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ABSTRACT

Purpose: To evaluate the feasibility of prehospital extracor-
poreal cardiopulmonary resuscitation (E-CPR) in the military 
exercise setting. Methods: Three 40kg Sus scrofa (wild swine) 
underwent controlled 35% blood loss and administration of 
potassium chloride to achieve cardiac arrest (CA). During CPR, 
initiated 1 minute after CA, the animals were transported to 
Role 1. Femoral vessels were cannulated, followed by E-CPR 
using a portable perfusion device. Crystalloid and blood trans-
fusions were initiated, followed by tactical evacuation to Role 
2 and 4-hour observation. Results: All animals developed sus-
tained asystole. Chest compressions supported effective but 
gradually deteriorating blood circulation. Two animals un-
derwent successful E-CPR, with restoration of perfusion pres-
sure to 80mmHg (70–90mmHg) 25 and 23 minutes after the 
induction of CA. After transportation to Role 2, one animal 
developed abdominal compartment syndrome as a result of 
extensive (9L) fluid replacement. The other animal received 
a lower volume of crystalloids (4L), and no complications 
occurred. In the third animal, multiple attempts to cannulate 
arteries were unsuccessful because of spasm and hypotension. 
Open aortic cannulation enabled the circuit to commence. No 
return of spontaneous circulation was ultimately achieved in 
either of the remaining animals. Conclusion: Our study demon-
strates both the potential feasibility of battlefield E-CPR and 
the evolving capability in the care of severey injured combat  
casualties.

Keywords: combat trauma; extracorporeal membrane oxy-
genation; endovascular; battlefield; cardiac arrest; cardio-
pulmonary resuscitation

Introduction

The avoidance of early mortality remains the primary focus of 
combat surgeons around the world. The main causes of poten-
tially preventable deaths—hemorrhage, airway obstruction, 
and tension pneumothorax—have been aggressively addressed 
by TCCC and advanced resuscitative care (ARC) protocols to 
minimize mortality.1–3 Although a variety of solutions has been 
proposed to prevent death, resuscitation in the setting of trau-
matic cardiac arrest (TCA) after combat injury remains an al-
most universally fatal endeavor, with no optimal intervention 
having been identified to support salvage of these casualties.

An 11-year database analysis of the UK Joint Theatre Trauma 
Registry previously reported on 424 casualties (4.6% of all 
registered patients) with CA caused mostly by explosive or 
gunshot injuries.4 The authors found that 10.6% of casualties 
who arrested after arrival at the Role 3 medical treatment fa-
cility (MTF) survived to discharge, with most of them (80%) 
presenting with injuries consistent with major hemorrhage. 
Resuscitative thoracotomy was the only performed life-saving 
surgical procedure attempted in this series, but this heroic in-
tervention did not affect survival.

As combat medical providers continue to strive to improve 
outcomes for critically unstable casualties and TCA victims, 
newer life-saving techniques have been proposed to expediently 
restore systemic and central circulation. These novel interven-
tions include resuscitative endovascular balloon occlusion of the 
aorta (REBOA),5,6 selective aortic arch perfusion,7,8 emergency 
preservation and resuscitation,9 and extracorporeal membrane 
oxygenation (ECMO).10,11 Many of these techniques are now 
extensively used in select civilian trauma centers and have also 
been investigated for field implementation.12,13
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While venoarterial (V-A) ECMO is increasingly being used in 
the setting of cardiogenic shock and CA (E-CPR) at select civil-
ian centers, the utility of artificial circulation for hemorrhagic 
shock and TCA remains a matter of active investigation. Re-
cent experience from leading trauma centers has demonstrated 
success in the effective use of V-A ECMO for saving severely 
polytraumatized patients by appropriately trained and config-
ured teams.10,14 To date, however, no examination of the fea-
sibility of this intervention in an austere military environment 
has been reported.

Our present report outlines the results of a feasibility study 
conducted in the context of military exercise setting. A sce-
nario of out-of-hospital/battlefield TCA, followed by combat 
casualty care and staged forward resuscitative care, was de-
signed to simulate circumstances in which E-CPR might be 
potentially employed during military conflict.

Methods

Overview
This study was performed during the May 2018 and June 
2019 iterations of the annual military medical exercises held at 
the educational center of the Kirov Military Medical Academy, 
Saint Petersburg, Russian Federation. For the purpose of train-
ing and investigation, we generated a specific experimental CA 
four-stage protocol consisting of animal preparation, induc-
tion of CA, resuscitation including ECMO initiation, and tac-
tical evacuation on ECMO (Figure 1). All animal live-tissue 
training and investigations during the military exercises are 
conducted under annual protocols reviewed and approved by 
the local ethical committee. This study, spanning a 2-year pe-
riod, was approved by the ethical committee of the Kirov Mil-
itary Medical Academy (protocol No. 203, 20 March 2018).

Experimental Protocol

Animal preparation
Sus scrofa (wild swine) study subjects weighing 40kg each 
were housed in quarantine at the animal facility for 14 days. 
After initial sedation with 400mg tiletamine and zolazepam 
(Zoletil; Virbac, France), an ear vein was cannulated for pri-
mary drug administration, and the left carotid artery was ex-
posed for placement of a 6-Fr retrograde sheath. This sheath 
was then used to facilitate a controlled hemorrhage, blood 
pressure monitoring, and blood sampling. The animal was 
then placed on an outdoor litter close to a simulated Role 1 
MTF, consisting of a field tent facility with an operating table, 
a ventilator, and a basic kit of surgical instruments.

Induction of CA
We chose a combined (hemorrhage-induced plus nontrau-
matic) mechanism of CA for our study protocol. After con-
trolled removal of 35% of total blood volume (stored using 
1000IU of heparin per unit), 20mg/kg potassium chloride 
was administered. We then used ultrasound (Sonoscape S6, 
China) and electrocardiography to document loss of heart 
contractility.

CPR and ECMO Protocol
One minute after documented CA, a Lucas2 chest compression 
system (Jolife, Sweden) was applied over the animal’s chest 
for ongoing CPR. During CPR, the animal was transported 
to a tent (Role 1) and placed on a surgical table (Figure 2).  

Along with surgical cricothyroidotomy, 50IU/kg heparin was 
administered and emergency cannulation was performed. 
Both the femoral artery and vein were exposed and instru-
mented with 12-Fr 7.5–9" and 17- to 18-Fr short (12") or 
long (30") cannulae, respectively, for emergent V-A ECMO– 
E-CPR. Cannulae were reliably secured to the body and con-
nected to a perfusion device. Pump flow was initiated at blood
flow rate (BFR) of 600mL/min and increased slowly to 1500
to 2500mL/min. As early as 10 minutes after the ECMO pro-
cedure was initated, the animals were resuscitated with whole

ECMO = extracorporeal membrane oxygenation; IV = intravenous; 
V-A = venoarterial.

FIGURE 1  Experimental protocol.

FIGURE 2  The animal admitted to a Role 1 medical treatment 
facility on ongoing cardiopulmonary resuscitation. Surgical 
cricothyrotomy is performed, and femoral vessels are explored for 
subsequent cannulation.
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blood. To avoid severe hypocalcemia, small boluses of 10% 
calcium chloride were administered. Epinephrine was used to 
correct critical hypotension.

Blood samples were taken for gas analisys (i-Stat, Abbott Lab-
oratories, IL) at the following timepoints: baseline, 5 minutes 
after CA (pre-ECMO), 1 hour after ECMO initiation (on-
ECMO), and on admission to Role 2 before study termination 
(terminal-ECMO). Mean arterial pressure (MAP), flow, and 
saturation parameters were monitored throughout the study. 
The primary endpoint was the adequate level of perfusion 
pressure on admission to Role 2.

One experienced anesthetist-perfusionist responsible for 
ECMO augmented a Role 1 team consisting of an anesthe-
tist, a military surgeon, and a scrub nurse. The air critical care 
transport team consisted of another anesthetist, the anesthe-
tist-perfusionist joining the transport, and two anesthetist 
nurses equipped with a dedicated trauma care package. The 
military surgeon experienced in performing REBOA and other 
basic endovascular interventions in human and animals, but 
having no experience in large cannulae insertion, performed all 
cannulations in our study. No additional training for ECMO 
in animals was undertaken before the study began.

Field ECMO Equipment
For the ECMO circuit, we used a lightweight (3kg) portable 
perfusion system, Ex-Stream (TransBiotech, Ltd., Skolkovo, 
Russian Federation). The whole ECMO kit, weighing approx-
imately 3–4kg (total kit dimensions, 50 × 40 × 25cm), also in-
cludes an oxygenator (Affinity Pixie, Medtronic, Fridley, MN), 
venous (access) and arterial (return) cannulae, a spare ECMO 
circuit, connectors, tubes, sterile scissors, and tubing clamps. 
The ECMO circuit was primed and prepared. Bio-Medicus 
and DLP pediatric cannulae were used for semi-Seldinger and 
open cannulation, respectively (all Medtronic).

Evacuation Protocol
Once the ECMO circuit was stabilized, the animal underwent 
immediate evacuation by a rotary wing platform to a Role 2 
MTF deployed in fast adjustable pneumatic modules within 
the distance of a 15-minute flight (Figure 3). A single, dedi-
cated, high-capacity Mil Mi-8 helicopter equipped with a stan-
dard medical transportation module was used for the flights.

Study Termination and Euthanasia
After delivery to the Role 2, animals were checked for MAP 
and possible return of spontaneous circulation (ROSC). If 
indicated, the swine underwent additional appropriate inter-
vention for stabilization and continuous monitoring, such as 
abdominal compartment syndrome (ACS) release or/and ad-
ditional vascular cannulation. If no ROSC was achieved after 
these procedures, death was confirmed, the study was termi-
nated, and the ECMO circuit stopped. No postmortem exam-
ination was undertaken.

Results

Overview
Three sedated animals underwent induction of CA at a dis-
tance of 100–150 m from the Role 1 facility and developed 
sustained asystole. On the scene, care providers initated intra-
osseus fluid replacement (200mL Ringer solution) and CPR 
within 1.4 minutes (range, 1–2 minutes), followed by immedi-
ate ground transportation to the Role 1, which took 5 minutes. 
Because of low oxygen saturations (<60%) upon admission, 
surgical cricothyroidotomy was performed with high-flow 
100% oxygen administered via a tracheostomy tube. Lucas 
chest compressions supported effective but gradually deterio-
rating blood circulation, confirmed by decreasing MAP from 
initial values of 55mmHg (range, 50–65mmHg) to 40mmHg 
(range, 20–40mmHg) prior to ECMO initiation (Figure 4). 
Two of three animals underwent immediate successful can-
nulation and ECMO initiation, resulting in restoration of 
perfusion pressure to 80mmHg (range, 70–90mmHg). We ulti-
mately evacuated these two animals to the Role 2, followed by 
additional surgical interventions and study termination. The 
arteries of animal No. 3 were unable to be cannulated after 
multiple attempts over an hour because of spastic small-caliber 
vessels. In this latter animal, the protocol was ultimately dis-
continued due to futility. No ROSC was ultimately achieved in 
either of the remaining study animals.

Successful Role 1 E-CPR
Two animals underwent a complete protocol of ECMO initia-
tion under ongoing CPR. Cannulation of femoral vessels was 
performed within 20 and 18 minutes after arrival to Role 1, 
respectively, and restoration of flow was achieved 25 and 23 

CPR = cardiopulmonary resuscitation; ECMO = extracorporeal mem-
brane oxygenation; E-CPR = extracorporeal cardiopulmonary resusci-
tation; MAP = mean arterial pressure; POI = point of injury.

FIGURE 4  Diagram illustrating perfusion pressure over the study 
time course. Data presented as mean (standard error of mean).

V-A = venoarterial.

FIGURE 3  Tactical evacuation of the animal to Role 2 during 
extracorporeal cardiopulmanory resuscitation (V-A ECMO) using 
the portable Ex-Stream device (TransBiotech, Ltd, Skolkovo, Russian 
Federation).

All articles published in the Journal of Special Operations Medicine are protected by United States copyright law  
and may not be reproduced, distributed, transmitted, displayed, or otherwise published without the prior written permission 

of Breakaway Media, LLC. Contact publisher@breakawaymedia.org.



80  |  JSOM   Volume 20, Edition 4 / Winter 2020

minutes after the induction of CA. As soon as ECMO was 
initiated, we stopped the external compressions. In animal No. 
1, both short cannulae (a 12-Fr 9" arterial and an 18-Fr 12" 
venous) were inserted into the left femoral vessels using an 
open cutdown exposure. In animal No. 2, ultrasound-guided 
percutaneous access was initially attempted to achieve venous 
and arterial sheath placement (a 12-Fr 7.5" arterial and a 17-
Fr 30"). Body movements during the CPR and small-caliber 
vessels hindered the ability to achieve a stable needle position, 
however, so access was rapidly transitioned to a semi-Seldinger 
technique that involved cutdown to expose the anterior vessel 
walls for direct needle puncture of both the femoral artery and 
vein.

After connection to the ECMO circuit, E-CPR was initiated 
with a BFR of 2.0–2.5L/min, and the ventilator was discon-
nected. The two study animals were initially resuscitated with 
9L and 4L of crystalloids, respectively. This was followed by 
the infusion of 1L of stored whole blood and 10mg of calcium 
chloride. Thereafter, the two animals were transported with 
ongoing ECMO by helicopter to the Role 2 facility. After a 
15-minute flight to the Role 2 and 3 hours after CA, animal
No. 1 developed ACS due to severe blood loss (hemoglobin
level decreased from 10.2 to 1.3g/dL), shock (MAP decreased
from 97 to 34mmHg), and extensive fluid replacement. The re-
sulting ACS contributed to inferior vena cava compression and
inadequate blood drainage via the short-access venous cannula, 
which resulted in a drop of the ECMO circuit BFR to 400mL/
min. An emergent decompressive laparotomy was subsequently 
peformed at the Role 2, restoring the BFR to 1.5L/min.

Animal No. 2 received a lower volume of crystalloids and de-
veloped no complications en route to the Role 2, although a 
similar drop in measured hemoglobin level was observed (9.5 
to 1.5g/dL). Despite effective blood drainage and return, this 
second study animal continued to deteriorate and developed 
progressive shock (MAP decrease from 65 to 22mmHg). Ad-
ditional carotid artery cannulation was attempted to restore 
BFR at the Role 2 via the addition of two arterial return can-
nulae, with no notable effect.

Perfusion of both animals was artifically maintained during 
the experimental protocol in its entirety. The protocol was ter-
minated in both study animals after 4 hours without ROSC. 
We recorded no access-related complications in either of the 
two study animals.

Role 1 E-CPR Failure
In animal No. 3, open femoral vein cannulation (an 18-Fr 12" 
cannula) was successfully achieved 17 minutes after the in-
duction of CA. Arterial access via cutdown of the femoral, ca-
rotid, and even iliac arteries (a 12-Fr 9" cannula) was not able 
to be achieved, however, because of profound spasm and hy-
potension. Open aortic cannulation via laparotomy ultimately 
enabled the circuit to commence at a BFR of 1L/min. The arte-
rial cannulae at this location were not able to be appropriately 
secured for transport, however. Because of these challenges 
and extensive bleeding from the aortic cannulation sites, the 
protocol for the third animal was discontinued due to futility.

Laboratory Values
Blood tests taken from all animals demonstrated a dramatic 
progression of metabolic acidosis because of blood loss and 
extensive fluid replacement therapy. The base deficit gradually 

increased from 0 (–2 to +2) to 29 (28 to 30), and the pH level 
gradually decreased from 7.25 (7.18 to 7.48) to 6.66 (6.50 
to 6.82) during the time course (Figure 5). Despite resusci-
tation, ECMO, and blood replacement, rapidly developing 
hyperkalemia was observed in the two study animals. In these 
study subjects, the potassium level increased from 2.8mmol/L 
(2.0–3.8mmol/L) to 7.8mmol/L (6.8–8.8mmol/L). In addition, 
these two study animals demonstrated a dramatic and pro-
gressive decrease in hemoglobin levels to the end of the study 
(Figure 5). No blood samples were taken from animal No. 3 
after aortic cannulation and initiation of ECMO.

Discussion

Extensive combat trauma is a leading cause of prehospital 
and in-hospital mortality in the warfare environment. Ex-
sanguination leading to blood volume depletion remains an 
ever-present potential challenge. Despite advances in TCCC, 
ARC, far-forward damage-control surgery, and resuscitation, 
there remains a need to evaluate the utility of further emerging 
techniques capable of supporting and restoring circulation in 
casualties with TCA. E-CPR (V-A ECMO during CA), already 
shown to be an effective tool in the rescue from cardiogenic 
CA in select patients,10,14 warrants examination in this regard. 
However, E-CPR for acute trauma remains a controversial 
topic requiring additional study. Although ongoing hemor-
rhage is considered to be a traditional contraindication for 
ECMO due to the typically required systemic heparinization, 
some civilian trauma centers have already demonstrated the 
potential for saving lives using this technique, even for poly-
traumatized patients.14

Early hospital-based use of V-A ECMO has already been 
found to be effective for refractory nontraumatic CA.15 In 
order to explore the potential value of this adjunct as early 
after arrest as possible, the use of V-A ECMO has also been 
pushed forward for potential prehospital applications.16 These 
investigations have shown that the interval between CA and 
restoration of circulation (the low-flow period) is inversely as-
sociated with optimal neurologic and clinical outcome after 
E-CPR.17 To optimize out-of-hospital care and reduce the low-
flow time period, special ECMO teams have been developed
in some countries.16,18 ECMO experience in austere military
circumstances is, however, limited.

BD = base deficit; Hb = hemoglobin (g/dL) level; K+ = potassium 
(mmol/L), pH level.

FIGURE 5  Blood gases analysis summarizing three study animals 
that underwent extracorporeal cardiopulmonary resuscitation. Data 
presented as mean (standard error of mean).
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ECMO was rarely perfomed during the recent combat op-
erations and mostly at higher echelons of care for patients 
sustaining acute respiratory distress syndrome.19–23 Turner et 
al19 reported only three ECMO procedures documented at 
Role 3 MTFs during 15 years of combat operations in Iraq 
and Afghanistan. Ten US casualties (four of them cannulated 
in the war zone) were also successfully treated with either 
venovenous ECMO or pumpless extracorporeal lung assist 
and underwent strategic evacuation.20,23 These isolated reports 
represent the only description of ECMO or E-CPR cases in a 
combat zone that to date have been published in the literature.

The present work demonstrates the technical feasibility of 
E-CPR for use on the modern battlefield. During the field exer-
cises, simulated out-of-hospital CA was achieved in austere set-
tings, followed by staged care. Two animals were transported
to Role 2 with adequate levels of perfusion pressure without ac-
cess-related complications. Although nominally admitted alive
(normal-range MAP on admission to Role 2), both animals
had artificial circulation and were progressively deteriorating
with uncontrolled acidosis and anemia. To support circulation,
large volumes of crystalloids were used; however, early blood
replacement has a potential for use in E-CPR. In a study in-
vestigating TCA in animals, Barnard et al.8 demonstrated that
animals that had undergone selective aortic arch perfusion and
been resuscitated with fresh whole blood had higher rates of
ROSC and survival than did those resuscitated with Ringer
lactate or that underwent REBOA without an additional per-
fusion modality. Because of the high serum concentration of
potassium administered to initiate CA in our study, ROSC was
unlikely to be achieved and hence was not considered to be a
primary endpoint. Although additional study is required, these
findings suggest that ECMO for very select patients may avoid
mortality and support transfer to Role 3, where more compre-
hensive resuscitative care can be provided.

It is important to note that ECMO remains a highly technical 
and technology-dependent intervention. Tisherman et al.18 re-
cently raised critical questions related to development of an 
effective system to integrate E-CPR in a continuum of care, 
including such important factors as selection of patients, the 
experience and skills of personnel, and equipment.

Combat wounded are a unique cohort of patients. Effective 
TCCC protocols provide the best chances for the combat 
wounded to survive, but the value of battlefield CPR remains 
a matter of active debate. Present TCCC doctrine does not 
advocate the use of prehospital CPR when no pulse, ventila-
tion, or other signs of life are appreciated.24 These guidelines 
suggest that CPR may be attempted during tactical evacuation 
only if transportation time is minimal and the casualty has no 
obviously fatal wounds. In accordance with sound prehosp-
tial combat casualty practice, the obvious sources of hemor-
rhage must be primarily controlled and other immediately 
life-threatening conditions addressed.

Exploration of the value of E-CPR in the combat setting will 
require judicious consideration of the potential role of antico-
agulation early after control of obvious hemorrhage sources. 
Although some leading centers have initiated ECMO for 
trauma without systemic anticoagulation,10 optimal practice 
in this regard is not well elucidated. Modern heparin-bonded 
cannulae and circuits may play a particularly valuable role in 
the trauma setting.

Trained, experienced personnel are also absolutely necessary 
for successful ECMO implementation. Many formal hospi-
tal-based ECMO teams consist of providers from an array of 
different specialties, including cardiac surgeons and cardiac 
anesthetists, perfusion services, intensive care nursing, and 
others.25,16 For battlefield ECMO, Macku et al.26 previously 
proposed a larger group of specialists, including a cardiac and 
vascular surgeon. The team used for the present report con-
sisted of four members: two anesthetists, a military (trauma) 
surgeon, and a nurse. The optimal configuration of a potential 
austere E-CPR team will require additional study, however, be-
cause several studies have also demonstrated that nonsurgeons 
with appropriate training can safely perform vascular cannu-
lation and initiate ECMO.16,27 Additional vascular training is 
likely very important to support expediency with both cannu-
lation and coping with potential vascular-access complications.

Although cannulation procedures and ECMO are typically per-
formed at facilties with capabilities substantially greater than 
those in the typical Role 1 setting, only hand-carried devices 
(i.e., ECMO machine, ventilator, gas cylinder) were used by the 
personnel augmenting this stage of care in the present report. 
This expanded prehospital military capability goes along with 
the current paradigm of special operations surgical/resuscitative 
teams that have evolved to provide surgical capability farther 
forward to the battlefield.28,29 Among the vascular access pro-
cedures described on the study animals, surgery was attempted 
in one animal to achieve more proximal access because of the 
failure of femoral cannulation. The surgeons in this study pro-
tocol persisted with vascular access alternatives despite recur-
rent challenges, but this practice might not prove feasible in a 
real-world casualty care event. In that context, such persistent 
failure to achieve access would demand an earlier shift in focus 
toward other life-saving techniques and interventions.30

The specific equipment to facilitate E-CPR continues to evolve. 
At present, ECMO requires an appropriate perfusing machine, 
additional oxygen supply, and cannulae. The portable perfu-
sion device used in the present study satisfies the portability 
and functionality needs for prehospital scenarios. To reduce 
weight, a portable oxygen concentrator or generator might be 
potentially used, but because it was unavailable in this instance, 
an additional oxygen gas cylinder was used. The choice of a 
draining (i.e., venous) cannula in the present study was found 
to be critical because a short cannula was unable to adequately 
drain blood from the inferior vena cava compressed by elevated 
abdominal compartment pressure. Further, the inability to can-
nulate the femoral artery in animal No. 3 demonstrates the need 
to have an enlarged kit containing cannulae of different sizes 
and lengths to meet the anatomic configurations encountered.

Equipment for adjunctive CPR in a harsh military setting is 
another issue for consideration. The Lucas compression device 
used in the present study is not currently familiar in the mod-
ern battlefield and may be too large to be included in a typi-
cal combat medic kit. It may, however, improve the ability to 
deliver required hands-free compression, as supported by the 
finding here that one-third of closed CPR time was required en 
route. Effective CPR for these durations by hand compression 
is unlikely to be as effective as that of device-assisted CPR, 
thereby potentially worsening an outcome.

This feasibility report has important limitations that must be 
acknowledged. First, this is a pilot, small-sample-size study 
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primarily evaluating the field logistics and feasibility of the 
procedure rather than state-of-the-art care. Second, this study 
lacks stringent monitoring and laboratory-guided resusci-
tation capabilities. Although during closed CPR the utilized 
MAP monitoring demonstrated an adequate initial perfusion, 
continuous monitoring during transportation could not be 
used to exclude undocumented episodes of hypoperfusion. 
Hemodilution and acidosis were clearly demonstrated by 
point-of-care testing results but are likely largely attributable 
to the more liberal use of crystalloids than would have oc-
curred in actual contemporary practice. It is likely that modern 
whole blood resuscitation strategies as outlined in the ARC 
protocols2 would result in more consistent laboratory results 
in future study animals. The present study did, however, use 
the implementation of CPR in accordance with current ba-
sic and advanced life support recommendations. This resulted 
in a temporary elevation of MAP, which permitted effective 
transportation to a location where more advanced resusciati-
eve and hemorrhage control techniques might be available.

Despite these limitations, the present work is the first to demon-
strate the potential feasibility of V-A ECMO use during far-
forward resuscitative care to support casualties with TCA who 
would otherwise be considered unsalvageable. The potential role 
for battlefield E-CPR, however, requires additional examination.  
It might warrant consideration at Role 2 facilities with more ro-
bust surgical capability for casualties admitted in extremis with 
impending CA but not frank arrest. In this fashion, E-CPR might 
serve to expediently support (rather than substitute) a casualty’s 
circulation. However, as required technology continues to evolve 
(an ECMO machine and kit can be carried in a rucksack now), 
and as concurrent improvements in skills training and rapid ca-
sualty transport develop, E-CPR may soon become an option in 
the armamentarium of specific care providers even closer to the 
point of injury. The effective implementation of early E-CPR in 
the forward military setting seems to be logistically, mentally, 
and technically challenging, but in the future, it may become a 
bridge from “killed in action” to “returned to duty.”

Conclusion

The present study in a porcine model demonstrates the fea-
sibility of V-A ECMO for use during TCCC and forward 
resuscitative care at Role 1 or 2. CPR (closed and then ex-
tracorporeal) may play a potential role in improving survival 
in future warfare. Further investigations are warranted to de-
termine indications, optimal training, equipment, and utiliza-
tion protocols required to facilitate the effective integration of 
ECMO into military forward-care capabilities.
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