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Improved Survival With Extracorporeal
Cardiopulmonary Resuscitation Despite
Progressive Metabolic Derangement
Associated With Prolonged Resuscitation

Editorial, see p 887

BACKGROUND: The likelihood of neurologically favorable survival declines with
prolonged resuscitation. However, the ability of extracorporeal cardiopulmonary
resuscitation (ECPR) to modulate this decline is unknown. Our aim was to
examine the effects of resuscitation duration on survival and metabolic profile

in patients who undergo ECPR for refractory ventricular fibrillation/ventricular
tachycardia out-of-hospital cardiac arrest.

METHODS: We retrospectively evaluated survival in 160 consecutive adults with
refractory ventricular fibrillation/ventricular tachycardia out-of-hospital cardiac
arrest treated with the University of Minnesota (UMN) ECPR protocol (transport
with ongoing cardiopulmonary resuscitation [CPR] to the cardiac catheterization
laboratory for ECPR) compared with 654 adults who had received standard CPR
in the amiodarone arm of the ALPS trial (Amiodarone, Lidocaine, or Placebo
Study). We evaluated the metabolic changes and rate of survival in relation to
duration of CPR in UMN-ECPR patients.

RESULTS: Neurologically favorable survival was significantly higher in UMN-ECPR
patients versus ALPS patients (33% versus 23%; P=0.01) overall. The mean
duration of CPR was also significantly longer for UMN-ECPR patients versus
ALPS patients (60 minutes versus 35 minutes; P<0.001). Analysis of the effect
of CPR duration on neurologically favorable survival demonstrated significantly
higher neurologically favorable survival for UMN-ECPR patients compared with
ALPS patients at each CPR duration interval <60 minutes; however, longer CPR
duration was associated with a progressive decline in neurologically favorable
survival in both groups. All UMN-ECPR patients with 20 to 29 minutes of CPR
(8 of 8) survived with neurologically favorable status compared with 24%

(24 of 102) of ALPS patients with the same duration of CPR. There were no
neurologically favorable survivors in the ALPS cohort with CPR =40 minutes,
whereas neurologically favorable survival was 25% (9 of 36) for UMN-ECPR
patients with 50 to 59 minutes of CPR and 19% with >60 minutes of CPR.
Relative risk of mortality or poor neurological function was significantly reduced
in UMN-ECPR patients with CPR duration =60 minutes. Significant metabolic
changes included decline in pH, increased lactic acid and arterial partial
pressure of carbon dioxide, and thickened left ventricular wall with prolonged
professional CPR.

CONCLUSIONS: ECPR was associated with improved neurologically favorable
survival at all CPR durations <60 minutes despite severe progressive metabolic
derangement. However, CPR duration remains a critical determinate of survival.
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Clinical Perspective
What Is New?

e Extracorporeal  cardiopulmonary  resuscitation
(ECPR) is associated with improved survival for
patients with shockable out-of-hospital cardiac
arrest compared with standard cardiopulmonary
resuscitation (CPR) at all durations of professional
CPR <60 minutes.

¢ Although still improved compared with patients
receiving only standard CPR, patients receiving
ECPR have a reduced likelihood of neurologically
favorable survival with prolonged duration of pro-
fessional CPR, accounting for a 25% increase in
mortality with every 10 minutes of CPR beyond
30 minutes.

e The progressive metabolic derangement that
develops during prolonged CPR is associated with
reduced neurologically favorable survival.

What Are the Clinical Implications?

¢ Healthcare systems using ECPR for out-of-hospital
cardiac arrest should optimize prehospital and in-
hospital processes to minimize time to ECPR.

e ECPR may allow successful treatment of patients
receiving prolonged professional CPR up to 60 to
98 minutes.

e Further research is necessary to identify strategies
to increase CPR efficiency, to improve perfusion,
and to decrease metabolic demand such that the
progressive metabolic derangement associated
with prolonged CPR can be delayed and the effec-
tive time to ECPR can be increased.

ut-of-hospital cardiac arrest (OHCA) affects
0z360000 people in the United States annu-
ally.”? One-third of these patients present to
emergency medical services (EMS) with a shockable
rhythm (ventricular fibrillation [VF]/ventricular tachycar-
dia [VT]).>* Although VF/VT is a favorable prognostic
marker for patients with cardiac arrest overall,>” 50%
of patients with VF/VT OHCA are refractory to treat-
ment, failing to achieve sustained return of spontane-
ous circulation (ROSC) after 3 defibrillation attempts
and administration of 300 mg amiodarone.®'® Neuro-
logically favorable survival is achieved for 29% of pa-
tients with VFVT OHCA overall™ but only 8% to 15%
of patients with refractory VF/VT OHCA.">4
The likelihood of neurologically favorable survival
for patients with refractory VF/VT declines with longer
duration of standard cardiopulmonary resuscitation
(CPR), dropping below 5% if ROSC is not achieved
within 30 to 45 minutes of standard advanced car-
diac life support.’'® Extracorporeal CPR (ECPR), us-
ing extracorporeal membrane oxygenation (ECMO)
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for hemodynamic support, has recently been shown
to enhance survival for patients with refractory VF/VT
OHCA, with survival rates as high as 40% to 50%.'%"-
22 |In these studies, mean CPR duration before initiation
of ECMO was =1 hour.

CPR duration has been incorporated into algo-
rithms for the termination of resuscitation.?* However,
clear guidelines for the appropriate duration of resus-
citation efforts remain elusive, particularly in the set-
ting of ECPR. The metabolic effects of prolonged CPR
and the association with survival have not been well
described. This study aims to describe the effect of
prolonged CPR on the development of metabolic de-
rangements and survival in patients with refractory VF/
VT OHCA who receive ECPR.

METHODS

Data related to the UMN-ECPR cohort are available from
the corresponding author on reasonable request. The ALPS
(Amiodarone, Lidocaine, or Placebo Study) data set can
be requested from the National Heart, Lung, and Blood
Institute Biologic Specimen and Data Repository Information
Coordinating Centre (https://biolincc.nhlbi.nih.gov). The authors
will provide additional methodological details as required.

Study Design

Two groups of patients with refractory VFVT OHCA were
analyzed: (1) a cohort of 160 consecutive patients treated
with the University of Minnesota refractory VF/NVT ECPR
(UMN-ECPR) protocol between December 2015 and
February 2019'>' and (2) a comparison cohort of patients
who received standard CPR in the amiodarone arm of ALPS
in OHCA."® The Institutional Review Board at the University
of Minnesota approved this study (No. 1703M11301) with
waiver of informed consent.

UMN-ECPR Protocol

Details of the UMN-ECPR protocol were published previ-
ously.”>'* Briefly, patients underwent prehospital screening
by paramedics and were rapidly transported to the University
of Minnesota cardiac catheterization laboratory (CCL) if
they met the following criteria: (1) 18 to 75 years of age,
(2) OHCA of presumed cardiac origin, (3) initial rhythm of
VFNT, (4) received 3 direct current shocks for VF/VT without
ROSC or shock resulting in ongoing pulseless electrical activity
or asystole, (5) received amiodarone 300 mg, (6) body habi-
tus accommodating a Lund University Cardiac Arrest System
automated CPR device, and (7) estimated transfer time to
the CCL of <30 minutes.™ Patients were transported with
mechanical CPR and ongoing advanced cardiac life support
directly to the CCL, where arterial blood gas and arterial lactic
acid levels were immediately assessed. Patients failing to meet
>1 of the following criteria for resuscitation continuation were
declared dead on CCL arrival: (1) end-tidal CO, 210 mmHg,
(2) arterial partial pressure of oxygen (Pao,) 250 mmHg or
0, saturation 285%, or (3) lactic acid <18 mmol/L. Patients
meeting these criteria underwent continued resuscitation
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with emergent ultrasound-guided percutaneous cannulation
for peripheral venoarterial ECMO performed by interventional
cardiologists. Patients who had achieved ROSC en route with
sufficient hemodynamic stability received an intra-aortic bal-
loon pump (Maquet Cardiovascular, Wayne, NJ) instead of
ECMO. Coronary angiography was then performed, and per-
cutaneous coronary intervention was provided as indicated.
All patients underwent therapeutic hypothermia to 34°C
via an intravascular cooling catheter (Thermogard XP, Zoll,
Chelmsford, MA); if bleeding complications were present,
36°C was used. If an organized cardiac rhythm could not be
established after 90 minutes of stabilized hemodynamics and
treatment of reversible cardiac arrest causes in the CCL, the
patient was declared dead. Patients with an organized rhythm
were admitted to the cardiac intensive care unit."

Transthoracic echocardiography was performed within 24
hours after hospital admission for all patients admitted to the
cardiac intensive care unit. Left ventricular lateral wall thick-
ness was assessed as a surrogate for ischemic injury because
ischemia induces progressive thickening of the ventricle.?42>
Images of the left ventricular lateral wall in the parasternal
long-axis, parasternal short-axis, and apical 4-chamber views
were collected. The lateral wall thickness was measured with
standard methods in accordance with American Society of
Echocardiography guidelines in all 3 views, with the mean
used for analysis. The echocardiography reader was blinded
to the clinical outcome and characteristics of the patients.

ALPS in OHCA

ALPS was a randomized, double-blind, multicenter clinical
trial comparing parenteral administration of amiodarone,
lidocaine, and saline placebo added to standard care in
adults (age >18 years) who had nontraumatic OHCA, shock-
refractory VF, or pulseless VT after at least 1 shock and vas-
cular access. The cohort used in this analysis consisted of
all patients 18 to 75 years of age enrolled in the amiodarone
arm for whom data on duration of CPR and outcome were
available. Patients with OHCA were treated in accordance
with local EMS protocols in compliance with American Heart
Association guidelines for advanced cardiac life support.

Data Classification, Management, and
Statistical Analysis

Demographic data and OHCA characteristics were recorded
for both UMN-ECPR and ALPS patients. Neurologically favor-
able survival was defined as a Cerebral Performance Category
(CPC) score of 1 to 2 for the UMN-ECPR cohort or a modified
Rankin Scale (mRS) score of 0 to 3 for the ALPS cohort. CPC
score was assessed at the time of hospital discharge and the
6-month clinic follow-up for the UMN-ECPR cohort. Survivors
from the ALPS cohort underwent mRS determination at the
time of discharge; follow-up mRS score was not available for
the ALPS cohort. Clinical data were placed in a REDCap data-
base hosted at the University of Minnesota. Clinical data were
exported to Excel for biostatistical analysis.

Data are presented as mean+SEM for continuous vari-
ables and as frequency (percentage) for categorical variables.
Continuous variables across 3 groups were compared by use
of 2-way ANOVA with multiple comparisons performed with
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the Tukey multiple-comparison test. For 2-group compari-
sons, t tests were used for continuous variables. We used 2
tests to compare categorical variables across groups with rela-
tive risk reduction calculated for mortality and poor neurolog-
ical outcome between groups. Univariate and multivariable
linear regression models were used to compare unadjusted
and adjusted survival probabilities between studies at differ-
ent CPR duration intervals. Logistic regression models were
used to study unadjusted and adjusted associations of sur-
vival with study. The same set of confounders were used for
adjustment in multivariable models: age, sex, race (white ver-
sus black versus other), witnessed arrest, bystander CPR, and
public location. A value of P<0.05 was considered statistically
significant. Statistical analysis was performed with GraphPad
Prism 7 (GraphPad Software, La Jolla, CA) and Stata Version
16 (StataCorp LLC, College Station, TX, 2019).

RESULTS

Patients

Of 160 patients transported with the UMN-ECPR proto-
col, 133 (83%) met resuscitation criteria, receiving full
CCL treatment (Figure 1). Of these, 52 survived to dis-
charge with neurologically favorable status, represent-
ing 33% of all transported patients and 39% of those
meeting resuscitation criteria. All patients with neuro-
logically favorable survival to hospital discharge were
alive with favorable neurological function at 6 months.
Significantly fewer patients in the ALPS cohort survived
with neurologically favorable status: 148 of 654 pa-
tients (23%; P<0.001). This resulted in an overall rela-
tive risk reduction for death or poor neurological out-
come of 13% (95% Cl, 2-22; P<0.001). The cohorts
were similar in terms of demographic characteristics,
rates of witnessed arrest, bystander CPR, and arrest in
a public location (Table 1). The difference in age be-
tween the groups reached statistical significance, with
57 years of age for UMN-ECPR patients versus 59 years
of age for ALPS patients (P=0.033). ALPS patients had a
significantly shorter mean duration of professional CPR
performed (P<0.001). In the ALPS cohort, 34% (221 of
654) had CPR for <20 minutes, whereas all UMN-ECPR
patients had CPR for =20 minutes (Figure 2A).

Patient and OHCA Characteristics

Neurologically favorable survival (CPC score 1-2) in UMN-
ECPR patients was not significantly related to age, likeli-
hood of witnessed OHCA, time from 9-1-1 call to EMS
arrival, or end-tidal CO, (Table 2). Patients with neurolog-
ically favorable survival were more likely to have received
bystander CPR and to have the OHCA in a public loca-
tion compared with patients who died or survived with
a CPC score of 3 to 4 (P=0.024 and P=0.017, respec-
tively) or patients who failed to meet resuscitation crite-
ria (P=0.015 and P=0.022, respectively). Neurologically
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A UMN-ECPR B ALPS
160 patientsaged 18-75 transported with CPR 974 patients in the per-protocol population
by EMS to the CCL received amiodarone and standard CPR by EMS

27/160 (17%) excluded (did not
meet resuscitation criteria)

g — ABG pa02<50 (n=20)

— Lacticacid> 18 (n=7)

133/160 (83%) patients received
full treatment in the CCL

4/974 (0.4%) excluded
(unknown outcome)

>

970/974 (99.6%) patients with outcome data

$*| 211/970 (22%) excluded (>75 years)

12/160 (8%) declared dead
with failure to achieve sustained
-’ organized cardiacrhythm after
90 minutes

121/160 (76%) patients with an
organized rhythm admitted to CICU

759/970 (78%) patientsaged 18-75

&* 105 patients missing CPR duration data

654 (67%) patients with CPR duration data

Functionally Favorable Survival

Survival todischarge with CPC1 or 2: 52/133 (39%)

Functionally Favorable Survival

Survival to discharge with mRS < 3: 148/654 (23%)

Figure 1. Patient flow diagrams for the University of Minnesota Extracorporeal Cardiopulmonary Resuscitation (UMN-ECPR) and ALPS (Amiodarone,

Lidocaine, or Placebo Study) cohorts.

A, Patients transported for the UMN-ECPR protocol. B, Patient selection for the ALPS cohort. ABG indicates arterial blood gas; CCL, cardiac catheterization labora-
tory; CICU, cardiac intensive care unit; CPC, Cerebral Performance Category; CPR, cardiopulmonary resuscitation; EMS, emergency medical services; mRS, modified

Rankin Scale; and Pao,, arterial partial pressure of oxygen.

favorable survivors also had shorter duration of profes-
sional CPR compared with patients who died or survived
with a CPC score of 3 to 4 (P<0.001) or patients who
failed to meet resuscitation criteria (P=0.003). Neurologi-
cally favorable survival was associated with significantly
lower lactic acid (P<0.001), higher pH (P<0.001), higher
arterial partial pressure of oxygen (Pao,; P<0.001), and
lower arterial partial pressure of carbon dioxide (Paco,;

Table 1. Patient and Cardiac Arrest Characteristics

UMN-ECPR ALPS
(n=160) (n=654)
Age, y 57+1.0* 59+0.4
Sex, n (%)
Male 126 (79) 528 (81)
Female 34 (21) 126 (19)
Race, n (%)
White 124 (78) 244/335 (73)
Black 22 (14) 72/335 (21)
Other 14 (9) 19/335 (6)
Unknown 319 (49)
Witnessed arrest, n (%) 121 (76) 454 (69)
Bystander CPR performed, n (%) 105 (66) 376 (57)
Arrest in public location, n (%) 56 (35) 214 (33)
Duration of professional CPR, min 60+1* 35+1

Values are number (percent) or mean+SEM. ALPS indicates Amiodarone,
Lidocaine, or Placebo Study; CPR, cardiopulmonary resuscitation; OHCA,
out-of-hospital cardiac arrest; and UMN-ECPR, University of Minnesota
Extracorporeal Cardiopulmonary Resuscitation protocol.

*Significant difference compared with ALPS (P<0.05).
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P=0.004) values on arrival to the CCL compared with pa-
tients who failed to meet resuscitation criteria. Although
low Pao, was a criterion for discontinuing resuscitation
efforts, the additional abnormality in Paco, demon-
strated the lack of oxygenation and ventilation in these
patients, suggesting airway management failure during
prolonged resuscitation.

CPR Duration

In patients with >20 minutes of CPR, neurologically
favorable survival was significantly higher (P<0.001) in
UMN-ECPR patients compared with ALPS patients at all
CPR durations <60 minutes, with a rate of 100% (8
of 8) for UMN-ECPR versus 24% (24 of 102) for ALPS
patients receiving 20 to 29 minutes of CPR (Figure 2A).
Neurologically favorable survival declined by 1.9%/min
in ALPS patients and 2.5%/min up to 60 minutes in
UMN-ECPR patients. Of the 34% (218 of 636) of ALPS
patients who underwent CPR for =240 minutes, none
survived with neurologically favorable status, whereas
neurologically favorable survival was 25% (9 of 36) in
UMN-ECPR patients with 50 to 59 minutes of CPR and
19% with =260 minutes. The relative risk reduction for
death or poor neurological function was 29% (95% Cl,
18-41; P<0.001) for patients receiving between 20 and
59 minutes of CPR and 19% (95% Cl, 10-27; P<0.001)
for patients receiving =60 minutes of CPR.
Multivariable regression incorporating all avail-
able patient and arrest characteristics (ie, age, sex,
race, witnessed arrest, bystander CPR, and public

Circulation. 2020;141:877-886. DOI: 10.1161/CIRCULATIONAHA.119.042173
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Relationship of CPR Duration and Survival
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B CPR Duration and Cause of Death for UMN-ECPR Patients
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Figure 2. Neurologically favorable survival and cause of death related
to duration of professional cardiopulmonary resuscitation (CPR).

A, Neurologically favorable survival related to duration of professional CPR

in the University of Minnesota Extracorporeal Cardiopulmonary Resuscitation
(UMN-ECPR) and ALPS (Amiodarone, Lidocaine, or Placebo Study) cohorts.
The Patients at Risk table shows the number of patients receiving CPR of each
duration. B, Cause of death in the UMN-ECPR cohort related to duration of
CPR. Data are shown as percent of the overall patient cohort. CCL indicates
cardiac catheterization laboratory; and CPC, Cerebral Performance Category.

location) confirmed increased neurologically favor-
able survival in UMN-ECPR patients at all CPR dura-
tions <60 minutes. Logistic regression using models
that included adjustment for CPR duration alone or
all patient and arrest characteristics plus CPR dura-
tion revealed significantly higher neurologically fa-
vorable survival in UMN-ECPR patients versus ALPS
patients, with odds ratios of 39.77 (95% Cl 18.62—
84.90; P<0.001) and 20.80 (95% Cl 8.65-50.03,;
P<0.001), respectively (Table 3).

In the UMN-ECPR cohort, longer duration of CPR
was associated with higher risk of brain death (23% [19
of 84] of patients with 260 minutes of CPR; P=0.004)
and failure to achieve an organized cardiac rhythm in
the CCL (11% [9 of 84] of patients with =60 minutes
of CPR; P<0.001; Figure 2B). The risk of survival with a
CPC score of 3 to 4 increased to 9% (3 of 35) at 60 to
69 minutes and then decreased with longer CPR dura-
tion. Death caused by anoxic brain injury and failure to
meet resuscitation continuation criteria occurred spo-
radically without a clear trend.
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Metabolic Changes During Prolonged
Resuscitation

The metabolic changes during prolonged resuscitation
observed in all 160 patients in the UMN-ECPR cohort
are shown in Figure 3. Arterial pH decreased from
7.21£0.02 in patients with a CPR duration of 20 to
29 minutes to 6.93+0.05 in those with 90 to 99 minutes
of CPR (P<0.001). Mean arterial lactic acid increased
from 7.35£0.9 mmol/L in patients with 20 to 29 min-
utes of CPR to 14.1+£1.6 mmol/L at 90 to 99 minutes
(P<0.001). Mean Paco, increased from 47+4.3 mmHg
at 20 to 29 minutes to 68+5.4 mmHg at 90 to 99 min-
utes (P=0.042). The largest changes in arterial pH, ar-
terial lactic acid, and Paco, occurred between patients
with 30 to 39 minutes and those with 40 to 49 minutes
of CPR. No trend in Pao, levels was observed in relation
to duration of CPR.

Transthoracic echocardiography, performed in 121
patients admitted to the cardiac intensive care unit,
showed significantly increased left ventricular lateral
wall thickness with prolonged CPR (P=0.004; Fig-
ure 4A). Patients who died or survived with a CPC
score of 3 to 4 had a significantly thicker left ven-
tricular lateral wall compared with neurologically in-
tact survivors (1.40+0.03 cm versus 1.27+0.04 cm;
P=0.006; Figure 4B).

DISCUSSION

ECPR normalizes perfusion for patients with refractory
VF/T cardiac arrest independently of cardiac rhythm
at the time of initiation. By stabilizing the hemody-
namic state, ECPR halts the accumulation of ischemic
injury without the need for ROSC, provides time to cor-
rect severe metabolic derangement developed during
prolonged CPR, and allows the reversal of underlying
pathogeneses that may be perpetuating the refractory
VF. Provided together by the UMN-ECPR protocol, these
stabilization capabilities are associated with improved
neurologically favorable survival in patients with refrac-
tory cardiac arrest.'22122

The UMN-ECPR cohort demonstrated 100% neuro-
logically favorable survival for patients receiving CPR for
20 to 29 minutes before the initiation of ECMO com-
pared with 24% for standard CPR. In contrast to stan-
dard CPR alone, survival remained possible even after
98 minutes of CPR when ECPR was used. Nevertheless,
the ischemic injury accrued before ECMO initiation is
critical. UMN-ECPR patients incurred a 25% decline in
neurologically favorable survival with every 10 minutes
of delay beyond 29 minutes of CPR. Previous studies
have also suggested an association between duration
of CPR and survival with ECPR.?*28 Wengenmayer et al?®
analyzed a mixed cohort of patients with in-hospital
cardiac arrest and OHCA treated with ECPR resulting in
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Table 2.  UMN-ECPR Cohort: Arrest Characteristics and Laboratory Results on Arrival to the CCL in Relation to Patient Outcome

';:’ Survivors With CPC | Deaths or Survivors With Excluded Because of
E score 1 or 2 (n=52) CPC score 3 or 4 (n=81) | Failed Resuscitation (n=27)
fﬁ Age, y 54+1.8 58+1.2 59+2.4
; Witnessed arrest, n (%) 43 (83) 58 (72) 20 (74)
5 Bystander CPR performed, n (%) 42 (81) 49 (60)* 14 (52)*
g Arrest in public location, n (%) 27 (52) 24 (30)* 6 (22)*
Time from 9-1-1 call to EMS arrival, min 5.9+0.6 10+£1.4 11+2.8
Duration of professional CPR, min 51+2.8 65+1.6* 64+3.0*
ETco, on arrival, n (%) 36+1.7 37+1.9 39+4.3
Lactic acid on opening ABG 11+0.6 12+0.4 15+0.8*
pH on opening ABG 7.09+0.02 7.08+0.02 6.87+0.03*
Pao, on opening ABG, mmHg 155+21 15715 47+5.5*
Paco, on opening ABG, mm Hg 56+2.5 55+2.4 90+5.5*

Values are number (percent) or mean+SEM. ABG indicates arterial blood gas; CCL, cardiac catheterization laboratory; CPC, Cerebral
Performance Category score; CPR, cardiopulmonary resuscitation; EMS, emergency medical services; ETco2, end-tidal carbon dioxide;
Paco,, arterial partial pressure of carbon dioxide; Pao,, arterial partial pressure of oxygen; and UMN-ECPR, University of Minnesota

Extracorporeal Cardiopulmonary Resuscitation protocol.

*Significant difference compared with survivors with CPC score of 1 or 2 (P<0.05).

67% survival in patients with 6 to 20 minutes of CPR
and 10% survival in patients receiving 45 to 60 minutes
of CPR. Using this cohort, they developed a logarithmic
probability model estimating a 4% to 6% decline in
survival with every 10 minutes of delay between 22 and
64 minutes of CPR.

ECPR may enhance survival after prolonged standard
CPR, but care must be taken to avoid harm to those
who would have survived with standard CPR alone. Re-
cent studies of patients with OHCA receiving standard
CPR alone demonstrated that 99% of patients with
neurologically favorable survival had achieved ROSC
within a maximum of 28 to 39 minutes of professional
CPR.117.1829 The ALPS cohort in our study was consis-
tent with these results. Most ECPR systems require that
patients are transported to a hospital setting for ECMO
insertion; however, transport may decrease the effi-
ciency of resuscitation, potentially preventing survival
in some patients. Using the PRIMED database (Prehos-
pital Resuscitation Using an Impedance Valve and Early
Versus Delayed Trial), Reynolds et al'™>'® investigated the
balance between advanced therapies and risk of trans-
port in patients meeting ECPR criteria gathered from
observational studies, including age of 18 to 65 years,

Table 3. Survival Adjusted for Patient and Arrest Characteristics

witnessed cardiac arrest, CPR started within 10 minutes
of EMS activation, and absence of asystole as the initial
cardiac rhythm at the time of EMS arrival. They found
that 90% of neurologically favorable survivors achieved
ROSC within 21 minutes and that the likelihood of
neurologically favorable survival with CPR duration be-
yond 20 minutes was 8.4%. They therefore proposed
21 minutes of standard resuscitation before transport
for ECPR. The UMN-ECPR protocol asks paramedics to
transport immediately on establishment of refractory
cardiac arrest, typically resulting in 15 to 20 minutes
of professional CPR before transport. To be eligible, all
patients have to accommodate mechanical CPR with
a Lund University Cardiac Arrest System so that high-
quality CPR can be maintained during transport.
Despite the use of mechanical CPR before ECMO,
UMN-ECPR patients who underwent CPR for =40 min-
utes demonstrated severe metabolic deterioration with
decreasing arterial pH, increasing arterial lactic acid and
Paco, values, and increasing left ventricular wall thick-
ening. At best, standard CPR provides 15% to 25% of
normal cardiac output.’*3? Prolonged hypoperfusion
results in increasing lactic acid levels and worsening
acidemia with multiple cardiac effects, including cardio-
myocyte hyperpolarization, decreased cardiac myofila-
ment calcium sensitivity, decreased surface localization

T Odds Ratio — of adrenorecepto_rs, and prolopgatlon a_nd increased
amplitude of cardiomyocyte calcium transients.?*-* Lac-
Model 1: study (UMN-ECPR vs ALPS) 1.59 1.09-2.32 . . .
: tic acidemia also affects vascular smooth muscle cells,
Model 2: model 1+CPR duration 39.77 18:62784.90 eventually leading to vasodilation and hypotension.3637
Model 3: model 2+age, sex, race, 2080 8.65-50.03 Although the cause of the sudden worsening in
witnessed arrest, bystander CPR, and . . . . .
public location metabolic deterioration at 40 minutes remains unclear,

ALPS indicates Amiodarone, Lidocaine, or Placebo Study; CPR,
cardiopulmonary resuscitation; and UMN-ECPR, University of Minnesota
Extracorporeal Cardiopulmonary Resuscitation protocol.
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progressive decline in CPR efficiency may play a role.
The reduced cardiac perfusion during CPR and the re-
sulting cumulative ischemic injury to cardiomyocytes

Circulation. 2020;141:877-886. DOI: 10.1161/CIRCULATIONAHA.119.042173
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Figure 3. Metabolic effects of prolonged professional cardiopulmonary resuscitation (CPR).
Arterial blood gas and arterial lactic acid levels in the University of Minnesota Extracorporeal Cardiopulmonary Resuscitation cohort before extracorporeal mem-
brane oxygenation (n=160). A, pH, (B) arterial lactic acid, (C) arterial partial pressure of carbon dioxide (Paco,), and (D) arterial partial pressure of oxygen (Pao,) are

shown. Results are mean+SEM.

may perpetuate diastolic dysfunction, thereby reducing
the efficiency of cardiac filling during CPR. The result-
ing decrease in systemic perfusion may then acceler-
ate the worsening metabolic profile and cellular injury.
The accelerated worsening after 40 minutes of CPR
is consistent with previously published studies on the
depletion of high-energy phosphates such as ATP in
cardiomyocytes during times of ischemia.?3 Loss of
ATP induces progressive structural pathology and pro-
gression to diastolic contracture in severe cases.
Patients often have an uncontrolled airway for the
first 10 to 15 minutes of OHCA, and aspiration is com-
mon." A mix of supraglottic airways and endotracheal
intubation was used in the UMN-ECPR cohort. In 20
patients, Pao, values were <50 mmHg on arrival at the
CCL, leading to cessation of further resuscitation. This
was unrelated to duration of CPR. In contrast, Paco,
levels increased substantially after 40 minutes of CPR,
likely contributing to the acidemia represented by the
decline in pH and suggesting that standard airway
management and ventilation strategies were insuffi-
cient for complete ventilation during prolonged CPR.

Circulation. 2020;141:877-886. DOI: 10.1161/CIRCULATIONAHA.119.042173

The association between duration of CPR and brain
death and failure to achieve an organized rhythm in the
CCL further suggests that the metabolic derangement
is progressive during the course of CPR. Lactic acid may
simply be a marker of the injury experienced by all of
the organ systems, or it may potentiate the dysfunction
experienced during refractory cardiac arrest and during
the immediate post-OHCA syndrome.

The time dependence of ECPR has important impli-
cations for the development of ECPR programs in the
community. Our metabolic and outcome data indicate
an optimal time to ECMO of =30 minutes for OHCA
with current prehospital resuscitation techniques. How-
ever, the survival benefit of ECPR extended beyond
60 minutes in the UMN-ECPR cohort. Therefore, ECPR
programs should aim to maximize the patient popula-
tion reached within 30 minutes while not necessarily
excluding patients with longer duration of resuscita-
tion. The diagnosis of refractory VF typically requires 15
to 20 minutes of on-scene CPR, limiting the population
who can be reached by a single ECPR center. The lim-
ited reach of any single ECPR center is illustrated by this
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Figure 4. Association of left ventricular lateral wall thickness with professional cardiopulmonary resuscitation (CPR) duration and patient outcome.
Patients were assessed by transthoracic echocardiography within 24 hours of admission to the cardiac intensive care unit (n=121). A, Duration of professional CPR
in relation to thickness of the left ventricular (LV) lateral wall. B, LV lateral wall thickness in neurologically intact survivors vs patients who died or survived with
Cerebral Performance Category (CPC) score of 3 to 4. Results are mean+SEM. *P<0.05.

UMN-ECPR cohort, with only 5% of patients reaching
the University of Minnesota within 30 minutes of pro-
fessional CPR, whereas 48% of patients reached the
University of Minnesota within 60 minutes. Therefore
decentralization of ECMO resources may be required
with strategic allocation of resources throughout the
community. These data do not evaluate the impor-
tance of colocalizing ECMO initiation capabilities and
the critical care resources needed for recovery, leaving
open the potential to centralize the resource-intense
multidisciplinary postresuscitation care while reaching
a larger population with decentralized ECMO cannula-
tion resources.

Future optimization of prehospital care may also en-
hance ECPR-associated survival. Prehospital CPR strat-
egies that enhance the perfusion achieved by CPR or
reduce the metabolic demand of the patient may extend
the effective professional CPR time, thereby delaying the
onset of metabolic derangement. Prehospital initiation
of ECPR may also provide a means for rapid stabiliza-
tion. A recent analysis of the Sudden Death Expertise
Center registry, including all patients >18 years of age
with OHCA in Paris and the surrounding area, demon-
strated that use of prehospital ECPR was associated with
improved survival despite a lack of demonstrable survival
benefit in the ECPR cohort overall.?® The benefit of pre-
hospital ECPR is most likely related to the more rapid de-
ployment of ECPR; however, other differences in proce-
dural or patient characteristics cannot be excluded. The
lack of an overall ECPR-associated survival benefit may
be related to multiple factors, including patient selec-
tion (eg, all presenting rhythms were included with only
27% having shockable rhythms), severely prolonged
CPR duration with 39% of ECPR patients receiving CPR
for >90 minutes, reduced use of coronary angiography
and percutaneous coronary intervention (56% and 30%
of ECPR patients, respectively), and potential selection
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bias in a system in which both conventional CPR and
ECPR options were available.

This study has several limitations. The UMN-ECPR co-
hort is derived from a single center. Although data were
collected prospectively from consecutive patients, selec-
tion bias and local differences in treatment or patient
population cannot be excluded. This was not a random-
ized study, and it is subject to the limitations of any ob-
servational study, including selection, information, and
confounding bias. In addition, the observational nature
of this study limits the ability to draw conclusions about
the causal impact of ECPR in these patients. Because only
patients with refractory VF were included in this study, its
generalizability to nonshockable cardiac arrest rhythms is
limited. Although this is the largest published refractory
VFNT study population in the United States, the sample
size may not have the statistical power to detect inter-
group differences. Comparisons between the UMN-ECPR
and ALPS cohorts are also limited by the use of different
outcome measures (CPC score in the UMN-ECPR cohort
and mRS score in the ALPS cohort). However, previous
studies have demonstrated a fair relationship between
CPC score and mRS score in cardiac arrest cohorts. 404’

Conclusions

Compared with standard CPR alone, the University of
Minnesota refractory VF/VT ECPR protocol for OHCA is
associated with significantly increased neurologically fa-
vorable survival, even with prolonged CPR preceding the
initiation of ECPR. However, the duration of CPR remains
critical because survival in the ECPR group decreases
rapidly with continued CPR. The cause of this decrease
remains unclear, but the increased left ventricular wall
thickening and worsening metabolic profile suggest that
the incomplete perfusion provided by CPR leads to cu-
mulative cellular injury. Therefore, to maximize survival,
ECPR programs and their associated prehospital systems

Circulation. 2020;141:877-886. DOI: 10.1161/CIRCULATIONAHA.119.042173
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of care must minimize time to ECPR. Further investiga-
tion is needed to establish methods of minimizing meta-
bolic deterioration in the prehospital setting, potentially
by maintaining or improving CPR efficiency, improving
perfusion, or decreasing metabolic demand.
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