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ORIGINAL RESEARCH ARTICLE

ST elevation in the anterior or antero-lateral precordial leads 
(STEMI anterior infarction) have the highest mortality: 8.0% 
as compared to 5.2% in non-STEMI, according to the National 
Registry of Myocardial Infarction from 1990 to 2006 (1).

These statistics keep rising despite the continuously in-
creasing number of primary and rescue coronary angioplas-
ties performed with associated pharmacological treatment 
(2, 3) of the coronary arteries, and the favorable outcome. 
Main causes of death are life-threatening arrhythmias, pul-
monary edema and cardiogenic shock (4).

Until few years ago expert guidelines for the care of 
AMI-CS patients recommend early revascularization with in-
tra-aortic balloon pump support (IABP) (5, 6). However, the 
actual benefit of IABP on AMI-CS-related mortality is an ob-
ject of controversy (7, 8). In the IABP-SHOCK II trial, the larg-
est controlled trial on this topic, no difference was observed 
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Introduction

Acute myocardial infarction (AMI) complicated by cardio-
genic shock (CS) is the leading cause of in-hospital death in pa-
tients admitted for acute coronary syndromes. Among patients 
reaching the hospital with the diagnosis of AMI, those with 
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Background/aims: Acute myocardial infarction (AMI) with cardiogenic shock (CS) remains the leading cause of 
in-hospital death in acute coronary syndromes. In the AMI-CS pig model we tested the efficacy of temporary 
percutaneous cardiorespiratory assist device (PCRA) in rescuing the failing heart and reducing early mortality.
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starting approximately at 60 minutes post-occlusion and lasting 120-180 minutes. In 3 animals of the T group, 
regional myocardial oxygen content was also imaged by two-dimensional near infrared spectroscopy (2D-NIRS) 
with and without PCRA, before and after LAD reperfusion.
Results: All animals without PCRA died despite unrelenting resuscitation maneuvers (120 minutes average survival 
time). Conversely, animals treated with PCRA showed a reduction in life-threatening arrhythmia and maintenance 
of aortic pressure, allowing interruption of PCRA in all cases early in the experiments, with sound hemodynam-
ics at the end of the observation period. During LAD occlusion, NIRS showed severe de-oxygenation of the LAD 
territory that improved with PCRA. After PCRA suspension and LAD reperfusion, the residual de-oxygenated area 
proved to be smaller than the initial risk area.
Conclusions: In AMI, PCRA initiated during advanced CS drastically reduced early mortality from 100% to 0% in 
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in 30-day mortality in 600 patients with AMI-CS randomized 
to IABP or conventional treatment (9). An updated review of 
the Cochrane Database System concludes that although IABP 
may have a beneficial effect on some hemodynamic parame-
ters, this treatment did not result in survival in infarct-related 
cardiogenic shock (10). Thus, the international guidelines 
no longer endorse the use of IABP in treating AMI-CS with 
a class 1 recommendation. As compared to IABP, ventricu-
lar assist devices (VADs) offer the advantages of providing 
greater and longer-term cardiac support and may improve 
outcomes when inserted early after heart failure symptoms 
begin (11-14).

Patients with acute myocardial infarction face a lack of 
oxygen in the myocardium, which in turn reduces the ejec-
tion fraction and blood/oxygen supply to the rest of the body. 
VADs can rapidly increase and maintain blood flow without 
straining the ischemic heart. Importantly, improved system-
ic circulation with VAD enables recovery of end-organ (i.e., 
brain, liver, kidney, lung) failure, following acute shock.

Accordingly, the aims of this study were i) to validate a 
cardiorespiratory support device made-up for percutaneous 
application in interventional cardiology (PCRA) in a swine 
model of AMI; and ii) to evaluate the protection of the device 
during the early phase of acute AMI.

We challenged the efficacy of PCRA in increasing surviv-
al, in the model of anterior myocardial infarction following 
proximal LAD ligation in the anesthetized open-chest pig. In 
this model, mortality has been reported to be very high due 
to the extent of the ischemic area and the incidence of life-
threatening arrhythmias and irreversible arterial hypotension 
(15). We tested the efficacy of PCRA by comparing 2 groups 
of treated or non-treated animals, using the mortality rate 
during a 240-300-minute post-occlusion observation period 
as the primary hard end-point.

Materials and methods

Twenty farm pigs of both sexes were studied. The body 
weight was 38.6 ± 9.77 kg and they were 3-5 months old. 
Animals were randomly allocated to the control group  
(C group n = 8) or to the treated group (T group n = 12).

Study protocol

The study protocol was designed to compare short-term 
mortality in 2 groups of anesthetized, open-chest pigs with 
AMI-CS induced by proximal LAD ligation: i) control group ii) 
treated group, i.e., treated with venoarterial and oxygenator 
pump. The experimental session duration was scheduled as a 
4-5- hour observation/treatment period following LAD occlu-
sion. In the treated group the support device was initiated at 
60-80 minutes following LAD ligation or earlier in the event 
that the death of the animal was judged to be imminent. The 
single endpoint for comparison of the 2 groups was mortality.

The study was performed according to the Guiding Prin-
ciples for Research Involving Animals and Human Beings, 
approved by the Council of the American Physiological Soci-
ety, and according to European and Italian laws and regula-
tions (European Directives for Animal Use in Experimental 
Research; DL116/92, DL 26/2014). Animals were premedi-

cated with a combination of Zoletil® (10 mg/kg) and atropine 
(0.003  mg/kg); then anesthesia was induced with propofol 
(2 mg/kg intravenously [i.v.]) and maintained with 1% isoflu-
rane in air enriched by 30%-40% oxygen. Blood pH and re-
spiratory gas concentration were periodically controlled and 
adjusted as needed.

Following median sternotomy, a snare around the isolat-
ed proximal LAD was positioned, in order to occlude or open 
the vessel according to the study protocol phases. During the 
experiment we continuously monitored electrocardiogram, 
aortic and left ventricular pressure, and type and timing of 
life-threatening events, including ventricular fibrillation, car-
diac arrest and electro-mechanical dissociation as well as life 
support interventions such as direct current (DC) shock, man-
ual cardiac massage and dose and number of lidocaine (20 mg 
i.v. when needed, associated with an infusion of 1 mg/min),  
adrenaline (0.2 mg i.v.) administration and dopamine infu-
sion. Cardiac output was measured by Schwan-Ganz catheter 
and thermodilution method (Oximetrix 3; Abbott®).

In the control group, LAD was occluded and all efforts were 
made to keep the animal alive as long as possible. Death was 
declared when the left ventricle was clearly unable to develop 
pressure in spite of all attempted pharmacological supports, 
repetitive defibrillation and prolonged manual cardiac mas-
sage. In the treated group, the onset of PCRA was scheduled 
at 60-80 minutes following LAD ligation or earlier in the event 
that the death of the animal was judged to be imminent.

Cardio-respiratory support was planned to last from 120 to 
180 minutes, according to the soundness of the hemodynam-
ics and cardiac rhythm. At the end of this period, PCRA was dis-
continued, the prime blood was returned back to the animal, 
and the observation was prolonged to challenge the reliability 
of the heart to sustain sound hemodynamics in the absence of 
artificial cardiorespiratory support.

In 3 animals of the T group, the two-dimensional near 
infrared spectroscopy (2D-NIRS) technique (see below) was 
applied along with the entire experimental protocol as above 
and LAD reopening (reperfusion) following PCRA discontinu-
ation was added as a further step. At the end of the experi-
ment, anesthetized animals were sacrificed by potassium 
chloride injection.

Mechanical cardiorespiratory assistance device

A prototype of a percutaneous cardiorespiratory system 
designed for adult human application was used. The device 
was characterized by a peripheral venoarterial extracorporeal 
circuit provided with a membrane oxygenator and a centrifu-
gal pump in series (Stöckert®). Because the dimensions of the 
input and output polyurethane cannulae did not fit the ani-
mal vessels, we used the right atrium as input and the aortic 
arch as output sites. We assumed the results would predict 
the efficacy of the device applied percutaneously as first-
line treatment in AMI complicated with refractory shock in 
humans.

Cannulation of the right atrium and of the aortic arch was 
performed in the T group during the preparation period be-
fore LAD occlusion. Liquemin® (Roche) was used for antico-
agulation; activated coagulation time (ACT) was periodically 
controlled (Hemochron®; Accriva Diagnostics).
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Two-dimensional near-infrared spectroscopy  
cardiac imaging

We used an optical near-infrared (NIR) spectroscopic 2D 
imaging camera, developed by the NRC Institute for Biodi-
agnostics of Winnipeg, Manitoba, Canada (16, 17). The NIRS 
technique capitalizes on the different NIR absorbance spec-
tra of oxygenated versus deoxygenated hemoglobin (HbO2 
versus Hb) and oxygenated versus deoxygenated myoglobin 
(MbO2 vs. Mb) and offers the possibility of real-time imaging 
of their distribution in the 3-4-mm thick myocardium of the 
imaged heart (18-20). The acquisition time for cardiac imag-
ing was 45 seconds. Separate images of HbO2 + MbO2, of Hb + 
Mb and of Hb + Mb percent oxygen saturation were obtained.

Endpoints

For group comparison, death within the 4-5 hours of 
observation following LAD occlusion was considered as the 
primary end-point.

Statistical analysis

Changes in the hemodynamic parameters, i.e., left ven-
tricular pressure and positive and negative dp/dt, during the 
different phases of the protocol were analyzed by paired  
t-test. A p value of <0.05 was considered significant.

Results

Control group

The cardiac output values in the baseline condition 
ranged from 2.12 to 4.39 L/min, with an evident and imme-
diate reduction after LAD occlusion (range of measurements  
1.04-2.9 L/min made in 5 animals, because of hemodynam-
ic instability in the other 3). Mortality in the 8 control ani-
mals was 100% after 240 minutes of LAD occlusion, despite 

unrelenting attempts at resuscitation (Fig. 1). Deaths occurred 
within 60 minutes in 3 animals, between 60 to 120 minutes 
in 1 and within 120 to 235 minutes in the remaining 3. Aver-
age time to death following LAD occlusion was 120 minutes, 
including resuscitation time. Life-threatening arrhythmias be-
gan within the first 10 minutes of ischemia in all but 1 animal. 
A severe heart failure with repeated life-threatening arrhyth-
mias and cardiac arrest periods after defibrillation occurred 
in all animals, showing the incapacity of the heart to develop 
pressure and cardiac output.

Treated group

Cardiac output values in the T group ranged from 2.79 
to 5.20 L/min, with an immediate reduction after LAD oc-
clusion (range of measurements 1.7-2.84 L/min made in 5 
animals, because of hemodynamic instability in the others). 
As compared to the C group, no significant differences were 
found in the pre-PCRA period in number, type and onset of 
life threatening arrhythmias as well as in the adoption of re-
suscitation maneuvers. On the average, PCRA was initiated 
following 80 minutes of LAD ligation. In 3 animals, PCRA was 
activated earlier due to unresponsive cardiac failure. With the 
cardiac assistance by the support device, all animals showed 
a progressive reduction of arrhythmic life-threatening events, 
without periods of cardiac arrest. The cardiac output mea-
surements during cardiorespiratory support ranged from 2.3 
to 3.38 L/min. As shown in Figure 2, all animals were alive at 
the end of the observation period (mean 240 minutes, range 
205-295 minutes). During the last 40-60 minutes of PCRA no 
animal experienced life-threatening arrhythmias while all 
showed sound hemodynamic values (Fig. 3).

Pump flow ranged from 350 to 800 mL/min; it was set up 
so as avoid suction, as the input flow was dependent on the 
different size of the animals.

After PCRA discontinuation, we prolonged the observa-
tion for 20 more minutes on the average (range 7-35 minutes) 
to assess heart capability in maintaining hemodynamics even 

Fig. 1 - Time (minutes) to death 
following proximal left anterior 
descending coronary artery (LAD) 
occlusion in control group (n = 8). 
Time 0 corresponds to LAD occlu-
sion. Dark segments (resuscitation) 
indicate the time-periods spent in 
repeated manual cardiac massage in 
an unsuccessful attempt to restore 
left ventricular systolic pressure. 
Mortality rate was 100%, average 
survival time was 60 minutes (max. 
125 minutes) without resuscitation 
and 120 minutes (max. 235 minutes) 
including resuscitation time.
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in the absence of PCRA and with persistent LAD occlusion. In 
all animals hemodynamics and cardiac rhythm remained un-
changed and the experiment was concluded with the animal 
still alive (Figs. 2 and 3). The cardiac output measurements 
after support discontinuation ranged from 1.1 to 3.4 L/min.

Two-dimensional near-infrared spectroscopy imaging

In 3 additional animals of the T group, we had the op-
portunity of obtaining 2D-NIRS images of the anterior por-
tion of the exposed heart. Imaging was obtained in all phases 
of the study including pre-occlusion control condition, LAD 

Fig. 2 - Time (minutes) to death fol-
lowing proximal left anterior de-
scending coronary artery (LAD) total 
occlusion and the application of per-
cutaneous cardiorespiratory assis-
tance (PCRA) in treated group (n = 12).  
Time 0 corresponds to LAD occlusion. 
As in Figure 1, resuscitation (cardiac 
massage) was started when the left 
ventricle was no longer able to de-
velop pressure. PCRA application re-
stored left ventricle ability to develop 
pressure and all animals survived 
during a 205-295-minute observation 
period. In 3 additional animals of the 
treated group we performed two-
dimensional near infrared spectros-
copy (2D-NIRS) imaging of the LAD 
myocardial territory. In these animals 
reperfusion of the ischemic area was 
accomplished by LAD reopening at 
the end of the experiment.

Fig. 3 - Mean ± SD values of left ven-
tricular systolic pressure, left ventric-
ular diastolic pressure and positive 
and negative dp/dt in treated group 
during the different phases of the 
study. Values were obtained before 
left anterior descending coronary 
artery (LAD) occlusion (contr) and, in 
periods free of sustained arrhythmias 
and relatively far from life-support 
interventions, 30 ± 15 minutes after 
LAD occlusion (isch), 30 ± 15 minutes 
from onset of cardiorespiratory as-
sistance (PCRA) and 10 ± 5 minutes 
following PCRA discontinuation with 
LAD still occluded (post-PCRA). The 
resuscitation period is missing be-
cause of the absence, by definition, 
of developed ventricular pressure 
during this period.

occlusion, PCRA, post-PCRA with LAD still occluded, and 
finally LAD opening (reperfusion).

Using this technique, color-coded de-oxygenation (blue) 
and oxygenation (red) of the LAD territory can be document-
ed during short-time LAD occlusion and reperfusion, respec-
tively (19). Figure 4 shows the image sequence from 1 animal: 
(A) baseline; (B) 2 minutes after LAD occlusion to assess the 
risk area; (C) 60 minutes after occlusion, immediately be-
fore PCRA; (D) during PCRA; (E) after PCRA discontinuation 
with LAD still closed; or (F) opened (reperfusion). A marked 
de-oxygenation of the LAD area (blue color) became evi-
dent after a few minutes of LAD occlusion and progressively 
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worsened with time. When PCRA was established, along with 
a visual decrease in heart volume and increased aortic pres-
sure, tissue oxygenation improved despite the persisting LAD 
blockage (E). Following PCRA discontinuation, reperfusion oc-
curred in all the 3 animals by LAD reopening. Myocardial oxy-
genation immediately increased in the entire LAD territory 
(reactive hyperemia) (F) to decrease thereafter in a core re-
gion of the anterior ventricular surface, which was markedly 
smaller than the ‘area at risk’, delineated at the beginning of 
the ischemic period.

Discussion

AMI-CS is the leading cause of in-hospital death for pa-
tients admitted with acute coronary syndromes. As previously 
mentioned, until recently the guidelines for the care of AMI-CS 
patients recommend early revascularization with IABP support 
(5, 6). However, recent reviews of the available clinical studies 
stress the lack of evidence of IABP benefit in AMI-CS (9, 10).

Ventricular mechanical assistance represents a valid alter-
native to IABP as it provides greater and long-lasting cardiac 
support. Experience with the use of VAD in patients with AMI-
CS is limited (21-23). In recent years, surveys on VAD sup-
port in the setting of AMI cardiogenic shock have produced 
in-hospital mortality rates of 24% to 44%, even if with con-
flicting reports (24-31). Although these series are small, the 
reduction in mortality compared with conventional therapy 

appears significant. Comparative studies show superior he-
modynamic support by VAD as compared with standard IABP 
treatment (32-34). This evidence raises the possibility for a 
definitive role of VADs in the treatment of AMI-CS.

One of the drawbacks of VADs is their invasiveness (i.e., api-
cal cannulation of left ventricle or micro-pump in the left ven-
tricle or aorta, etc.). To overcome this limitation, percutaneous 
devices have been developed with extracorporeal pump – with 
or without oxygenator – for temporary support that are easy 
to apply. These are impelling for rescue intervention in early-
stage AMI-CS or even as a bridge to coronary revascularization.

The aim of this study was thus to investigate the feasibil-
ity and putative benefit of the percutaneous approach using 
the venoarterial extracorporeal circuit enriched with a blood 
oxygenator in the early treatment of cardiogenic shock due 
to proximal LAD occlusion and large myocardial infarction in 
the anesthetized open-chest pig. The choice of this open-chest 
model was dictated by the reproducibility of infarct size (surgi-
cal ligature of the proximal LAD), the consistent occurrence of 
cardiac shock with a high mortality rate to compare with any 
testing proposal, and the duration of the experimental proto-
col that was close enough to the clinical emergency of severe 
AMI with CS.

The extracorporeal system used for the study was the pro-
totype of a percutaneous cardiorespiratory system designed 
for adult human application. The device is characterized by a 
peripheral venoarterial extracorporeal circuit provided with 

Fig. 4 - 2D-NIRS imaging of HbO2 & 
MbO2 content of exposed superficial 
myocardium. (A). Control condition: 
RV = right ventricle; LV = left ven-
tricle. Predominant red color indi-
cates heart is well oxygenated. (B). 
2-minute left anterior descending 
coronary artery (LAD) occlusion: the 
blue area indicates deoxygenated 
myocardium in the LAD territory and 
delineates the ‘risk area’. (C). 60 min-
utes following LAD occlusion, just 
before the onset of cardiorespirato-
ry assistance: the blue area expands 
to the anterior right ventricular wall. 
(D). Following 60 minutes of cardio-
respiratory assistance (PCRA) the re-
duction of de-oxygenation signal in 
the LAD territory becomes evident. 
(E). After PCRA discontinuation and 
immediately after LAD reopening 
(reperfusion): only mildly oxygen-
ated (green) areas are visible during 
reactive hyperemia. (F). Final picture 
at 10 minutes from reperfusion: re-
sidual deoxygenated area following 
3 hours of LAD occlusion proves to 
be much smaller than the ‘risk area’ 
outlined in the initial minutes of 
ischemia (see frame (B)).
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a membrane oxygenator and a centrifugal pump in series 
(Stöckert®). The acronym PCRA is the English translation of 
the Italian project acronym on device validation designed for 
cardiorespiratory support in AMI.

As expected, results in the control group confirmed the 
severity of the experimental model with high-grade heart 
failure, repeated life-threatening arrhythmias and ultimately 
the incapacity of the heart to develop pressure and cardiac 
output, with a mortality rate of 100% despite all attempts at 
resuscitation, including direct massage of the exposed heart.

Conversely, the treated group showed progressive recov-
ery after the support. A progressive reduction of incidence 
and severity of arrhythmias, without periods of cardiac ar-
rest, and ultimately the capacity to develop pressure and car-
diac output after 2 hours of PCRA were observed.

The system was designed for percutaneous interventional 
procedures in humans. Its central surgical application in our 
study, required by interspecies (pig vs. human) size differ-
ences, was able to drastically reduce death and major adverse 
cardiac events even in the presence of sub-maximal flow rates.

In 3 additional animals, we had the opportunity to test 
the 2D-NIRS imaging of the exposed heart during the entire 
protocol study as well as during the eventual reopening of 
the LAD. The aim of using 2D-NIRS was to get information on 
changes in microvascular coronary circulation and tissue oxy-
genation of the ischemic region during temporary PCRA sup-
port, after its discontinuation and finally after reperfusion.

2D-NIRS imaging suggests the beneficial effect of PCRA 
in terms of metabolic amelioration of the ischemic tissue 
even in the absence of reperfusion. In particular, a better 
oxygenation of the peripheral infarct area might be related 
to ventricle volume unloading, including right ventricle, and 
maintenance of coronary perfusion pressure. It appears im-
portant to underline the limited extension of the final de-
oxygenated area as compared with the so-called risk area, 
which was well delineated at the onset of the ischemic pro-
cess, as one of the more crucial prerequisites for containing 
ventricular remodeling.

Study limitations

Some aspects of our study deserve a few comments. The 
anesthetized open-chest animal model we studied is certainly 
far from the clinical model of early acute myocardial infarction 
with cardiogenic shock. However, the open chest approach, as 
compared to LAD occlusion by catheter-induced thrombosis 
or balloon inflation, had the advantage of a very reproducible 
infarct induction (in terms of location, size, time of onset, and 
severity), of a continuous direct inspection of the heart and the 
possibility of more effective resuscitation maneuvers.

Due to different fitting dimensions of the input and out-
put polyurethane cannulae to the animal peripheral vessels, 
we were forced to use the right atrium as input and the aortic 
arch as output sites. We assumed in the present study that 
the results of such a circulatory arrangement would be able 
to predict the results of the percutaneous application of the 
device in AMI-CS in humans. However, due to the different 
effects on cardiac loads of the different input and output 
sites of the extracorporeal circuit, the reliability of such an 
assumption should be verified by later ad hoc studies.

The times and durations of PCRA were dictated by their 
compatibility with the timing of the experimental laboratory 
facilities and were contained to the minimum time necessary 
to show a clear-cut difference as compared with the control 
conditions.

2D-NIRS cardiac imaging still has important limitations. 
This technique provides qualitative and quantitative infor-
mation on myocardial O2 content (HbO2 + MbO2 vs Hb + Mb) 
limited to the visible portion of the exposed heart and to a 
few millimeters deep into the ventricular wall. As such, the 
application in clinical cardiology can be foreseen only during 
open-chest surgery. However, our use of NIRS imaging in the 
study had an exclusively pathophysiologic signficance.

Conclusions

The aim of our study was to investigate the putative ben-
efit of a percutaneous circulatory and respiratory assistance 
(PCRA) device for treating cardiogenic shock and reducing 
mortality during severe acute infarction. In a pig model of 
AMI, PCRA was documented as being able to drastically 
reduce mortality and to serve as an effective bridge to re-
perfusion. In addition, pivotal NIRS imaging of the LAD area 
during ongoing myocardial infarction, due to complete LAD 
ligation, suggests that PCRA reduces the extension and the 
severity of myocardial de-oxygenation. The mechanism(s) 
of such an effect remain(s) to be elucidated. In conclusion, 
our results in the swine model suggest that unloading of the 
right heart and pulmonary circulation during the early stage 
of AMI represents an interventional tool capable of limiting 
ischemic cardiac failure, life-threatening arrhythmias and 
death.
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