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Forward
Information about a real patient is presented in stages (bold-
face type) to expert clinicians (Dr Oliver Ritter and Dr Ralf 
Michael Muellenbach), who respond to the information, shar-
ing their reasoning with the reader (regular type). A discus-
sion by the authors follows.

A 63-year-old white male was admitted with recurring 
chest pain of increasing intensity for ≈3 days. He had 

a known history of arterial hypertension and was obese, 
with a body mass index of 29.4 kg/m2. After seeking help 
at his family physician he was immediately transferred to 
our hospital using emergency medical services because of 
ST-segment elevations. On arrival he had severe chest pain 
with dyspnea and a lowered blood pressure of 90/60 mm Hg. 
On auscultation moist rales could be heard over both lungs, 
whereas heart sounds were normal. The abdomen was 
nondistended with normal bowel sounds and no palpable 
organomegaly. His extremities were warm and exhibited 
peripheral edemas on both sides. The ECG displayed sinus 
tachycardia at 102/min with posteroinferior ST-segment 
elevations and reciprocal ST-segment depressions in leads 
I, aVL, V2 and V3. Bedside echocardiographic assessment 
showed severely depressed biventricular function with 
a left ventricular ejection fraction of ≈15% and a dilated 
right ventricle measuring a tricuspid annular plane systolic 
excursion (TAPSE) of ≈1 cm. All heart valves were normal, 
and no signs of pericardial effusion could be observed.

Dr Ritter: The presentation of patients with severe chest pain 
and impaired hemodynamic parameters is always suggestive 
of myocardial infarction. However, intense pain accompanied 
by vegetative symptoms such as nausea, vomiting, dyspnea, 
or sweating should always prompt rapid diagnostic evaluation 
of an array of possible diagnoses. Life-threatening conditions 
include an acute myocardial infarction as well as aortic dis-
section, pulmonary embolism, Boerhaave syndrome, or pneu-
mothorax. The first step of diagnostic evaluation is performing 
an ECG. It is important to emphasize that ST-elevations are 

not a must-see on the initial 12-lead ECG, especially in pos-
terior myocardial infarction or total occlusion of the main left 
artery, whereas the presence of ST-elevation indicates a myo-
cardial infarction in 80% to 90%. ST-elevation on the ECG 
has also been related to a high rate of early case fatality. The 
presence of type A aortic dissection cannot be excluded at this 
point, because it is able to mimic thromboembolic myocardial 
infarction via coronary ostium obstruction. Rapid transtho-
racic echocardiographic evaluation is the next diagnostic step. 
Echo may show regional dyskinesia and can simultaneously 
help to exclude aortic dissection, as well as provide informa-
tion regarding pulmonary embolism.

Subsequent laboratory testing should include the assess-
ment of cardiac serum biomarkers. In particular measurements 
of high-sensitive troponin enables the early detection of myo-
cardial necrosis with high sensitivity if values exceed the 99th 
percentile decision limits. However, high-sensitive troponin is 
not entirely specific for myocardial infarction, and a long list of 
other causes may generate elevations of this cardiac biomarker. 
Serial testing is an option in stable patients, as a dynamic rise 
of high sensitive troponin is characteristic for acute myocardial 
damage, mostly caused by acute myocardial infarction.1

Once the diagnosis of an acute myocardial infarction is set, 
reperfusion therapy should be initiated as soon as possible 
with primary percutaneous coronary intervention (PCI) as 
the method of choice. All in all, door to balloon time should 
be <90 minutes. The current guidelines of the American 
Heart Association (AHA)/American College of Cardiology 
Foundation (ACCF) recommend reperfusion therapy for all 
eligible patients with ST—segment-elevation myocardial 
infarction (STEMI) with symptom onset within the previous 
12 hours, as well as those with ongoing symptoms within the 
previous 12 to 24 hours. In the unstable patient with STEMI 
and cardiogenic shock or acute heart failure primary PCI 
should be performed irrespective of the time delay.2

As highlighted in the current case, the patients themselves 
often cause the biggest delay of treatment, as many of them do 
not realize the gravity of the situation because of gradual symp-
tom onset. At time of admission, our patient already experienced 
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cardiogenic shock with hypotension and peripheral and pulmo-
nary edema. ECG and echocardiographic findings clearly pin-
point toward an acute STEMI infarction. Rapid actions are key, 
targeting urgent myocardial reperfusion above all.

Patient presentation (continued): The patient’s condi-
tion rapidly declined, resulting in respiratory insufficiency 
with an arterial partial pressure of oxygen (PaO2) of 37 
mm Hg and an arterial oxygen saturation (saO2) of 77% 
while breathing supplemental oxygen. After endotracheal 
intubation cardiogenic shock further progressed, soon 
resulting in ventricular fibrillation, refractory to several 
defibrillation attempts. Cardiopulmonary resuscitation 
(CPR) was started using a LUCAS chest compression sys-
tem (LUCAS, Physio-Control Inc, Lund, Sweden).

Dr Ritter: Cardiogenic shock is a self-perpetuating process 
as the activation of neurohumoral systems and a systemic 
inflammatory response worsen the clinical picture. Secondary 
ventricular fibrillation is indicative of rapidly progressing 
damage and a risk factor for increased early mortality,3 even 
in the modern PCI era.4 The same applies to severely impaired 
left ventricular ejection as recently shown in the Harmonizing 
Outcomes With Revascularization and Stents in Acute 
Myocardial Infarction (HORIZONS-AMI) trial. Patients with 
left ventricular ejection fractions <40% had higher 1-year rates 
of major adverse cardiovascular and clinical events, noncoro-
nary artery bypass graft major bleeding, and cardiac death.5

The necessary therapeutic actions are nearly self-explan-
atory and consist of CPR according to the current AHA/
European Resuscitation Council (ERC) guidelines,6,7 includ-
ing ventricular defibrillation. At this juncture, one needs to 
particularly emphasize that high-quality CPR is essential to 
achieve a favorable outcome with subsequent revasculariza-
tion. However, manual CPR is often performed at insufficient 
rates8 and is tiring, when performed over longer periods of 
time.9 Mechanical automated chest compression devices rep-
resent a promising alternative and have recently been shown 
to achieve higher mean regional cerebral oxygen saturation 
levels.10 Different types of mechanical devices exist, work-
ing as pneumatic vests, load distributing bands, or pistons. 
The LUCAS chest compression system is a compressed air– 
or battery-driven piston working at a rate of 100 per minute 
with equal compression and decompression times. The sys-
tem allows defibrillation without interruption, and its safe 
use has been reported during PCI percutaneous transluminal 
coronary angioplasty.11 Experimental and clinical studies 
pinpoint toward improved outcomes after in-hospital-resus-
citation10,12,13; nevertheless, current evidence is insufficient to 
allow any definite conclusion regarding the super- or inferi-
ority of mechanical chest compressions compared to man-
ual CPR.14 Current AHA guidelines recommend the use of 
mechanical devices, either load distributing bands or pistons 
in specific settings with a class IIb, level of evidence (LOE) B 
or a class IIb, LOE C recommendation, respectively.15

We use mechanical automated chest compression in situ-
ations in which prolonged CPR must be expected and high-
quality manual CPR may encounter difficulties. This includes 
the start of extracorporeal life support or further diagnostic 

evaluation and therapeutic intervention (ie, percutaneous 
transluminal coronary angioplasty). All of those were neces-
sary in the current case.

Patient presentation (continued): After 10 minutes CPR 
without a return of spontaneous circulation, the in-house 
extracorporeal cardiopulmonary resuscitation (E-CPR) 
team was alarmed.

Dr Muellenbach: The success of CPR after in-hospital car-
diac arrest is best when the event is witnessed or monitored and 
highly trained personnel are immediately at hand.16 However, in 
the presence of cardiogenic shock and severely impaired left ven-
tricular function, conventional measures often do not suffice. In 
such cases the early use of additional measures should be consid-
ered. E-CPR is defined as extracorporeal support initiated dur-
ing conventional resuscitation or when repetitive cardiac arrest 
occurs without the return of spontaneous circulation for >20 min-
utes. The success rate of extracorporeal support depends on tim-
ing, whereas the greatest survival benefit could be observed when 
conventional CPR had been performed for <30 minutes.17 The 
possibility of E-CPR should be integrated into the thought pro-
cess early on, always having a door to balloon time of less than 
90 minutes in mind. When in-house protocols are in place, the 
E-CPR team can get started in <10 minutes. However, when low- 
or no-flow times are minimized via high-quality CPR, patients 
may even benefit from extracorporeal life support after prolonged 
periods of time. Peripheral venoarterial (va)- extracorporeal 
membrane oxygenation (ECMO) is clearly the method of choice, 
because it is easily applicable at the bedside with procedural 
completion times of <30 to 45 minutes. In patients experiencing 
cardiogenic shock after an acute myocardial infarction va-ECMO 
represents an excellent means of tissue oxygenation and bridging 
toward early revascularization. Nevertheless, E-CPR is resource-
intensive and the respective expertise as well as equipment needs 
to be installed. This includes the final decision making of whether 
or not to start extracorporeal life support based on clearly defined 
exclusion criteria. The Table depicts our in-house criteria on 
which the decision was based in the current case.

Patient presentation (continued): On arrival, CPR 
was ongoing. The decision was made to start va-ECMO 
(Permanent Life Support Set and Rotaflow-console, 
Maquet GmbH, Rastatt, Germany), and cannulae were 
implanted via the right femoral vein and the left femoral 
artery, respectively. ECMO settings included a blood flow 
of 3 to 4 L/min and a sweep gas flow of 1 to 2 L O

2/min. The 
procedure was completed 35 minutes into the CPR, and 
hemodynamics immediately improved with mean arterial 
blood pressures ranging between 70 to 80 mm Hg.

Dr Muellenbach: Va-ECMO is the prime mode of support 
in patients receiving active CPR, although improved myocar-
dial function has also been described with venovenous can-
nulation in patients with combined lung and heart failure. As 
a general rule, venovenous cannulation primarily supports 
pulmonary gas exchange and depends on a sufficient function 
of the native heart. Va-ECMO is an incomplete cardiopulmo-
nary bypass whereas blood that passes through the artificial 
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lung mixes with the blood ejected via the left ventricle into 
the aorta. A ratio of 80% to 20% is desired; generating blood 
flows approximately within the range of a normal cardiac 
index. The cannulae are easiest inserted percutaneously into 
the femoral vessels during ongoing CPR. If possible, insertion 
of the cannulae should be performed with ultrasound guid-
ance. However, possible vascular complications of the femoral 
access need to always be taken into account including leg isch-
emia and bleeding. During cannulation, it is important to rig-
orously continue chest compression because low- or no-flow 
times must be minimized, as they are likely associated with 
a poor outcome. Once in place, venous blood is drained from 
the inferior vena cava and returned to the femoral artery with 
the chosen flow settings determining the perfusion toward the 
aortic root (Figure 1). Both oxygen delivery and CO

2
 elimi-

nation can be fully maintained via the extracorporeal mem-
brane lung. Improved hemodynamics result from a number of 
effects: (1) Flow and perfusion pressure are ameliorated per se, 

contributing to an improved coronary blood flow; (2) Venous 
drainage reduces right ventricular preload and subsequent 
left ventricular filling pressures assuming the absence of any 
large interventricular communication; and (3) The reduction 
of left ventricular end-diastolic pressure lowers cardiac oxygen 
demand and increases coronary blood flow, overall breaking a 
vicious cycle of self-perpetuating ischemic injury. As a caveat, 
va-ECMO inherently increases afterload and the reduction in 
left ventricular pressure is dependent on the generation of suffi-
cient force by the native heart to open the aortic valve, allowing 
left ventricular decompression. Close monitoring of the saO

2
 at 

the right hand, as well as frequent arterial blood gas analyses 
utilizing an arterial line placed into the right A. radialis helps 
to detect a so called “Harlequin syndrome.” This denotes flow 
competition between the native heart and the ECMO circuit 
and subsequent deoxygenation of the upper part of the body in 
case of deteriorating pulmonary function (Figure 2). The right 
upper extremity is furthest away from the oxygenated blood 
supplied by the ECMO circuit, thus providing an indirect mea-
sure to evaluate cerebral oxygenation. ECMO blood flows can 
then be adjusted to guarantee sufficient oxygen supply to avoid 
hypoxic brain damage. Advanced monitoring of cerebral oxy-
genation via near-infrared spectroscopy may be an additional 
valuable tool, measuring regional oxygen saturation as an indi-
cator of hemodynamic and metabolic alterations.18

All in all, the importance of E-CPR as a valuable bridging 
option of the unstable STEMI patient toward PCI or coronary 
artery bypass grafting (CABG) surgery cannot be overstated, 
just as the need of its early consideration within the therapeu-
tic process. Beneficial effects of ECMO therapy may not even 
be limited to the pulseless patient, as its implementation in 
the catheter laboratory during cardiogenic shock without the 
particular need for CPR leads to a reduced 30-day mortality.19

Patient presentation (continued): Defibrillation and 
amiodarone administration subsequently terminated 
ventricular fibrillation. However, after discontinuation of 
chest compressions no signs of sufficient left ventricular 

Table.   In-House E-CPR Exclusion Criteria

Advanced age

Unobserved cardiac arrest with a delayed start of conventional CPR>5min

Prolonged multi organ failure

Long-term diabetic syndrome

End-stage renal failure

Severe brain damage

Liver cirrhosis CHILD B or C

End-stage heart failure

COPD GOLD IV

Life expectancy < 1 year

Living will

The respective leader of the extracorporeal membrane oxygenation team 
at the bedside makes the final decision regarding the start of extracorporeal 
membrane oxygenation therapy after a maximum of 20 min into conventional 
CPR. COPD indicates chronic obstructive pulmonary disorder; CHILD, Child-
Pugh class; and E-CPR, extracorporeal cardiopulmonary resuscitation.

Heat 
Exchanger

Oxygenator

Pump

Console

Figure 1. Peripheral venoarterial (va)-ECMO 
therapy breaks a vicious cycle of self-perpetuat-
ing myocardial ischemic injury. The extracorpo-
real membrane oxygenation supports the failing 
heart by draining blood from the inferior vena 
cava and returning oxygenated blood via the 
femoral artery (coronary perfusion). Beneficial 
effects unloading the heart include a reduced 
right ventricular preload, subsequently decreas-
ing left ventricular filling and end-diastolic 
pressure, allowing reduced myocardial oxygen 
consumption as well as an increased coronary 
blood flow. ECMO indicates extracorporeal 
membrane oxygenation.
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ejection could be observed. The ECG showed organized 
pulseless electric activity. Administration of inotropes 
did not improve ventricular function, prompting the 
immediate resumption of chest compressions via the 
LUCAS system.

Dr Muellenbach: The va-ECMO generates a nonpulsatile 
blood flow, maintaining sufficient blood pressures and per-
fusion of all vital organs over long periods of time. As such 
the absence of a pulse wave would not be alarming per se. 
However, because the native heart contributes to the overall 
flow a pulse is normally perceptible. As depicted in the current 
case, its absence subsequent to the termination of ventricular 
fibrillation is equivalent to secondary pulseless electric activ-
ity during conventional CPR. Although the installed va-ECMO 
provides sufficient systemic oxygen delivery, the native heart 
still needs to generate enough force to open the aortic valve 
to avoid left ventricular overdistension via continuous filling 
through bronchial and thebesian veins, as well as an increased 
afterload proportional to va-ECMO flow. Movie I in the online-
only Data Supplement depicts the echocardiographic presenta-
tion of this dilemma. Venting of the left ventricle is mandatory 
at this point. If one neglects to do so, a vicious cycle of elec-
tromechanical dissociation develops, leading to obstruction of 
coronary blood flow, pulmonary edema, hemorrhage, and even 
intracavity clot formation. Understanding the pathophysiology 
of this dilemma is one of the pivotal aspects of the current case, 
because the erroneous assumption that nonpulsatile flow alone 
suffices will lead to the death of the patient. An additional 
caveat is that with peripheral va-ECMO the oxygenation of the 
head is also determined via left ventricular outflow.

Venting options start by transiently reducing va-ECMO flow 
to differentiate hypokinesia from akinesia of the left heart. 
However, va-ECMO flow is not only directly correlated with 
increases in left ventricular afterload, but also inversely cor-
related with cardiac preload. This means that by decreasing 

va-ECMO flow, end-diastolic volume will be enhanced, thus 
ventricular ejection change dependent on the contractility of the 
left ventricle (via the Starling law). The use of a positive ino-
tropic or vasodilator (reducing myocardial afterload) represent 
other viable choices to support left ventricular contraction at this 
juncture, because systemic vascular resistance remains indepen-
dent of ECMO blood flow. We chose to administer epinephrine 
to enhance myocardial contractility, however, without effect, 
making mechanical venting of the left ventricle imperative as 
the next step within the cascade. Invasive measures to vent the 
left ventricle include the insertion of an additional cannula into 
the left atrium or atrial septostomy,20 as well as the installation 
of a catheter based microaxial pump directly unloading the left 
ventricle (eg, the Impella). However, in case of planned emer-
gency PCI the only suitable maneuver for continuous ventricular 
unloading at the bedside is the resumption of chest compressions 
(Figure  3). These were immediately resumed and maintained 
while referring the patient to the catheter laboratory.

Patient presentation (continued): The patient was trans-
ferred to PCI via the right radial artery under contin-
ued va-ECMO support. Chest compressions were shortly 
paused during the percutaneous transluminal coronary 
angioplasty to facilitate the intervention, revealing the 
return of pulsatile blood flow. The right coronary artery was 

Figure 3. Circulatory changes associated with venoarterial (va)-
ECMO therapy during cardiogenic shock requiring immediate 
venting of the left ventricle. Sophisticated pathophysiological 
mechanisms including a ECMO blood flow–dependent decrease 
in cardiac preload accompanied by a corresponding increase in 
afterload demand a higher contractile force from the left ventricle 
(LV) to open the aortic valve. If the failing LV is unable to exert suf-
ficient pressure obstruction of coronary blood flow, pulmonary 
edema, hemorrhage, and even intracavity clot formation develops. 
Reducing va-ECMO flow may alleviate this problem and helps 
to distinguish left ventricular hypokinesia vs akinesia. However, 
because decreased afterload is accompanied by enhanced pre-
load during va-ECMO, increased left ventricular filling pressures 
may worsen the situation in the failing heart via the Starling law. 
Inotropic or vasodilator support represents the next therapeutic 
step, respectively. Nevertheless if none of these measures suffice, 
immediate venting of the left ventricle is mandatory. At the bed-
side, this can be easiest accomplished via the resumption of chest 
compressions. ECMO indicates extracorporeal membrane oxygen-
ation; and E-CPR, extracorporeal cardiopulmonary resuscitation.

Figure 2. In case of respiratory failure, flow competition in the 
aorta between the recovering native heart and the extracorporeal 
circuit can lead to a “Harlequin” or “North–South” syndrome. 
Deoxygenated blood is supplied to the upper part of the body, 
whereas only the lower part benefits from the hyperoxygenated 
blood supplied by the venoarterial (va)-ECMO. The solution to 
this serious problem is additional venovenous (vv)-ECMO sup-
port (eg, via cannulation of the internal jugular vein). ECMO indi-
cates extracorporeal membrane oxygenation.
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identified as the culprit vessel via the ECG. Angiography 
actually revealed a complete occlusion of the vessel and 
reperfusion was subsequently ensured via the placement 
of a bare metal stent. Subsequent diagnostic evaluation of 
the left coronary artery identified an 80% stenosis of the 
left main coronary artery, a complete occlusion of the left 
anterior descending artery, as well as a 60% stenosis of 
the proximal left circumflex coronary artery. After inter-
ventional reperfusion the patient was subjected to CABG 
surgery. Successful surgical revascularization consisted of 
grafts from the left internal thoracic artery onto the left 
anterior descending artery, venous grafts onto the ramus 
marginalis, as well as the ramus intermedius. After surgery 
the patient was transferred to the intensive care unit with 
an over time decreasing need for vasopressor support.

Dr Ritter: Timely myocardial reperfusion represents the hall-
mark of acute myocardial infarction therapy. Immediate coronary 
angiography is mandatory in STEMI, whereas the subsequent 
intervention depends on the diagnostic findings with either PCI 
or CABG surgery as viable options. As a primary goal, emer-
gency PCI aims to identify and stent the infarct-causing lesion. 
However, in the presence of cardiogenic shock the intervention 
must not be limited to the infarct vessel, but also focus on maxi-
mizing coronary blood flow to improve hemodynamic stabil-
ity. In case of a significant left main coronary artery stenosis, 
as well as significant stenoses in 3 major coronary arteries or in 
the proximal left anterior descending artery plus 1 other major 
coronary artery, CABG is the method of choice according to the 
current guidelines.21 We performed a PCI and bare metal stent 
implantation of the right coronary artery to immediately restore 
perfusion of the posterior wall. Further diagnostic angiography 
revealed advanced coronary artery disease with a significant ste-
nosis of the left main coronary artery, total occlusion of the left 
anterior descending artery, as well as a significant stenosis of 
the left circumflex coronary artery. Unfortunately hemodynam-
ics did not improve as desired after PCI of the right coronary 
artery. Therefore it was decided to complete revascularization 
by subjecting the patient to CABG surgery. Multiple PCIs before 
CABG have been shown increase in-hospital mortality as well 
as the incidence of major adverse cardiac events in the periop-
erative period22; nevertheless, the rationale in the current patient 
was based on an individual risk–benefit analysis considering 
the favorable effect of immediate reperfusion of the infarct-
determining vessel with an anyway high surgical risk. The 
synopses of complex lesions with a Synergy between PCI and 
Cardiac Surgery (SYNTAX) score of 43 and a mortality risk of 
24.3% with a combined risk of morbidity or mortality of 70.6% 
as calculated by the Society of Thoracic Surgeons risk score, 
respectively, offers no clear-cut best practice. Current evidence 
suggests that 1- to 5-year mortality is similar after CABG sur-
gery or PCI in patients with left main disease or 3-vessel disease 
solely showing higher repeat revascularization rates with PCI 
while offering a lower incidence of stroke. The optimal reper-
fusion strategy in severe cardiogenic shock remains basically 
unknown and CABG surgery is only favored to improve long-
term outcomes with SYNTAX scores of >22 in the absence of a 
high risk of surgery, defined as a risk score of <5%.23,24

In patients without hemodynamic compromise the deci-
sion between culprit-only and multivessel revascularization 
is even more challenging. The 2011 ACCF/AHA/Society for 
Cardiovascular Angiography and Interventions (SCAI) guide-
line for PCI recommends a primary culprit lesion angioplasty,25 
with clinical practice often differing from these recommenda-
tions. Multivessel disease per se leads to a higher mortality,26 
and failed cardiac improvement often forces the attending physi-
cian to proceed with a multivessel procedure. The HORIZONS-
AMI showed a quadrupled 1-year mortality when multivessel 
PCI was the primary intervention; nonetheless, 18.5% of the 
patients received multivessel PCI with only 1.5% experiencing 
cardiogenic shock.27 The Assessment of Pexelizumab in Acute 
Myocardial Infarction (APEX-AMI) trial indicated an increased 
90-day mortality when nonculprit interventions were performed 
at the time of primary PCI,28 and Hannan et al further corrobo-
rated the current guideline recommendations via lower in-hos-
pital mortality. However, staged multivessel PCI within 60 days 
after the initial intervention led to a significantly reduced 1-year 
mortality,29 and a more aggressive interventional strategy imme-
diately targeting all angiographic lesions has been advocated by 
the Preventative Angioplasty in Myocardial Infarction (PRAMI) 
trial.30 The investigators showed that patients with a STEMI and 
concomitant multivessel disease clearly benefited from preven-
tive PCI via a reduced rate of cardiac death, nonfatal myocar-
dial infarction, or refractory angina. However, it is important to 
emphasize that no comparison between immediate versus staged 
multivessel PCI was conducted. Hence, although the optimal 
timing remains to be determined in the absence of cardiogenic 
shock, it has certainly become clear that all diseased vessels need 
to be addressed after a STEMI. To evaluate the best revasculariza-
tion strategy for patients in cardiogenic shock the European mul-
ticenter CULPRIT SHOCK trial is currently recruiting patients 
(Culprit Lesion Only PCI Versus Multivessel PCI in Cardiogenic 
Shock, ClinicalTrials.gov Identifier: NCT01927549).

Dr Muellenbach: Fortunately, contractile function recov-
ered allowing the heart to create sufficient force to open the 
aortic valve. Postoperatively, we refrained from implanting a 
left ventricular assist device, because left ventricular ejection 
fraction was improving with an ejection fraction of ≈20%.

Continued va-ECMO support follows successful completion 
of myocardial revascularization, ideally as a bridge to recovery. 
In this context it always needs to be considered that although 
indispensible for survival, myocardial reperfusion injury con-
tributes up to 60% to the overall myocardial damage.31 This 
often necessitates the need for prolonged extracorporeal sup-
port. Weaning from the extracorporeal support device is initi-
ated according to each individual’s progress in ventricular 
recuperation. The process is guided by daily echocardiographic 
monitoring of left and right ventricular function, optimized 
volume management, as well as maximized inotropic support. 
ECMO flows are gradually reduced and decannulation may 
follow as the functionality of the native heart permits hemody-
namic stability (Figure 4). It is important to recognize that in the 
presence of pulmonary edema, arterial oxygenation may tran-
siently worsen with improving cardiac contractility as a result 
of increased blood flow through the native lung compared with 
the va-ECMO circuit. Moreover, a short-term increase in vaso-
pressor support is not uncommon after successful va-ECMO 
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decannulation. It is further important to emphasize that wean-
ing from the ventilator is independent of va-ECMO therapy 
and may be completed before ECMO decannulation, as well as 
the initiation of additional postresuscitation measures. For the 
last decade postresuscitation care relied on therapeutic hypo-
thermia as a proven strategy to reduce neurological damage in 
comatose patients. The 2010 AHA guidelines recommend the 
use of 32 to 34°C body temperature in comatose patients for 
12 to 24 hours after out-of-hospital cardiac arrest and return 
of spontaneous circulation if the presenting rhythm was ven-
tricular fibrillation (Class I, LOE B). It is further stated that the 
protocol may also be considered for comatose adult patients 
with return of spontaneous circulation after in-hospital cardiac 
arrest of any initial rhythm or after out-of-hospital cardiac arrest 
with an initial rhythm of pulseless electric activity or asystole 
(Class IIb, LOE B). Therapeutic hypothermia should be initi-
ated as soon as possible,32 using surface or endovascular cool-
ing while slow rewarming with 0.25°C per hour is advised.6 

European guidelines state that therapeutic hypothermia should 
include comatose survivors of cardiac arrest associated initially 
with shockable and nonshockable rhythms.33 The recommen-
dations are largely based on 2 randomized studies from 2002, 
both providing valuable information only if ventricular fibril-
lation was the primary cause of cardiac arrest. The study by 
the Hypothermia After Cardiac Arrest Study Group is further 
limited by a prolonged interval of 5 to 15 minutes until the start 
of CPR and enrollment of just 8% of all patients assessed for 
eligibility.34 Bernard et al35 on the other hand excluded patients 
with cardiogenic shock subsequent to the return of spontaneous 
circulation. A recent trial including shockable and nonshock-
able rhythms could not find a significant difference when com-
paring target temperatures of 33°C and 36°C.36 The conflicting 
results may be explained by a number of reasons, including 
specific patient subgroups, issues related to optimal timing and 
duration, as well as the best target temperature.

Nevertheless, in patients with an initial nonshockable 
rhythm a case-by-case decision should be made acknowledg-
ing the individual pros and cons. Although concurrent PCI and 
hypothermia seem to be safe, potential complications include 
coagulopathy, arrhythmias, and hyperglycemia. Moreover, 
immune function is compromised. The intervention is con-
traindicated in the presence of severe hemorrhage, intracra-
nial hemorrhage, septic shock, pregnancy, and hypotension 
refractory to multiple vasopressors.37 In our case we refrained 
from utilizing therapeutic hypothermia before CABG surgery 
because of an increased risk of bleeding, as well as the con-
tinued need of high-dose vasopressor support. Further, con-
sidering a 20% increase in mortality for every hour cooling is 
delayed, no benefit could be expected after completion of the 
surgical procedure.

In case of long-term refractory cardiogenic shock, para- 
or intracorporeal mechanical assist device techniques have a 
role within the treatment paradigm, as reflected in the current 
guidelines of the AHA/ACC with a class IIB/LOE C indica-
tion.21 Va-ECMO support then acts as a bridge toward the 
implantation of the respective ventricular assist device or arti-
ficial heart. The mechanical ventricular assist device is subse-
quently used as a long-term solution (bridge to destination) or 
followed by cardiac transplant surgery (bridge to transplant). 
Naturally, unfortunate criteria of va-ECMO discontinuation 
also need to be considered, such as multiorgan failure, as well 
as the absence of cardiac recovery with concomitant contra-
indications for the implantation of a ventricular assist device.

Discussion
The pulseless STEMI patient represents a daily clinical chal-
lenge at the crossroads of life and death. The incidence of car-
diogenic shock complicating an acute myocardial infarction 
is ≈5% to 15%38 with atrocious mortality rates of ≈40%.39,40 
Usually the full clinical picture develops within the first few 
hours with a massive myocardial infarct size and consecutive 
ventricular dysfunction perpetuating themselves via the mal-
adaptive activation of the sympathetic and renin-angiotensin 
systems. Both systolic and diastolic failure develops, leading 
to tissue hypoperfusion and pulmonary fluid retention. The 
primary therapeutic goal is to guarantee oxygen supply to all 
vital organs, whereas inotropic and vasopressor support results 

Figure 4. Support to the failing heart during cardiogenic shock 
must be considered early on to facilitate immediate revascular-
ization as the number 1 priority. In this regard, extracorporeal 
cardiopulmonary resuscitation (E-CPR) represents the primary 
therapeutic option during cardiogenic shock requiring CPR. ECMO 
must also be considered early on during all cases refractory to 
inotropic support, in particular when right- or biventricular, as well 
as respiratory failure is impending. The extracorporeal circuit can 
be easily combined with other forms of left ventricular support, 
such as IABP, an Impella pump, or a Tandem Heart. The latter are 
prime choices in case of isolated left ventricular failure. All serve 
as bridges toward full recovery or definite therapeutic options 
depending on neurological and cardiac function. ECMO indicates 
extracorporeal membrane oxygenation; IABP, intra-aortic balloon 
pump; LV, left ventricle; and VAD, ventricular assist device.
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in increased myocardial afterload and tachycardia. A vicious 
cycle of increased myocardial oxygen demand and decreased 
coronary perfusion pressure develops with malignant cardiac 
arrhythmias as the subsequent step within the shock paradigm. 
Nevertheless, the inevitability of 2-edged therapeutic options 
is 1 of the pivotal dilemmas of acute myocardial infarction 
therapy and includes causal therapy via revascularization and 
subsequent myocardial reperfusion injury.31

Ventricular fibrillation is still regarded as the number 1 lethal 
arrhythmia, although recent evidence has shown a rise in pulse-
less electric activity.41 The outcome of in-hospital cardiac arrest 
remains poor, whereas ventricular fibrillation and secondary 
pulseless electric activity need to be interpreted as consecutive 
steps within the dying process. Post-defibrillation pulseless elec-
tric activity reflects massive myocardial injury and is seldom 
associated with residual left ventricular contraction. Irrespective 
of the type of arrhythmia, high-quality conventional CPR must 
immediately limit low- or no-flow times. Unfortunately, the 
achieved blood flow during conventional CPR is mostly insuf-
ficient.42 Mechanical devices such as the LUCAS promise an 
improved quality of chest compressions, as optimal frequency, 
depth, and decompression via the integrated suction cup sug-
gest a simplified practice. Laboratory studies on pigs showed 
a significantly higher cardiac output, carotid artery blood flow, 
and coronary perfusion, as well as improved cerebral blood flow 
when using the device.13 The incidence of CPR-related injuries 
does not seem to differ between manual and mechanical com-
pressions,43 nevertheless, efficiency may vary between in-hos-
pital versus out-of-hospital use. The LINC-Trial comparing the 
outcome of out-of-hospital cardiac arrest did not find a signifi-
cant difference in 4-hour survival between patients treated with a 
mechanical device or those with manual CPR.44 The in-hospital 
setting offers different conditions, in particular if diagnostic or 
interventional procedures are planned. High-quality manual 
CPR in the catheter laboratory is very difficult and mechani-
cal help eases and speeds up the revascularization procedure.43 
However, careful inspection of device efficiency must be guar-
anteed on a case-by-case basis, as insufficient chest compres-
sions due to inadequacy of the preset depth have been reported.45

Regardless of whether manual or mechanical versions 
are used, novel concepts are required to improve current 
CPR practice.46 With standard CPR as a poor bridge toward 
reperfusion therapy va-ECMO is rapidly emerging as a life-
saving option providing hemodynamic support. Chen et al47 
impressively demonstrated a survival benefit in patients with 
witnessed in-hospital cardiac arrest. The prospective observa-
tional study included only patients with a cardiac cause and 
compared the use of extracorporeal life-support with conven-
tional CPR with duration of >10 minutes. Both short-term as 
well as long-term survival favored E-CPR. These data were 
corroborated by a recent retrospective analysis, whereas 
E-CPR granted a significantly higher 6-month survival rate 
with minimized neurological impairment.48 The procedure is 
particularly effective with cardiac causes of arrest, in younger 
patients, and if rapid implementation after the start of con-
ventional CPR is warranted.17 However, although a great 
therapeutic option, it is accompanied by profound circulatory 
changes and a thorough understanding of the pathophysiology 
and potential pitfalls is indispensible. This is highlighted in 

the current case, illustrating the importance of left ventricular 
venting during refractory cardiogenic shock. Nonpulsatile va-
ECMO flow generates stable systemic hemodynamics, a ben-
efit nevertheless accompanied by a flow-dependent increase in 
left ventricular afterload. Although negligible during normal 
cardiac function, this may be the tip of the iceberg in the fail-
ing heart preventing the opening of the aortic valve. Moreover, 
although the concomitantly reduced preload helps to decrease 
myocardial oxygen demand by alleviating end-diastolic pres-
sure and end-diastolic volume, myocardial contractility may 
be further impaired according to the Starling law.49 If these 
highly dynamic mechanisms are missed, the immediate death 
of the patient is imminent as a result of the obstruction of 
coronary blood flow, pulmonary edema, and finally intracav-
ity clot formation. Left ventricular venting strategies include 
surgical decompression via transseptal puncture and place-
ment of a drain,50 as well as percutaneous insertion of a rotary 
blood pump51–53 or placement of a venous cannula into the 
pulmonary artery.54 Obviously none of these techniques are 
expeditiously applicable at the bedside during ongoing E-CPR 
with indicated early PCI and the goal to minimize door to bal-
loon times. Hence, the fastest and easiest venting option is the 
immediate resumption of chest compressions until a definite 
method can be subsequently installed; always assuming that a 
concomitant return of pulsatile flow is still missing.

In our case myocardial recovery allowed revasculariza-
tion without additional left ventricular support or venting. 
However, at this juncture the implantation of a percutaneous 
left ventricular assist device is an excellent option if either 
or both are required. The Impella or the TandemHeart both 
offer additional short-term support via left ventricular volume 
unloading again as bridges to recovery, the implantation of a 
long-term left ventricular assist device, device or cardiac trans-
plant. The Impella pump is a microaxial rotary pump inserted 
into the left ventricle via the aortic valve offering hemody-
namic support with blood flows of up to 5 l/min (Impella 5.0). 
Ventricular unloading is achieved, subsequently decreasing 
left ventricular wall stress and reducing myocardial oxygen 
consumption. The Prospective Feasibility Trial Investigating 
the Use of IMPELLA RECOVER LP 2.5 System in Patients 
Undergoing Huigh Risk PCI (PROTECT I) trial evaluating the 
safety and feasibility of the Impella 2.5 system during high-
risk PCI concluded that the system is safe, easy to implant, 
and provides excellent periprocedural hemodynamic support 
in patients with poor left ventricular function.55 Comparison 
of prophylactic Impella or intra-aortic balloon pump (IABP) 
use in the Prospective, Multi-center, Randomized Controlled 
Trail of the IMPELLA RECOVER LP 2.5 System Versus Intra 
Aortic Balloon Pump (IABP) in Patients Undergoing Non 
Emergent High Risk PCI (PROTECT II) trial indicated supe-
rior hemodynamic support via the Impella without increasing 
the incidence of major adverse events.56 However, patients 
with a recent STEMI or cardiogenic shock were excluded 
from the PROTECT trials, and major studies in hemody-
namic unstable patients experiencing a STEMI (Impella 
versus IABP reduces infarct size in STEMI patients treated 
with primary PCI (IMPRESS), Trial Using Impella LP 2.5 
System in Patients With Acute Myocardial Infarction Induced 
Hemodynamic Instability (RECOVER II)) were stopped 
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because of slow patient inclusion. Moreover, comparisons 
with IABP therapy are a limited proof of its effectiveness, as 
benefits of the balloon pump have been doubted.40,57 Thiele et 
al40 showed that IABP use did not improve 30-day survival 
after an acute myocardial infarction with early revasculariza-
tion, casting doubt on its usefulness during cardiogenic shock, 
although recommended in the current guidelines. The respec-
tive 6- and 12-month follow-up further corroborated this 
result.57 However, concomitant IABP and ECMO therapy post 
CABG has been suggested to improve coronary graft flows by 
Madershahian et al.58 The TandemHeart is a left ventricular 
assist device functioning as a centrifugal pump. Cardiac out-
put is augmented and the left ventricle decompressed by aspi-
rating blood from the left atrium and returning into the femoral 
arteries. Blood flow reaches up to 5.0 L of oxygenated blood 
per minute. Compared with IABP, the TandemHeart achieved 
significantly greater increases in cardiac index and mean arte-
rial blood pressure.59 Currently ongoing is The TandemHeart 
to Reduce Infarct Size (TRIS) Trial, evaluating a reduction 
in myocardial infarct size in comparison with conventional 
therapy along with PCI. Nevertheless, a major disadvantage 
of the device is that placement requires transseptal puncture, 
a maneuver nearly impossible during ongoing resuscitation.

In summary, both the Impella and the TandemHeart are 
valuable choices of short-term mechanical support during 
isolated left ventricular failure. Right ventricular function and 
pulmonary oxygenation are not improved, requiring ECMO 
therapy. The combined use of va-ECMO and Impella is an 
intriguing option, because the devices cover one another’s 
weaknesses and the Impella pump has been successfully 
used for left ventricular decompression during va-ECMO.51,52 
Figure 4 provides an overview of the approach to ventricular 
support during cardiogenic shock requiring high-risk PCI.

Conclusion
In summary, the current case highlights the management of 
a pulseless STEMI patient using E-CPR as means of tissue 
oxygenation and bridging toward early revascularization. 
The procedure is ideally integrated in a step-wise approach, 
whereas it needs to be considered early on during cardiac 
arrest to achieve optimal results. The case further illustrates 
the importance to carefully scrutinize any therapeutic success. 
Stable hemodynamics after the initiation of va-ECMO therapy 
can be deceiving as a vicious cycle of increased afterload and 
further obstruction of coronary blood flow, pulmonary edema, 
and even intracavity clot formation develops if the native heart 
is unable to open the aortic valve. Venting of the failing left 
ventricle must be ensured with the fastest and easiest option 
being the resumption of chest compressions during CPR. 
Additional support may be provided further down the cascade 
via a left ventricular assist device, overall rigorously pursuing 
the goal of early revascularization via PCI or CABG surgery.
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