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Prolonged ﬁeld care for traumatic extremity injuries: deﬁning a
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Extremity injuries occur frequently during warfare. While traditionally treated in deﬁnitive clinics, the future battleﬁeld is projected
to be different in a variety of ways, and there will likely be a shift towards prolonged ﬁeld care (PFC) for treating extremity traumas.
PFC is deﬁned as ﬁeld medical care that is applied beyond “doctrinal planning time-lines” by a tactical medical practitioner in order
to decrease patient mortality and morbidity. At present, there is an urgent need to develop biologically focused technologies for
treating extremity injuries in the PFC setting. Herein, the case is made for why rapid advancements in PFC is critical to achieve
optimal care for injured Service members in the future, and important design criteria for developing next-generation biologically
focused technologies. Finally, a case example—i.e., Gustilo Type III fracture—is presented to illustrate how these biologically
focused technologies could be utilized to treat an extremity injury within a PFC environment.
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INTRODUCTION
Mortality rates resulting from traumatic extremity injuries have
decreased dramatically during operations: enduring freedom, Iraqi
freedom, new dawn (OEF, OIF, and OND, respectively) relative to
other conﬂicts from recent history (e.g., World War II, Vietnam
War)1. This decrease is due, in part, to the 2009 announcement by
then Secretary of Defense Robert Gates on the “Golden Hour”
policy, which mandated that all injured US military personnel were
to be evacuated from theater, the area where an armed conﬂict
takes place, within 60 min of the time of injury2. In the years that
followed this shift in policy, the average time to care was reduced
by ~45 min and hundreds of lives were saved3,4.
Projections suggest, however, that the characteristics of a
future, multi-domain battleﬁeld against a peer or near-peer
adversary (e.g., a country with comparable military power) may
be quite different from that of OEF/OIF/OND5. Namely, many of
the operational constructs that made “Golden Hour” evacuation
possible such as air superiority, relatively small theater, and
forward surgical units will not be guaranteed within future
conﬂicts. Speciﬁcally, future conﬂicts are likely to bring about
several new operational challenges. First, ground operations are
likely to be ongoing across several fronts, and the theater will
likely be larger than what was encountered during recent
conﬂicts6. Second, near-peer adversaries are likely to rival the
sophistication of our air power making reliable aeromedical
evacuation scarce. Third, the added threat of cyberwarfare will
make communication and rescue missions more challenging.
Finally, the scale of attacks may prove more devastating than
recent conﬂicts resulting in an astounding number of casualties
that could challenge the bandwidth the US medical corps to
provide the highest level of individualized care to injured service
members (SM)7. Collectively, this means that evacuation of an
injured SM will be, at best, challenging, if not impossible. As a
result, it may be required that treatment of injured SM either be
delayed or carried out on the battleﬁeld for an extended period of
time—a concept coined as prolonged ﬁeld care (PFC). More
speciﬁcally, PFC is deﬁned as ﬁeld medical care that is applied

beyond “doctrinal planning time-lines” by tactical medical
practitioner (TMP; e.g., Army Combat Medic (68 W), Special
Operation Combat Medic (SOCOM/18D), Air Force Pararescuemen
(PJs), Navy Corpsmen and Special Amphibious Reconnaissance
Corpsman (SARC), etc) in order to decrease patient mortality and
morbidity6. The ability to perform PFC successfully is confounded
by a number of factors, including a lack of resources (i.e., limited to
contents of SM’s rucksack) and an austere operational environment that is inherently non-sterile and likely to promote infection
and acute complications (e.g., hyperthermia, hypothermia, dehydration). This scenario is further complicated by a lack of air
superiority, in that units must remain mobile to minimize further
attacks and additional unit casualty burden. As such, the prospect
of a combat casualty needing to be cared for in such an
environment for an extended period of time is suboptimal, as
minimizing the time to surgery is a known correlate of surgical
complications8.
Thus, the challenge currently facing the medical and research
communities is how to maintain historic Golden Hour survivability
rates within a resource limited PFC environment. Accordingly,
much of the research investment to date within this domain has
been focused on aspects of PFC that are directly associated with
survivability (e.g., hemorrhage control and resuscitation). Beyond
survivability, however, additional high priority requirements exist,
which are in need of innovative solutions. Speciﬁcally, knowledge
and/or materiel solutions are desperately needed which can (1)
facilitate accelerated healing or off-loading of traumatic musculoskeletal wounds so as to allow injured SM to return to duty more
expeditiously and (2) reduce the burden of survivorship by
improving the quality of outcomes. Of note, given the likely nature
of PFC within future battleﬁelds, such solutions should be able to
be applied wherever the casualties may occur without focusing on
traditionally ﬁxed echelons of care7. Clearly, numerous technical
and operational challenges exist to be able to accomplish these
goals, and thus it is clear that a wide-ranging portfolio of
innovative solutions are in need of development in order to
facilitate mission success. Of the many needed innovations,
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Table 1.

Design criteria for biologically focused technologies to be developed for use in PFC.

Design criteria

Rationale

Suggested characteristics

Self-administrable or within capabilities If SM’s are unable to receive medical attention, or if they are not able to Injectable, aerosol, powder,
of a combat-medic
reach a higher level of care, they will need technologies that they can use topical, etc.
independently
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Shelf-stable across a range of
temperatures

Future theaters are uncertain, and thus technologies should be designed −30 to 50 °C
for a vast range of temperatures and climates

Light weight and low cube size

Reduce weight burden in SM’s rucksack

<1 kg

Rapidly administrable

To begin treating the injury as quickly as possible

Seconds– minutes

Universal dosing

For both ease of use and for making universal therapies

Effective dose«maximum
tolerable dose

Zero or minimal electrical power

Access to reliable power is not guaranteed

No external power source
required

Restore function of injured limb

To allow SM’s to safely evacuate dangerous areas and/or return to battle Ability to independently
ambulate

development, validation, and commercialization of a suite of
biologically focused technologies tailored to traumatic musculoskeletal injuries within a PFC scenario are of the upmost need.
These rationally designed biologically focused technologies will
need to facilitate both: (1) enhanced short-term functionality of
injured SM, which will have direct beneﬁcial impacts on the
readiness and lethality of the Joint force with respect to return to
duty and return to combat rates; and (2) maximized long-term
outcomes, including function and quality of life, following
traumatic extremity injuries. Herein, key design criteria for PFCspeciﬁc biologically focused technologies will be discussed.
Subsequently, and for illustrative purposes, a case example of
how these design criteria might be applied to challenges
associated with the management of a Gustilo Type III fracture to
the extremity, a hallmark of combat-related musculoskeletal
trauma, will also be discussed.
DESIGN CRITERIA FOR BIOLOGICALLY FOCUSED
TECHNOLOGIES OF THE FUTURE BATTLEFIELD
Under doctrinal planning guidelines, combat casualty care of the
most severe musculoskeletal injuries would occur within the
conﬁnes of a forward surgical unit (Level II + ) within hours of
wounding. Traditional forward surgical units are comprises of a 20person multi-disciplinary team consisting of surgeons, nurses,
surgical technicians, medics, and administrative ofﬁcers, and are
typically well stocked with all of the necessary medical equipment
to perform damage control surgery in a sterile manner. In contrast,
within a PFC scenario, a single TMP, who has limited access to
supplies and resources, will likely be the one to provide care for an
injured SM. As such, the current extent of medical interventions
that could plausibly be provided to a SM with a traumatic
extremity injury would be limited to procedures such as splinting,
wound dressing, and perhaps wound debridement and/or
fasciotomies (under the advisement of an orthopedic surgeon
via telecommunication; if intact). To complicate matters further, all
extremity wounds within a PFC environment would need to be
assumed infected and, as such, primary closure cannot be
performed. As such, the PFC scenario is not permissive traditional
deﬁnitive musculoskeletal interventions such as autografting,
orthobiologics, and cell-based therapies.
Given that traditional technologies and approaches for musculoskeletal trauma are not suitable for a PFC environment, a new
class of PFC-speciﬁc technologies are in need of development. To
enable accelerated return to duty of injured SM, these technologies need to focus on stabilization of the zone of injury from the
perspective of controlling infection, retarding aberrant wound
healing progression, preventing degeneration and/or atrophy of
npj Regenerative Medicine (2021) 6

end organ function, and priming of the wound bed for positive
surgical outcomes. However, given the resource and operational
limitations associated with the PFC environment, traditional
resource intensive approaches are not viable. Rather, this new
class of biologically focused therapies need to be rationally
designed to meet the needs of the end user (i.e., TMP and/or SM)
and with the PFC operational environment in mind. To do so,
several important design criteria need to be considered (Table 1;
criteria are listed in descending order with respect to their relative
priority/importance). Speciﬁcally, materiel solutions must: (1) be
self-administrable or within the capabilities of a TMP, (2) be longterm (i.e., weeks to months) shelf-stable across temperature
extremes, (3) be light weight and low cube so as to be carried in a
standard issue rucksack, (4) be able to be applied quickly, (5) be
designed for universal dosing and/or delivery, where possible, and
(6) require little to no electrical power. Stated differently, overly
complicated and/or resource intensive biologically focused
therapies, even if effective in a controlled, ﬁxed facility (i.e., Role
5) setting, are likely to be of little, if any, value to the PFC scenario.
Additionally, when at all possible, therapies should be designed to
facilitate a rapid restoration of function (e.g., mobility) to the
affected extremity. In practice, this could either mean directly
contributing to the restoration of function or indirectly contributing to limb function by not interfering with or being diminished
by limb stabilization and/or off-loading technologies. The additional challenges posed by these criteria signiﬁcantly increases the
difﬁculty of designing effective treatments for injuries that are
inherently difﬁcult to treat in an ideal environment, however,
achieving a solution to such design criteria is ultimately critical for
optimizing musculoskeletal outcomes within a PFC setting.
EARLY INTERVENTIONS FOR GUSTILO TYPE III FRACTURES: A
CASE EXAMPLE FOR IMPLEMENTATION OF PFC-SPECIFIC
DESIGN CRITERIA FOR BIOLOGICALLY FOCUSED
TECHNOLOGIES
In the early years of the recent conﬂicts, there were 758 reported
cases of open fractures, 48% of which occurred in the tibia and
ﬁbula9. As such, these injuries represent a classic battleﬁeld injury
that is both highly prevalent and useful as a construct for a case
example of how biologically focused interventions would be
implemented within a PFC environment.
Battleﬁeld open tibia fractures have the highest rate of infection
(20–30%), and often lead to poor healing outcomes and delayed
amputation10,11. Within the PFC environment, infection mitigation
will be paramount as unresolved musculoskeletal infections are a
leading cause of fracture non-union12 and deﬁcient wound
healing within the soft tissue compartment13,14.
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Within a traditional forward surgical unit, early treatment of
these injuries involves irrigation, wound debridement, and
infection management followed by skeletal stabilization for
transport15. In a PFC setting, these same principles will be critical
for the efﬁcacy of any proposed early interventions, with early
fracture stabilization and infection control being of particular
importance. While the regenerative medicine community has
developed an armamentarium of orthobiologic and cell-based
therapies to address type III open fractures, the development of
such intervention has rarely considered the confounding impact
of an active infection within the wound bed. Therefore, any
proposed therapeutic should likely include an antibiotic/infection
management component, or at a minimum, should not be
diminished by concurrent infection management.
Deﬁnitive ﬁxation is highly unlikely to be performed in the PFC
setting and thus current fracture stabilization options are limited
to splinting, casting, and/or limited external ﬁxation15–18. These
current treatment options typically require the injured SM to
remain on a litter and thus are insufﬁcient in future multi-domain
battleﬁelds where unit independence and mobility will be a
necessity5. This creates an opportunity to develop ﬁeld improvised
or modular exoskeletal systems that can mechanically off-load
injured tissues and enable SM mobility. In practice, these modular
exoskeleton systems would be available to, and handled by,
combat units similar to currently available collapsible litters
systems (e.g., TALON II Model 90C, North American Rescue LLC,
Greer, SC, USA) in that they would be carried by unit members
during dismounted patrols or kept in a nearby vehicle19. There is
also the possibility that these wound stabilizing and/or mobility
enabling exoskeleton systems could be fabricated on-site by
members of the combat unit by repurposing materials available to
them on the battleﬁeld. Therefore, similar to working in parallel
with antibiotics/infection management, biologically focused
therapies for PFC should work cooperatively with temporary
stabilization and/or off-loading devices.
Interventions applied during this time period should also be
focused on mitigating pathological and/or degenerative processes
and promoting a pro-healing state. The opportunities for
innovation in this space is immense, including, but not limited
to, the development of: (1) a range of smart biomaterials with
applications ranging from injury site stabilization to controlled
release platforms for concomitant and/or temporally sequence
delivery of bioactive payloads, and (2) shelf-stable small molecules
and peptides capable of being delivered in such a manner that
serve to modulate the local immune-inﬂammatory environment,
mitigate ﬁbrosis, prevent degeneration of neuromuscular junctions and/or modulate of the cell fate processes of progenitor cell
populations between quiescence and activation/proliferation, as
desired. It should be noted, of course, that for some of these PFCspeciﬁc requirements, it is clear that new technologies need to be
developed de novo given the unique and novel nature of the
needed capabilities; whereas for others, it is plausible that existing
technologies (e.g., fracture putty, muscle void ﬁllers, nerve glue,
scaffold materials, etc) may be suitable, either in their current form
or perhaps with slight modiﬁcations. Regardless of the biotechnologies investigators choose to develop and/or retroﬁt to address
this unmet need, it is critical that they remember that therapies
should be developed following the previously deﬁned general
design criteria (i.e., shelf-stable, low cube, self-administrable, etc.).
For some casualties, fracture stabilization, infection management, and administration of therapies for modulating the
microenvironment of the zone of injury will represent the extent
to which the injuries can be managed in a PFC Environment. For
others, however, accelerated restoration of independent mobility
represents an additional opportunity for innovation. While rapid
and full return of mobility is desired, at a minimum, interventions
that promote sufﬁcient restoration of mobility to allow wounded
SM to seek safe harbor and/or defend themselves from
Published in partnership with the Australian Regenerative Medicine Institute

adversaries would be incredibly useful. For injuries affecting the
lower extremities, this means that either the therapeutic
intervention itself should either (1) impart functional capacity
(e.g., load bearing, nerve conduction, generation of contractile
force) via its intrinsic properties or (2) mediate rapid restoration of
endogenous function in concert with a ﬁeld-able off-loading
devices (e.g., exoskeletons) capable of supporting tactical
mechanical loading.
One analogy for conceptualizing the innovations that are
necessary in this space is the Masquelet technique. The Masquelet
technique is a staged surgical approach that relies on the
placement of a cement spacer within the defect region of
segmental fractures to prevent ﬁbrous ﬁlling of the gap and
induce a foreign body reaction so that a vascularized membrane is
formed, increasing the efﬁcacy of subsequent bone grafting at a
later date. It is important to note that the cement spacer is
temporary in nature and not speciﬁcally designed to be
osteoconductive, osteoinductive, or osteogenic in the sense that
classical deﬁnitive treatment might be. Initially the composition of
such cements was relatively inert as the intent was structural in
nature. However, as the approach grew in popularity a number of
investigators have begun to modify the spacer material and
topography so as to alter cell adhesion, which in turn affects the
growth factor and basal protein composition of the resulting
vascularized membrane. Moreover, spacers capable of antibiotic
release to combat deep, persistent infections have also been
tested. Furthermore, nothing about such an approach would
inherently limit the ability of the wounded SM to simultaneously
attach an off-loading device (e.g., exoskeletons) that might enable
immediate mobility provided if sufﬁcient fracture stabilization and
pain management is achieved. Thus, while the Masquelet
technique is not presently suited to be performed safely in a
PFC setting, the biomaterial spacers used therein exhibit several
key design concepts that the scientiﬁc community are well
equipped to adapt and apply in novel ways so as to develop new
technologies that can be applied in a PFC scenario.
CONCLUSIONS
Future battleﬁelds will be associated with an increase in time to
evacuation of injured SMs, and thus PFC will be prevalent. As it
stands today, current technologies and approaches are insufﬁcient
to provide adequate medical care within a PFC environment and
the capability gap between deﬁnitive treatments available in a
ﬁxed facility (i.e., Role 4) environment versus short-term treatment
in the PFC environment is too wide. Therefore, an urgent need
exists for rapid improvements in biologically focused technologies
that can be effectively used in an austere PFC environment. In
designing biotechnologies, investigators should design their
devices to be self- and rapidly administrable, shelf-stable, light
weight, universal dosing, requires minimal power, and if possible,
restore limb function. Signiﬁcant time, effort, innovation, and
ﬁnancial resources need to be invested towards developing and
commercializing these next-generation technologies. In doing so,
clinicians and investigators must be cognizant of the challenges
associated with PFC, and thus design biologically focused
therapeutics for a broad range of tissue injuries with these design
criteria in mind.
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