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ABSTRACT: Advanced extracorporeal therapies have been successfully applied in the austere environment of combat casualty care over the previous decade.
In this review, we describe the historic underpinnings of extracorporeal membrane oxygenation, review the recent experience with both partial
and full lung support during combat operations, and critically assess both the current status of the Department of Defense extracorporeal mem-
brane oxygenation program and theway forward to establish long-range lung rescue therapy as a routine capability for combat casualty care. (J
Trauma Acute Care Surg. 2018;84: S63–S68. Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.)
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E xtracorporeal membrane oxygenation (ECMO) has gained
wider acceptance in the management of critically ill adults

over the past decade leading to increased ECMO case volumes
and more ECMO centers.1 Multiple factors have contributed,
including improved equipment and evidence, supporting its use
leading to better patient selection.2–4 Over this same period, the
use of ECMO for combat casualty care has been explored.5 By
adding this additional level of advanced care to the options avail-
able for managing severely injured casualties in remote, austere
locations, multiple lives have been saved that undoubtedly would
have been lost in previous conflicts.5,6 Now, the questions of
sustainment and delivery to even more remote locations must be
addressed. The following review defines the scope of this discus-
sion and outlines the current pathway for using advanced lung
rescue techniques in austere battlefield conditions as a matter of
routine combat casualty care.

DEFINITIONS AND INDICATIONS

Extracorporeal life support (ECLS) is the general, blanket
term used to include multiple forms of extracorporeal rescue

therapies. This article will focus exclusively on the use of ECLS
for pulmonary indications. These indications include both hyp-
oxemic and hypercarbic respiratory failures, with the former be-
ing the more common indication for ECLS initiation. The ECLS
support for hypoxemia is typically provided with venovenous
ECMO (VV ECMO) in which deoxygenated blood is drained
from a large central vein and pumped through a gas exchange
membrane before being returned to the central venous circula-
tion.2,3 In this configuration, the pulmonary circulation is not
bypassed, and the heart does not see any significant change in
either preload or afterload.7 Another approach, which has been
applied typically in Europe for hypercarbic respiratory failure is
arteriovenous pumpless support, so-called pumpless extracorpo-
real lung assist (PECLA). In this configuration, relatively hypox-
emic and hypercarbic blood is drained from a femoral artery and
passed through a gas exchange membrane and back into a fem-
oral vein with the patient's blood pressure.8–10 However, this
approach limits the patient's mobility, has a 21% cannulation site
complication rate, and there are currently no Food and Drug
Administration (FDA)-approved devices for this technique avail-
able in the United States. This article will not address venoarterial
ECMO (VA ECMO) for resuscitation11 or deep hypothermic
arrest for salvage after exsanguination,12 which have not been used
for combat casualty care to date.

HISTORIC CONTEXT

Extracorporeal membrane oxygenation has been used for
severe respiratory failure in adult trauma patients for decades.13

In recent years, concerns over postinjury hemorrhage have been
addressed with nuanced management of anticoagulation, and
improved survival in trauma patients with severe acute respira-
tory distress syndrome (ARDS) has been demonstrated.14

The first interfacility ECMO transport was performed by
Bartlett and colleagues15,16 for a 17-year-old female with pul-
monary hemorrhage from Goodpasture syndrome in 1977. They
transported her from Albuquerque, NM to Orange County Med-
ical Center (now UC Irvine Medical Center) on a US Air Force
C-130 with bread-truck type ambulances used for the ground por-
tions of the transfer between each hospital and the airfield.

Submitted: January 2, 2018, Revised: January 30, 2018, Accepted: February 5, 2018,
Published online: February 13, 2018.

From the Division of Traumatology, Surgical Critical Care & Emergency Surgery
(J.W.C.), Perelman School of Medicine at the University of Pennsylvania,
Philadelphia, Pennsylvania; Uniformed Services University of the Health Sciences
(J.W.C.), Bethesda, Maryland; Department of Surgery (P.E.M.), San Antonio
Military Medical Center; US Army Institute of Surgical Research (A.I.B.),
Joint Base San Antonio-Fort Sam Houston, Texas; and the Geneva Foundation,
Tacoma, Washington (A.I.B.).

Disclaimer: The views expressed herein are those of the authors and do not reflect the
official policy or position of the US Air Force, the US ArmyMedical Department,
the US Army Office of the Surgeon General, the Department of the Army, the
Department of Defense, or the US Government.

Presentations: This work was presented in part at the 2017 Remote Damage Control
Resuscitation (RDCR) Symposium, June 26–28, 2017, in Bergen, Norway.

Address for reprints: Jeremy W. Cannon, MD, Division of Trauma, Surgical Critical
Care and Emergency Surgery, 51N., 39th St, MOB Suite 120, Philadelphia, PA
19104; email: jeremy.cannon@uphs.upenn.edu.

DOI: 10.1097/TA.0000000000001846

THOR 2018

J Trauma Acute Care Surg
Volume 84, Number 6, Supplement 1 S63

mailto:jeremy.cannon@uphs.upenn.edu


ECMO transport programs were subsequently established by the
US Air Force at Wilford Hall Medical Center17 and at several ci-
vilian institutions, including the University of Michigan18 and
Arkansas Children's Hospital.19 These programs demonstrated
the safety of long-range ECMO transport and set an important
precedent for centralizing ECMO care in high-volume centers.

EARLY COMBAT CASUALTY EXPERIENCE

Severely injured combat casualtieswho survive to surgical
care often require a massive resuscitation in the course of their
initial management. If the sources of bleeding and contamination
can be controlled, the expected survival is excellent. However, we
now know that about 8% of combat casualties who survive to sur-
gical care go on to die a preventable death from multiple organ
failure.20 In this same population, approximately 3% of intubated
casualties manifest ARDS in their hospital course, and this is in-
dependently associated with increased mortality.21,22 In mechan-
ically ventilated burned casualties, ARDS is even more common
at 33%, and those with severe ARDS have a 43% mortality.23

Still, others with severe pulmonary or tracheal injuries require ad-
vanced ventilator management and may also require aggressive
surgical interventions, such as pneumonectomy. These patients
consume tremendous medical resources on the ground and also
outstrip the ability of the standard transport ventilator, thereby
precluding safe evacuation (Fig. 1). Recognition of these chal-
lenging and potentially life-threatening situations in otherwise
salvageable patients prompted the establishment of the Acute
Lung Rescue Team (ALRT) based at the Level IV combat facility
in Landsthuhl Regional Medical Center (LRMC) in November
2005.24,25

The ALRT launched from LRMC in response to requests
for advance lung support in the combat theaters of both Iraq
(Operation Iraqi Freedom [OIF]) and Afghanistan (Operation
Enduring Freedom [OEF]). Additional interventions for ARDS
provided by this team included advanced ventilators with addi-
tional modes of ventilation (e.g., the percussive VDR ventilator),
inhaled pulmonary vasodilation therapy, and eventually extracor-
poreal support first with PECLA in 2005 (Fig. 2) and ultimately

full VV ECMO as of October 2010 (Fig. 3).5,26 Patients man-
aged with ECLS included those with blast injury and traumatic
brain injury often with relative contraindications to anticoagula-
tion wherein the bleeding risk was mitigated by either holding or
targeting very low levels of anticoagulation. The results reported
by this teamwere exceptionalwith 90% survival in US casualties
managed with extracorporeal support, reflecting both very good
patient selection and robust patient substrate.5

CURRENT STATUS OF ECMO FOR WORLDWIDE
COMBAT CASUALTY CARE

Providing consistent care for a complex clinical problem,
like ARDS, over many years with a high turnover in providers

Figure 1. Double lumen endotracheal tube for independent
lung ventilation during transport. Reproduced from Cannon, JW
and McNeil JD. Critical Care for War-Related Thoracic Injuries. In:
Sellke F, Del Nido P & Swanson S. eds. Sabiston and Spencer
Surgery of the Chest, 9th ed. Philadelphia, PA: Elsevier;
2015:61.1-61.13, with permission.

Figure 2. AV partial lung support with an early generation
Novalung Interventional Lung Assist (iLA) (Xenios AG, Heilbronn,
Germany) gas exchange membrane (arrow). Photo courtesy of
Erik C. Osborn, MD.

Figure 3. First ECMO transport. Reproduced from Cannon, JW
and McNeil JD. Critical Care for War-Related Thoracic Injuries. In:
Sellke F, Del Nido P & Swanson S. eds. Sabiston and Spencer
Surgery of the Chest, 9th ed. Philadelphia, PA: Elsevier;
2015:61.1-61.13, with permission.
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and support personnel is a major challenge for combat casualty
care. As seen in the variable availability and application of renal
replacement therapies from Korea to Vietnam and then through-
out OIF and OEF, the institutional knowledge for delivering ad-
vanced therapies is unfortunately extinguishable.27 To mitigate
this risk with advanced lung rescue and ECMO support, a multi-
dimensional effort was undertaken starting in 2010. These efforts
proceeded in parallel and included the following elements: (1) cre-
ation of an ARDS clinical practice guideline (CPG), (2) establish-
ment of a fixed based of operations for adult ECMO support in
the Department of Defense (DOD), (3) development of a trans-
lational ECMO research agenda, (4) creation of a leadership
pipeline for the ECMO program with an ECMO fellowship
pathway, and (5) establishing ECMO as a core capability in
combat casualty care doctrine.

The Joint Trauma System is responsible for developing
and maintaining a number of CPGs on all aspects of clinical care
from wound management and antibiotic selection to the care of
ocular injuries in the combat theater. In April 2014, the first ver-
sion of the Acute Respiratory Failure CPG was published with a
recent update posted in January 2017.28 This guideline seeks to
standardize the care of all patientswith any level of ARDS sever-
ity and also provides guidance on obtaining expert consultation
for possible extracorporeal support. The latter is of paramount
importance because early recognition of both the presence of
ARDS and the need for advanced care by an experienced
ECMO team are central to optimizing survival.29,30

San Antonio Military Medical Center (SAMMC) is a
Level I trauma center designated by the state of Texas and veri-
fied by the American College of Surgeons. It is co-located with
the US Army Institute of Surgical Research Burn Unit, which
is approved by the American Burn Association. Finally, it is
designated a Level V combat casualty care facility. With these
resources and the history of pediatric and neonatal ECMO trans-
port at Wilford Hall Medical Center (which merged its inpatient
mission with Brooke Army Medical Center in 2011), this
seemed to be the ideal location for establishing a permanent
DOD adult ECMO program. After many years of preparation
to include hosting an Extracorporeal Life Support Organization
adult ECMO training course and securing buy-in and approval
from the DOD medical leadership, this program began opera-
tions in September 2012. Since that time, this team has managed
69 patients over 800 inpatient ECMO days with a 65% survival
to discharge which compares very favorably to the 66% survival
reported by Extracorporeal Life Support Organization.1 These
patients include both military as well as civilian patients using
a special approval process designed to maintain critical skills and
to support an appropriate ECMO clinical volume in keeping with
recommended standards.30 In addition, this team has been involved
in 45 ECMO transports on both ground and fixed-wing platforms
including multiple international transports from Afghanistan,
Colombia, Germany, Honduras, Iraq, and Japan. The most recent
ECMO transport was arranged from Baghdad, Iraq, to SAMMC
for a critically injured combat casualty using the Cardiohelp sys-
tem (Maquet Cardiovascular,Wayne, NJ), a very compact ECMO
system specifically designed for transport (Fig. 4).

A longstanding research program in respiratory rescue
technologies for severely burned patients at the US Army Insti-
tute of Surgical Research was expanded to include protocols

evaluating extracorporeal techniques in 2003.31–36 Indeed, this
research platform created a fertile environment for establishing
the clinical ECMO program, with a strong translational emphasis.
The subsequent reciprocal exchange between the research and
clinical programs has mutually benefitted both programs, which
continue to explore innovative approaches to management of
combat casualties with ARDS and multiple organ failure using
various ECLS technologies.32,37–42

In 2013, the US Air Force approved a salaried position for
fellowship training in ECMOmanagement. This advanced train-
ing is to be undertaken in a high-volume ECMO center in which
the trainee learns all aspects of ECMO patient management and
program administration through didactics and hands-on experi-
ence in both VVand VA adult ECMO. This fellowship position
enabled a year of intensive training for the current DOD ECMO
Medical Director (PEM) and will ensure a continuous supply of
ECMO-trained critical care physicians who can lead the DOD
ECMO program going forward. Furthermore, significant prog-
ress has been made in cementing ECMO care into the DOD’s
combat casualty care doctrine given the initial success of this
program. Future combat operations should be continuously sup-
ported by these and other innovative advanced care capabilities.

PLANNING FOR THE FUTURE

The principal challenges for routinely providing ECMO
support downrange include the time it currently takes from
ECMO team activation to initiation and the education and train-
ing required to sustain an ECMO program during the ebbs and
flows of the operational tempo. To address these challenges go-
ing forward, some instructive examples now exist in the civilian
realm. Extracorporeal membrane oxygenation has been initiated
in a prehospital setting by trained personnel in Paris, France, and
Regensburg, Germany, for cases of cardiac arrest.43–45 In all of
these cases, a well-trained ECMO team has launched from a
nearby hospital. Once on scene, this ECMO team has directed
the cardiopulmonary resuscitation, cannulated the patient and
then transported the patient to the hospital for ongoing ECMO
care. Although some of the lessons learned from these experi-
ences can inform preparations for firmly establishingVVECMO
support for combat casualty care, there are some important dif-
ferences in these situations. First, these teams initiating out-

Figure 4. Recent ECMO transport from Baghdad to SAMMC.
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of-hospital ECMO haveworked together in their home institutions
and have significant experience with initiating ECMO in pulseless
patients, where the ability or inability to cannulate determines
success or failure of the approach. Furthermore, they are work-
ing in close proximity to their home institution where the patient
will be managed following ECMO initiation.

In OIF/OEF, ECLS capability was provided by the ALRT
DOD transport team based at LRMC (Level IV). Patients had
ECLS (five PECLA, five VV ECMO) initiated at Level III by
ALRT providers before transport or at LRMC after transport
from the combat zone. All inpatient ECMO care was then pro-
vided at University Hospital Regensburg.5 With the decrease
in operational tempo, this capability has been pulled back to the
continental US making the current minimum time from ECMO
consultation to cannulation in the CENTCOM area of operations
24 hours to 48 hours.

Opportunities for growth of this program are detailed in
Table 1. To maintain an ECMO capability that can be initiated
within hours of the recognized need for this level of support, a
sustained education effort on the appropriate triggers for ECMO
consultation and initiation must be undertaken. Using the “fo-
cused empiricism”which has successfully bridgedmultiple gaps
in combat casualty care,46 a new paradigm in lung rescue for
combat casualties must be developed. We recommend that two
complementary courses of action be pursued to address this gap.

One approach would be to initiate partial lung extracorpo-
real support using a less complex system early after injury.32,37

The DOD has significant research experience with these devices
that resemble modern renal replacement systems routinely used
in both civilian critical care and combat casualty management.47

Because the blood flow rates for these systems is relatively low
(e.g., 500–1,000 mL/min as compared to 5 L/min for full ECMO),
thevascular access catheter resembles a double lumen dialysis cath-
eter. A general surgeon, emergency medicine physician, or critical
care physician can easily place these access catheters using stan-
dard ultrasound-guided Seldinger technique. Furthermore, these
systems all have an intuitive user interface. Both of these factors

simplify the initial training and the skills maintenance aspects of
initiating extracorporeal lung support. From a patient manage-
ment standpoint, this partial extracorporeal approach would also
allow reduction in the ventilator settings which would both
mitigate the ongoing barotrauma and volutrauma to the lungswhile
also improving the hemodynamic status of the patient until the
team with full ECMO and ECMO transport capability arrives.6,32

However, this bridge approach remains untested in the
management of patients with multiple injuries with severe ARDS,
and none of the devices are FDA approved at this point. Further-
more, if the ARDS is rapidly progressive, these low flow systems
would be unlikely to provide enough gas exchange to permit a sig-
nificant change in the patient's ventilator settings. Thus, another ap-
proach would be to establish and maintain ECMO initiation and
management skills among teams at Levels III and IV facilities as
an initial proof of concept followed by potential expansion to
Level II facilities in time. A simplified management approach
using existing, FDA-approved equipment (albeit use beyond 6
hours is technically off-label) could be developed and paired
with teleconsultation for patient selection, circuit preparation,
and cannula insertion. Training for ECMO initiation and early
management could easily be incorporated into predeployment
training for critical care physicians, nurses, and respiratory ther-
apists. This approach offers significant patient benefit by provid-
ing full extracorporeal lung support at the outset thereby
permitting complete lung rest while awaiting transport.

We recommend pursuing both of these options in parallel
while increasing exposure of DOD physicians, nurses, and respi-
ratory therapists to the full spectrum of extracorporeal support.
This exposure and training should be achieved by continuing
to support ECMO operations at SAMMCwhile also seeking ap-
propriate civilian partners to aid in this mission. This approach is
in keeping with the recommendations by the National Acade-
mies of Science, Engineering and Medicine for sustained mili-
tary excellence in trauma care as we seek to reduce the number
of preventable deaths from all injuries, including those sustained
in combat operations, to zero.46

TABLE 1. Current Capability Gaps in Global ECMO Support and Proposed Solutions

Gap Solutions Potential Barriers

Knowledge of ECMO indications and triggers for
ECMO consultation

Widely disseminate respiratory failure CPG;
provide education on additional indications for VV
ECMO including pneumonectomy and
tracheobronchial injury

Personnel turnover; low operational tempo

ECMO cannulation and patient management currently
limited to cardiothoracic surgeons and trained
intensivists (e.g., trauma surgeons, emergency
medicine/critical care, internal medicine/critical care)

Train deployment-eligible surgeons, emergency
medicine, and critical care physicians on
cannulation techniques; provide both
real-world and simulation training (live
tissue and model-based) for cannulation
and patient management

Limited exposure to ECMO in primary specialty
training; skills maintenance; availability of
high-fidelity live tissue and model-based
simulators

Full ECMO support and ECMO transport limited to
Level V combat facilities based in the United States
(minimum time from consult to on-site cannulation
is currently 24–48 h)

Initiate extracorporeal lung support at Level III
and IV facilities while awaiting ECMO transport

Lack of leadership support for expanded ECMO
training; gaining and maintaining skills for
ECMO initiation and short-term management
among all Level III and IV personnel

Need for ongoing ECMO training for both transport
and routine ECMO care

Expand Level V ECMO capability to include both
VVand VA ECMO; ensure adequate case volume
through designee programs permitting civilian
care in military treatment facilities; seek civilian
partners for expanded ECMO training

Lack of leadership support for expanded
ECMO training
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CONCLUSION

Current evidence supports ECMO as a lifesaving interven-
tion that can be safely used in the management of severely injured
trauma patientswith severe respiratory failure. This capability has
been applied successfully in the management of combat casu-
alties over the past decade. To maintain this capability during
periods of lower operational tempo (i.e., low level conflicts or
peacetime with few combat casualties), multiple gaps must be
addressed as enumerated above including logistical support
planning; ongoing education of military ECMO personnel in-
cluding respiratory therapists, intensive care unit nurses, perfu-
sionists and physicians; and incubation of these personnel in
high-volume civilian and/or military ECMO centers for skills re-
tention. Going forward, plans should also be made to enable initi-
ation of extracorporeal lung support routinely at Levels III and IV
facilities to save even more casualties in future conflicts. This ca-
pability is wellwithin reach with either partial extracorporeal lung
support as a “bridge” solution or even full ECMO support, paired
with early activation of the transport team. Future efforts should
be focused on further development and evaluation of partial lung
support, on translational efforts to field such a device for routine
combat casualty care use, and on exploring the possibility of train-
ing downrange teams to provide short-term full ECMO support.
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