuation Criteria on ED Arrival
Initial end-tidal CO2
PaO2
O2 saturation
Lactic acid
Proportion of patients meeting discontinuation
criteria on ED arrival

Mobile ECMO cannulation team
Response time to ED < 15 min
Number and safety of rapid responses
Patient ED arrival to ECMO cannulation time < 15 min
Total duration of professional CPR < 60 min
Cannulation success rate
Cannulation complication rate (ELSO Criteria)

Cardiac Catherization Laboratory (CCL)
Time from 911 to CCL arrival < 120 min
Incidence of severe coronary artery disease
(hemodynamically

significant lesions as determined by the
interventional cardiologist)

Number/proportion of patients receiving PCI
Transport to the ECMO ICU

Adverse events
ECMO ICU

Ejection fraction on hospital discharge
Duration of hospitalization in survivors
Duration of hospitalization in non-survivors
ECMO-related complications (ELSO criteria)

Outcomes
Survival to hospital discharge
Survival to hospital discharge with CPC of 1�2
Survival to 3 months
Survival to 3 months with CPC of 1�2

Table 1: MMRC Program Performance Metrics and Benchmarks. Values
are n (%) or mean § standard deviation. MMRC = Minnesota Mobile
Resuscitation Consortium EMS = Emergency Medical Service,
ED = Emergency Department; ECMO = Extracorporeal Membrane Oxy-
genation, CO2 = carbon dioxide; PaO2 = partial pressure of oxygen in
arterial blood; O2 = oxygen; CPR= cardiopulmonary resuscitation;
CCL = Cardiac Catheterization Laboratory, PCI = percutaneous coronary
intervention; ICU = intensive care unit; ELSO = Extracorporeal Life Sup-
port Organization14; CPC = Cerebral Performance Category.
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6.3. Performance and benchmark monitoring

Secure data acquisition was established to benchmark and moni-
tor performance for each component of the program. Data was
acquired and managed by MMRC, housed at the University of Minne-
sota, and routinely reported at board meetings. Performance metrics
and benchmarks were centrally monitored and established a priori as
shown in Table 1.

7. Data management and statistical analysis

Relevant data were recorded in a REDCap database and exported
to excel format for biostatistical analysis. Data are presented as mean
§ standard deviation (SD) for continuous variables, and frequency
(percentage) for categorical variables. A confidence interval calcula-
tion for binomial proportions was generated for the study’s primary
endpoint (functionally favorable survival to hospital discharge) and
secondary endpoint (functionally favorable 3-month survival) using
the Wilson-Score method.
8. Role of the funding source

The funding source, the Helmsley Charitable Trust, had no role in
the study design, collection, analysis, or interpretation of data, the
writing or editing of the manuscript, or the decision to submit the
work for publication.
9. Results

9.1. Enrollment and characteristics

From December 1, 2019 to April 1, 2020, there were 151 patients
with VF/VT OHCA. Of these, 97/151 (64%) were refractory VF/VT
OHCA. Of these 97 refractory VF/VT OHCA patients, 60, plus 3 primary
pulseless electrical activity (PEA) patients, were transported to the 3
ECMO Initiation Hospitals. Of these transported patients, 5/63 (8%)
did not meet MMRC criteria, resulting in 92% (58/63) accuracy of
patient selection for transport and 100% capture of all 58 refractory
VF/VT OHCA patients meeting MMRC criteria during the study period.
Of the 58 meeting MMRC criteria (14.5 patients/month), 13/58 (22%)
had � 2 resuscitation discontinuation criteria on arrival and were
pronounced dead, 45/58 (78%) received full resuscitation efforts
(ECMO cannulation and CCL angiography/PCI), 4/58 (7%) were
declared dead prior to transfer to the ECMO ICU due to refractory
shock or failure to achieve an organized rhythm in the CCL, and 41/
58 (71%) were transferred to the ECMO ICU (Fig. 3). The day of the
week and time of day these patients were treated is shown in Fig. 4A
and 4B.

Of the patients meeting MMRC criteria, mean age was 57 § 14
years; 8/58 (14%) patients were < 40 years old, 23/58 (40%) were
40�60 years old, and 27/58 (47%) were 61�75 years old; 46/58
(79%) were male; 49/58 (84%) were white, 4/58 (7%) were black,
and 5/58 (9%) other. Known comorbidities included coronary
artery disease (18/58 [31%]), diabetes mellitus (14/58 [24%]),
hypertension (24/58 [41%]), hyperlipidemia (19/58 [33%]), smok-
ing (21/58 [36%]), alcoholism (7/58 [12%]) and congestive heart
failure (6/58 [10%]).
10. Program performance and benchmarks

10.1. EMS agencies

Accuracy of EMS agency patient selection was 58/63 (92%).
Despite a benchmark of < 15 min, paramedics were on-scene a mean
of 22.0 § 8.9 min prior to transport; > 15 min in 66% of cases. Mean
time from 911 call to patient arrival at the 3 ECMO Initiation Hospi-
tals was 46.9§ 12.3 min. Cardiac arrest characteristics and EMS treat-
ments are shown in Table 2.
10.2. ECMO initiation hospitals

The number and proportion of eligible cardiac arrest patients
received at the three ECMO Initiation Hospitals were 19/58 (33%), 25/
58 (43%), and 14/58 (24%).
10.3. Discontinuation criteria on ED arrival

Prolonged resuscitation resulted in severe metabolic derange-
ment for many patients with a mean lactic acid of 12.5 § 4.2 mmol/L,
pH of 6.98 § 0.02, and PaO2 of 87 § 109. Thirteen of 58 patients
(22%) met resuscitation discontinuation criteria and were declared
dead prior to any attempted ECMO cannulation because of meeting
both lactic acid and PaO2 criteria.



Fig. 3. Patient flow diagram for patients treated by the MMRC Program.
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10.4. Mobile ECMO cannulation team

The mobile ECMO cannulation team made 63/63 (100%) safe,
rapid responses to the 3 ECMO Initiation Hospitals; mean response
time was 14.9 § 5.7 min (benchmark < 15 min); 71% of cases had
response times < 15 min. Mean time from ECMO-eligible patient
arrival to ECMO initiation was 14.4 § 6.1 min; 63% received ECMO in
< 15 min. All ECMO-eligible cannulations were successful without
complications (45/45 [100%]). Mean duration of professional CPR was
52.2 § 17.0 min (benchmark < 60 min).

10.5. CCL

Patients were taken to the CCL at the ECMO Initiation Hospital
within 2 h of 911 call in 21/45 (47%) of cases; mean time was
121 § 56 min. Coronary angiography was performed in 45/58 (78%)
patients; 29/45 (64%) had severe coronary artery disease and 22/29
(85%) received PCI. There were 1.8 § 1.2 stents placed in all vessels/
patient. Culprit vessels are shown in Table 2.
10.6. Transport to the central ecmo icu

Transport to the central ECMO ICU occurred without adverse
events in all cases (41/41 [100%]).

10.7. Central ECMO ICU care

All patients received therapeutic hypothermia (goal temperature
of 34 °C). For survivors, cardiac function recovered to a mean left
ventricular ejection fraction of 51 § 14% at hospital discharge. Of
the 25 functionally favorable survivors, intubation continued a
mean of 10.2 § 7.5 days; hospitalization lasted 18.9 § 8.6 days; 80%
were discharged to an acute rehabilitation facility prior to discharge
home. Patients who died were hospitalized a mean of 7.0 § 13 days.
Cause of death in non-survivors was as follows: 13 met discontinua-
tion criteria on arrival at the ECMO Initiation Hospital, 4 died in the
CCL due to refractory shock or failure to achieve an organized
rhythm despite ECMO, 7 had acute brain death, 7 had severe anoxic
brain injury. We did not observe any severe ECMO-machine related



Fig. 4. Timing of ECMO-facilitated Resuscitation Cases. A. Frequency of cases by day of the week. B. Frequency of cases by time of day.
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complications including thrombosis, air-embolism, or electronics
failure. Four of 45 (9%) patients had access site bleeding requiring >

3 units packed red blood cells. A single, unexplained increase in cir-
cuit transmembrane resistance led to a mandatory circuit exchange
15 min after ECMO initiation.
Table 2
Results of MMRC process characteristics, performance metric

Characteristic/Performance Metric/Benchmark

10 EMS Agencies
Accuracy of ECMO-facilitated Resuscitation Patient Sele
911 to first responder arrival (minutes)
EMS On-Scene time (minutes; benchmark < 15 min)
911 to patient arrival at ED (minutes)
Public Location [N, (%)]
Bystander witnessed [N, (%)]
Bystander /Dispatched Assisted CPR [N, (%)]
Out-of-Hospital Airway [N, (%)]
Bag-valve-mask only
Supraglottic Airway
Endotracheal Intubation
Epinephrine doses (1 mg)
Amiodarone (mg dose)
Number of shocks by EMS
Intermittent ROSC prior to ED arrival [N, (%)]

ECMO Initiation Hospitals
1 N (%)
2 N (%)
3 N (%)

Perfusion Discontinuation Criteria on ECMO Initiation H
Initial lactic Acid (mmol/L)
Initial pH
Initial arterial oxygen, PaO2, (mm Hg)
Initial serum bicarbonate, mg/dL
End Tidal CO2 (%)
Proportion of patients meeting discontinuation criteria

Mobile ECMO Cannulation Team
Response time to ED (mean, minutes; benchmark < 15
Number of Safe Responses [N, (%)]
Patient ED Arrival to ECMO Cannulation (mean, minute
Duration of Patient Professional CPR (minutes; benchm
Cannulation success rate [N, (%)]
10.8. Survival

Survival to hospital discharge occurred in 27/58 (47%) and 25/58
(43% [CI: 31�56%]) had functionally favorable survival (CPC of 1 or 2).
Of those discharged from the hospital, 100% were alive at 3 months
s, and benchmarks.

Value

ction [N, (%)] 58/63 (92%)
7.2 § 3.6
22.0 § 8.9
46.9 § 12.3
18/58 (31%)
42/58 (72%)
32/58 (55%)

6/58 (10%)
22/58 (38%)
30/58 (52%)
3.4 § 0.7
387 § 75
5.3 § 2.1
16/58 (28%)

19/58 (33%)
25/58 (43%)
14/58 (24%)

ospital Arrival
12.5 § 4.2
6.98 § 0.21
87 § 109
16.3 § 5.6
35 § 16

[N, (%)] 13/58 (22%)

min) 14.9 § 5.7
63/63 (100%)

s; benchmark < 15 min) 14.4 § 6.1
ark < 60 min) 52.2 § 17.0

45/45 (100%)

(continued)



Table 2 (Continued)

Characteristic/Performance Metric/Benchmark Value

Cannulation complication rate [N, (%)] 0/45 (0%)
Cardiac Catheterization Laboratory (CCL)

911 to Cardiac Catheterization Lab Time (mean; min; benchmark < 120 min) 121 § 56
Angiography performed [N, (%)] 45/58 (78%)
Presence of severe coronary artery disease [N, (%)] 29/45 (64%)
Percutaneous coronary intervention performed [N, (%)] 22/29 (85%)
Culprit vessel [Number, (%) of Patients]
Left main coronary artery 2/45 (4%)
Left anterior descending 12/45 (27%)
Left circumflex 0/45 (0%)
Right coronary artery 8/45 (18%)
Chronic total occlusions 10/45 (22%)
Total stents placed in all vessels (mean) 1.8 § 1.2

Transport to ECMO Intensive Care Unit
Number of transports without adverse events [N, (%)] 41/41 (100%)

Centralized ECMO Intensive Care Unit
Therapeutic Hypothermia Provided (24 h; goal temperature 34 °C) [N, (%)] 41/41 (100%)
24-hour LVEF on echocardiogram in ICU (%) 13 § 13
LVEF on hospital discharge (%) 51 § 14
Tracheostomy [N, (%)] 5/41 (12%)
Percutaneous endoscopic gastrostomy tube [N, (%)] 5/41 (12%)

ECMO-Related Complications
Circuit thrombosis [N, (%)] 0/45 (0%)
Air-embolism [N, (%)] 0/45 (0%)
Access site bleeding requiring >3 units PRBCs [N, (%)] 4/45 (9%)
Ischemic Limb requiring intervention (fasciotomy, amputation) [N, (%)] 0/45 (0%)
Circuit failure (increased transmembrane resistance) [N, (%)] 1/45 (2%)

Time to Decannulation, days
Survivors 4.2 § 1.5
Non-survivors �

Time to Extubation, days
Survivors 10.2 § 7.5
Non-survivors �

Length of ICU Stay, days
Survivors 15.1 § 8.1
Non-survivors 7.0 § 13

Hospital Length of Stay, days
Survivors 18.9 § 8.6
Non-survivors 7.0 § 13

Outcomes
Survival to hospital discharge [N, (%)] 27/58 (47%)
Functionally favorable survival to hospital discharge (CPC 1 or 2) [N, (%), CI] 25/58 (43% [CI: 31�56%])
Survival to 3 months 25/58 (43%)
Functionally favorable 3-month survival (CPC 1 or 2) [N, (%), CI] 25/58 (43% [CI: 31�56%])
HOSPITAL DISCHARGE Cerebral Performance Category (mean; N = 27) 1.6 § 0.7
CPC 1 12/58 (21%)
CPC 2 13/58 (22%)
CPC 3 0/58 (0%)
CPC 4 2/58 (3%)
CPC 5 31/58 (54%)
3-MONTH Cerebral Performance Category (mean; N = 27) 1.3 § 0.7
CPC 1 19/58 (33%)
CPC 2 6/58 (10%)
CPC 3 0/58 (0%)
CPC 4 2/58 (3%)
CPC 5 31/58 (54%)

Table 2: MMRC Process Characteristics, Performance Metrics, and Benchmarks. Values are n (%) or mean § standard
deviation. MMRC = Minnesota Mobile Resuscitation Consortium EMS = Emergency Medical Service,
ECMO = Extracorporeal Membrane Oxygenation, ED = Emergency Department,; mmol = millimoles; L = liter;
pH = potential of hydrogen; PaO2 = partial pressure of oxygen in arterial blood; mmHg = millimeters of mercury;
O2Sat = oxygen saturation; ETCO2 = end-tidal carbon dioxide; EIH = ECMO Initiation Hospital; CPR= cardiopulmonary
resuscitation; CCL = Cardiac Catheterization Laboratory, PRBCs= packed red blood cells; CPC = Cerebral Performance
Category; CI = Confidence Interval.
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with CPC 1 or 2 (25/58, 43% [CI: 31�56%]). Mean CPC score was
1.6 § 0.7 and 1.3 § 0.7, at hospital discharge and 3-months, respec-
tively. The CPC score of all patients at hospital discharge and 3
months is shown in Table 2.

11. Discussion

Refractory VF/VT OHCA is most often associated with severe coro-
nary artery disease and acute occlusion with minimal survival unless
treatment is provided to reverse the underlying, presumably
causative, pathophysiology [9]. ECMO-facilitated resuscitation acts
acutely as a bridge, making emergent angiography and PCI feasible.
Subsequently, it facilitates hemodynamic stability, supporting ICU
treatment of multi-organ injury and recovery of stunned myocar-
dium.

Each component of care is crucial and significantly contributes to
survival, similar to the American Heart Association’s links in the
Chain of Survival [16�18]. It is not the ECMO technology that makes
the difference. It is the ECMO-facilitated resuscitation program that
has potential to transform outcomes for this patient population. The
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MMRC program described, and the 43% functionally favorable sur-
vival observed, provides a potential model of this approach for other
communities.

A number of studies afford historical perspective and comparison
with the 43% functionally favorable survival rate seen in this study
[5,6,8,13]. The MRC previously collected data from the Minneapolis/
St. Paul environs from January 1, 2013 to December 31, 2014 in
patients with VF/VT OHCA aged 18�75 who did not have ROSC before
intravenous/intraosseous amiodarone and received standard ACLS
treatment. Survival to hospital discharge with CPC 1 or 2 was 14/170
(8.2%) [5]. A prior MRC study used the Amiodarone, Lidocaine, or Pla-
cebo in Out-of-Hospital Cardiac Arrest (ALPS) Study, [6] a random-
ized, multi-center clinical trial, as a historical control, identifying
adults aged 18�75 with VF/VT OHCA enrolled in the amiodarone arm
with VF/VT refractory to at least 1 shock. Survival to hospital dis-
charge with CPC 1 or 2 was 148/654 (23%) [8]. These historical com-
parisons are limited and unmatched for other factors known to affect
outcome from cardiac arrest. Perhaps, the most valid available com-
parison is the control group, receiving standard ACLS treatment, in
the first prospective, randomized clinical trial of ECMO-facilitated
resuscitation versus standard ACLS treatment for refractory VF/VT
OHCA, the ARREST trial [13]. The study was performed with complete
independence and without patient overlap to this study, imple-
mented in the Minneapolis/St. Paul environs by the same group of
core investigators, and met all inclusion criteria for the MMRC pro-
gram. Survival to hospital discharge was 1/15 (6.7%), survival to hos-
pital discharge with CPC 1 or 2 was 0/15 (0%) and 3- and 6-month
survival was 0/15 (0%) [13].

Fundamental to the success of the program was the recognition
that low patient volumes would not support provision of this com-
plex and costly therapy. Multiple program components were essen-
tial for success including: 1) structuring the program as a nonprofit
entity (establishing its neutrality), 2) involvement of participating
healthcare systems by representation on the board of directors
(engendering process investment and support) and selection of
ECMO cannulation team members from each system, 3) selecting a
modest number of well-trained mobile ECMO cannulation team
members (assuring high quality performance, high patient volume,
and skill maintenance), 4) selection of ECMO Initiation Hospitals and
cost sharing of services with the healthcare systems (providing eco-
nomic incentive, program investment, and expanded community-
wide footprint), 5) integrated and dedicated EMS medical directors
and providers (providing accurate, high quality care, and continuous
feedback), 6) a single, centralized ECMO ICU (favorable economics,
24/7 emergent availability of all necessary consulting surgical and
medical specialties, high patient volume, and continuity of care), and
7) establishing community-wide data collection capability (monitor-
ing performance, benchmarking, and continuous quality improve-
ment). These core components provided the patient volume
necessary for optimal care, good functionally favorable survival rates
justifying program continuation, economy of scale, lower costs, and
sustainability.

The MMRC felt safety of the program was established with 63/63
(100%) safe ECMO cannulation team responses and 41/41 (100%)
transfers to the ECMO ICU without adverse events. Forty-five of 45
(100%) cannulations occurred without complication.

There were multiple challenges. A lack of community experience
treating this patient population necessitated rigorous education/
training programs, particularly EMS providers and ECMO cannulation
team members. Capability to monitor performance required central-
ized data collection from diverse stakeholders including EMS, ECMO
ICU, and multiple healthcare systems.

Some benchmarks and goals were not achieved. The mean dura-
tion of professional CPR only decreased 5�8 min compared to prior
cohort studies from a single center [5,7�9]. Paramedic scene time
was longer than 15 min for diverse reasons including patient
extraction delays. Reducing CPR time is a high priority as it remains a
critical determinant of survival [8].

The time from arrest to coronary angiography was also longer
than benchmarked. The goal of two hours was established because
coronary occlusion is a common cause of refractory VF/VT OHCA [9].
Reducing time to CCL remains a priority, although timing of this com-
ponent’s relative contribution to survival is unknown.

This study has limitations. There may be unique aspects which
promoted development of this specific, successful program. Other
locations may require customization to develop similar programs.
Nonetheless, we recommend inclusion of the essential components
and principles discussed, whenever possible. Quality improvement
and the MMRC program development is still ongoing. Aspects may
evolve over time. The moderate size of this patient cohort makes
meaningful subgroup comparisons insensitive to differences. Assess-
ment of larger cohorts may identify differences between subpopula-
tions of interest. A detailed cost analysis was beyond the scope of this
study and remains to be determined.

In summary, this first, community-wide ECMO-facilitated resusci-
tation program in the US demonstrated 100% successful cannulation,
43% functionally favorable survival rates at hospital discharge and 3
months, as well as safety. The program provides a potential model of
this approach for other communities.
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