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Abstract

Introduction Disasters and accidents have occurred with increasing frequency in recent years. Primary disasters have
the potential to result in mass casualty events involving crush syndrome (CS) and other serious injuries. Prehospital
providers and emergency clinicians stand on the front lines of these patients’ evaluation and treatment. However,

the bulk of our current knowledge, derived from historical data, has remained unchanged for over ten years. In addi-
tion, no evidence-based treatment has been established to date.

Objective This narrative review aims to provide a focused overview of, and update on, CS for both prehospital pro-
viders and emergency clinicians.

Discussion CS is a severe systemic manifestation of trauma and ischemia involving soft tissue, principally skeletal
muscle, due to prolonged crushing of tissues. Among earthquake survivors, the reported incidence of CS is 2-15%,
and mortality is reported to be up to 48%. Patients with CS can develop cardiac failure, kidney dysfunction, shock,
systemic inflammation, and sepsis. In addition, late presentations include life-threatening systemic effects such

as hypovolemic shock, hyperkalemia, metabolic acidosis, and disseminated intravascular coagulation. Immediately
beginning treatment is the single most important factor in reducing the mortality of disaster-situation CS. In order
to reduce complications from CS, early, aggressive resuscitation is recommended in prehospital settings, ideally
even before extrication. However, in large-scale natural disasters, it is difficult to diagnose CS, and to reach and start
treatments such as continuous administration of massive amounts of fluid, diuresis, and hemodialysis, on time. This
may lead to delayed diagnosis of, and high on-site mortality from, CS. To overcome these challenges, new diagnostic
and therapeutic modalities in the CS animal model have recently been advanced.

Conclusions Patient outcomes can be optimized by ensuring that prehospital providers and emergency clinicians
maintain a comprehensive understanding of CS. The field is poised to undergo significant advances in coming years,
given recent developments in what is considered possible both technologically and surgically; this only serves to fur-
ther emphasize the importance of the field, and the need for ongoing research.
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Introduction

Each year, millions of people worldwide experience
natural disasters (such as earthquakes, hurricanes or
typhoons, flooding, and landslides) or human-made dis-
asters (such as terrorist attacks, airplane or train crashes,
and wars) [1]. At present, some 800 million people live
in areas that are prone to earthquakes, or at high risk
of severe tropical hurricanes or typhoons [1]. In recent
years, disasters and accidents have been frequent occur-
rences [2]. Recent examples include the 2023 earthquake
that struck Turkey and Syria, resulting in more than
47,000 deaths and displacing millions of people [1]. Seri-
ous injuries such as crush syndrome (CS) can commonly
result from primary disasters such as these, whether the
disasters are natural or human-made [1, 2]. CS is defined
as the systemic manifestation of severe, traumatic muscle
injury [1]. Prehospital providers and emergency clinicians
stand on the front lines of these patients’ evaluation and
treatment [1]. At present, the American College of Emer-
gency Physicians and others acknowledge in literature
that "crush injury (CI)" refers to tissue injury, while “CS”
refers to crush injuries with systemic manifestations. This
is noted as well by Bywaters and Beall, the physicians
who initially described this medical condition in 1941 [2].
In addition, the bulk of current knowledge on the topic is
based on historical data, remaining unchanged for over
ten years [3]. To date, no evidence-based treatment has
been established [2]. Therefore, there is a need to review
and update this topic.

Objective

This narrative review aims to provide a focused overview
of CS, including etiology, mechanisms, symptoms, exam-
inations, diagnosis, treatments, complications, progno-
ses, knowledge from actual disasters, and other future
medical science concerns, for the benefit of prehospital
providers and emergency clinicians.

Discussion

Crush injury

CI is caused by direct physical trauma and compres-
sion of the human body; the lower extremities are the
most common site of CIs [1]. CIs occur in various set-
tings, including motor vehicle accidents (both at home
and elsewhere) and other types of accidents and disas-
ters (including earthquakes, landslides, mine disasters,
explosions, collapsing buildings, terrorist attacks, and
wars), and they represent a spectrum of bodily injuries
as caused by trauma [2, 4-6]. Typically, these injuries
involve multiple types of tissue, including skin and sub-
cutaneous tissue, muscle and tendon tissue, and/or bone
and joint tissue [5]. Even when Cls do not involve vital
organs, they can still be life-threatening, especially when
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suffered in the extremities [4]. CI may result in asphyxia,
severe orthopedic injury, compartment syndrome, hypo-
tension, and organ injury (including acute kidney injury
(AKT)) [1]. CIs in adults have been well studied and docu-
mented, and a United States-based cohort study found
that CIs were correlated with a significant increase in the
likelihood of acute compartment syndrome (ACS) (odds
ratio of 1.83) [7]. On the other hand, CIs rarely occur
among the pediatric population [8]. Details regarding Cls
for each part of the body are as discussed below.

Chest ClIs often necessitate rapid intervention and sta-
bilization, with early diagnosis and surgical repair being
crucial when it comes to minimizing complications and
loss of respiratory function in the patient [1]. CIs to the
upper chest in particular may lead to acute traumatic
trachea disruption [1]. One Chinese study investigating
the pathogenesis, diagnosis, and treatment of CSs of the
chest and arm found that factors leading to severe, rapid
CS progress include carbon monoxide poisoning, drunk-
enness, and one’s own body parts being pressed together
[9]. Key to treatment is comprehensive therapy, including
thorough and rapid reduction in tension to preserve limb
function, continuous renal replacement therapy, and cor-
rections to anemia and electrolyte imbalance [9].

Severe abdominal Cls have the potential to affect vari-
ous organ systems, including the musculoskeletal, uro-
logical, cardiovascular, integumentary, and digestive
systems [10]. Any system damaged by a severe abdominal
CI has the potential to for fatal outcomes [10]. One pre-
viously published study indicated a survival rate of only
10.6% in traumatic cardiac arrest patients transported to
UK hospitals in Afghanistan and Iraq [10]. CSs and AKIs
have also been reported to be two major causes of death
following earthquakes [10]. Furthermore, mesenteric
laceration can cause severe bleeding, which in turn can
result in hemorrhagic shock and multiple organ failure
[10]. Fractures caused by abdominal CIs may cause arte-
rial hemorrhaging, which itself can result in hemorrhagic
shock [10].

Pelvic vascular injuries are ordinarily the result of high-
energy trauma [11, 12]. Most of these injuries are the
result of motor vehicle collisions, with the rest due to
causes such as falls or industrial CIs [11]. Pelvic vascular
injuries have a frequent association with disruption of the
pelvic ring, and incur high mortality rates due to shock
caused by pelvic bleeding [11]. The morbidity and mor-
tality that result from pelvic vascular injuries are due to
pelvic hemorrhage and the exsanguination that results;
this can potentially be treated or even reversed if diag-
nosed early using multidetector computed tomography
(CT) and promptly treated [11].
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Crush syndrome

The term “Crush syndrome” is generally used to refer
to the destruction of muscle tissue after direct trauma,
injury, or compression, and presents at times in advanced
stages due to the amount of time needed to locate and
extricate those who suffer from it; it is also a severe sys-
temic manifestation of trauma and ischemia that involves
soft tissue, primarily skeletal muscle, due to the pro-
longed crushing experienced by the tissue [3, 13-15]. It
was first observed during the 1901 Messina earthquake
in Italy, and was first described by Bywaters et al. in 1941,
when they noted the relationship between muscle necro-
sis and a brown pigment that was found during autopsies
in the renal tubules of patients who had been buried for
several hours by bombings of London during World War
I1 [2, 3]. To this day, the majority of cases of CS-associated
rhabdomyolysis that develop life-threatening complica-
tions are due to both natural and human-made disasters
[2, 3]. This potentially lethal condition is characterized
by muscle cell damage as a result of the decompression
that follows compression (i.e. ischemia reperfusion (IR)
injuries) [16, 17]. After direct trauma, CS is the second
most common cause of death due to earthquakes [18].
The onset can occur as soon as an hour post-injury [6].
According to a systematic review, the reported CS inci-
dence rate among earthquake survivors was 2—15% [19].
In addition, survival required limiting the degree of renal
dysfunction and supporting organ function, and mortal-
ity was reportedly up to 48% [19].

Etiology, mechanism, and symptoms

A compressive force crushes a portion of the body, tran-
siently increasing the pressures within [20]. This force
acts on the incompressible vasculature blood, dramati-
cally increasing tissue pressures and causing damage to
multiple types of tissue, including bones, blood vessels,
nerves, and soft tissue [20]. A broad zone of injury can
result from a delayed inflammatory reaction involving
the zone around the crushed cells, which may obscure
the injury’s severity at first [20]. Pressure within the skel-
etal muscle compartment can be increased by edema
and/or bleeding within the fascial envelope’s confines [5].
When the fluid pressure of the tissue within the compart-
ment becomes greater than the muscle and nerve capil-
lary perfusion pressure in the compartment, these tissues
become ischemic, and begin to show signs and symptoms
of skeletal muscle-compartment syndrome [5]. Coagu-
lation of lymph in the development of tissue pathologi-
cal conditions has been shown to potentially outpace
the changes that can be observed in the blood [21]. As
such, these injuries have a tendency to cause a great
deal of inflammation and swelling, potentially followed
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by compartment syndrome, or another form of vascu-
lar damage, infection, neurological injury, and/or tissue
necrosis [20]. Though it was believed that skeletal mus-
cle was relatively ischemia-tolerant for a period of 2—-4 h
without permanent injury, irreversible changes that can
limit functional recovery likely start to occur in as little
time as 1 h, especially in the event of concurrent tissue
damage and/or other injuries [19].

IR injuries occur in the event of tissue re-perfusion fol-
lowing an ischemic period, as a result of acute inflam-
mation that can involve various mechanisms [22]. This
intense inflammatory response has both local and sys-
temic effects as a result of the physiological, biochemi-
cal, and immunological changes that happen during
the periods of ischemia and reperfusion [22]. Though
it is generally not caused solely by the accumulation of
free blood or fluid in the compartment, in some cases,
this accumulation can be a contributing factor [23]. The
pathophysiology resolves around a self-perpetuating
edema-and-ischemia cycle, with severity spanning a
gamut from mild to the point of near non-existence, all
the way to tissue death [24].

Systemic involvement of CI is referred to as CS, and
occurs as a result of tissue ischemia and muscle necro-
sis [25]. Prolonged muscle ischemia increases the per-
meability of cell membranes, and causes cells to release
potassium, enzymes, and myoglobin [13]. As a result of
the severe damage and swelling to the muscle tissue due
to IR, compartment syndrome becomes nearly inevitable
[26].

As blood re-perfuses into the ischemic muscle, an
immediate inflammatory response is triggered, and neu-
trophils are the first to infiltrate, exacerbating the damage
to the muscle [27]. CS — the systemic manifestation of
muscle cell breakdown, with contents being released into
circulation — leads to metabolic derangement and AKI
[4]. In particular, a major pathological manifestation of
CS-AKI is dysfunction of renal tubular epithelial cells and
cell death, attributed to large-scale myoglobin deposition
[15]. Large quantities of myoglobin, released by damaged
muscle, deposit within the renal tubules and impede their
proper function, directly damaging the tubules through
elevated levels of iron and oxidative stress [15]. The char-
acteristic features of ferroptosis are iron overload and
lipid peroxidation damage [15]. Additionally, ferroptosis
has been demonstrated to be promoted by high levels in
renal tissue of pro-inflammatory cytokines and damage-
associated molecule pattern molecules (HMGB1, double-
strand DNA, and macrophage extracellular trap) [15].
However, it remains unclear what the mechanism of fer-
roptosis is in CS-AKI, as well as whether it could serve
as a therapeutic target [15]. Combined with systemic
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Skeletal muscle damage caused by prolonged muscle ischemia under the weight of a heavy object
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Fig. 1 Mechanism by which CS occurs. Skeletal muscle damage is caused by prolonged muscle ischemia, under the weight of a heavy object. IR

injuries caused by decompression cause various CS conditions

hypotension, this can result in renal dysfunction with
acute tubular necrosis and uremia [13].

CS patients have been known to develop cardiac fail-
ure, kidney dysfunction, shock, systemic inflamma-
tion, and sepsis [16]. In addition, late presentations can
include life-threatening systemic effects, including hypo-
volemic shock, hyperkalemia, and metabolic acidosis,
and very late cases can present as disseminated intravas-
cular coagulation [13, 28]. The above-mentioned mecha-
nism, and the symptoms by which CS occurs, are shown
in Fig. 1.

Diagnosis

At present, diagnosis of ACS is made on the basis of
physical examination, as well as measurement of intra-
compartmental pressure through repeated needle-pricks
over a short time frame [23, 29]. A threshold value
of <20 mmHg difference between the intra-compart-
mental pressure and diastolic blood pressure is consid-
ered to serve as a diagnostic [29]. However, diagnosis of
compartment syndrome of the foot remains challeng-
ing because the signs and symptoms remain less reliable
indicators compared to those for compartment syndrome
elsewhere in the body [23, 30]. In addition, current con-
tinuous pressure measurement technology lacks the
necessary sensitivity, particularly in deep tissues and
compartments, and use of this technology is limited to
highly trained personnel [23]. Therefore, diagnosing ACS
is particularly difficult in disaster-stricken areas, which
can lead to delayed diagnoses [2, 30].

Treatment

The most important measure available to reduce CS
mortality in disaster situations is the immediate start
of treatment [2]. ACS in particular can be a devastating
condition: if not treated in a timely fashion, it is associ-
ated with lasting consequences, or even death [8, 31].
Care at the scene of the incident is essential, with a focus
on the treatment of life-threatening injuries, as well as
extrication, triage, fluid resuscitation, and transport [1].
Healthcare facility care includes initial stabilization and
evaluation of trauma, as well as treatment of any compli-
cations (such as hyperkalemia, compartment syndrome,
rhabdomyolysis, or AKI) [1].

In large-scale natural disaster areas, timely access to
treatment equipment, for treatments such as continuous
administration of large amounts of fluid, diuresis, and
hemodialysis, becomes unfeasible [2, 32]. To reduce CS
complications, early, aggressive resuscitation in prehos-
pital settings, ideally even before extrication, is recom-
mended [4]. Providers must be aware of hyperkalemia
risk shortly after extrication; the mainstay treatment is
ongoing resuscitation with intravenous fluids [4]. For
crush victim treatment, it is crucial to emphasize the
importance of early fluid administration, even before
victim extrication, and avoiding solutions that contain
potassium [18]. Ideally, intravenous fluids are to be initi-
ated as soon as possible (preferably within 6 h of the mus-
cle injury), at a rate that maintains an adult urine output
of at least 300 mL/h, for a minimum of the first 24 h [33].
Sodium bicarbonate (NaHCO,) should be administered
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only when necessary for the correction of systemic aci-
dosis and mannitol, and only to maintain urine output of
at least 300 mL/h despite the administration of adequate
fluids [33]. In addition, rapid fluid therapy accompa-
nied by prophylactic CI cocktail administration (namely
mannitol-bicarbonate), by mixing 40 mEq NaHCO; and
50 ml of 20% mannitol into 1,000 ml of 0.45% NaCl and
5% dextrose, was found to be largely effective in prevent-
ing acute renal failure (ARF) from developing in cases
with disaster-caused CS [14]. To date, however, no ran-
domized controlled trials have compared intravenous
fluid therapy with bicarbonate and/or mannitol versus
intravenous fluid therapy alone [3]. In addition, some evi-
dence has been established regarding prophylaxis of CS,
but these treatments’ efficacy has yet to be clearly deter-
mined [34].

Icing therapy performed over the affected muscle is
reportedly effective for improvements to mitochon-
drial dysfunction and inflammation [35]. These effects
are believed to be secondary to improvements in early-
disease-stage leakage of potassium and myoglobin from
damaged myocytes [35]. Icing therapy serves to tempo-
rarily prolong viability after CI [35]. Combining CI with
other infusion therapies can improve its efficacy [35].

Because ischemia is a core component of traumatic
ischemia, and hypoxia occurs as a consequence of
ischemia, hyperbaric oxygen logically serves as an inter-
vention for these conditions in situations that pose
threats to tissue survival, infection control, and healing
[24]. In these cases, oxygen is considered a drug, with its
own contraindications and adverse effects; hyperbaric
oxygen therapy (HBOT) has been approved for use as
primary or adjunctive care [36, 37]. Particularly in incipi-
ent stages, before fasciotomy is necessary, treatment pre-
sents a therapeutic challenge, because there are no means
to arrest progression other than HBOT [5]. A “hyper-
baric” environment is one in which a patient’s entire
body is physically exposed to 100% oxygen, at a pressure
greater than 1 atmosphere (absolute) [37]. HBOT works
through ideal gas laws, and is effective in treating Cls as
an adjunctive therapy [37]. HBOT works on Cls through
various mechanisms [37]. The effects of hyperoxygena-
tion, edema reductions, enhanced infection control, for-
mation of blood vessels and collagen, and the reduction
of free radicals and reperfusion injuries assist CI patients’
healing [37]. The benefits of HBOT include tissue repair,
and indications comprise a broad range of diseases, rang-
ing from intoxication to IR injuries, including CS [36, 38].
Unfortunately, even with hyperbaric oxygen mechanisms
that strongly support its use in traumatic ischemia, cou-
pled with supporting clinical data, clinicians are generally
disinclined toward its use for such conditions [5, 24]. One
of the most significant obstacles preventing acceptance is
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surgeon bias [36]. This is because strong arguments exist
for its use, based on evidence-based data, and based on
how HBOT mitigates the conditions’ pathology [5].

The delayed onset of reperfusion injury through
commercial tourniquet use has been previously
described in theory [34]. There is now extensive lit-
erature that supports the safety of using a tourniquet
in limb trauma cases, and further study is merited of
this potentially life-saving measure in CI patients [34].
The application of a tourniquet prior to extrication is
not broadly recommended in order to prevent CS; it
is therefore strongly recommended in prehospital set-
tings for severe Cls [25, 39, 40]. There is also a reported
case of prehospital tourniquet application in order to
delay reperfusion injury after CI, resulting in reduced
morbidity and complete limb salvage [34]. When it is
possible to transfer to a higher level of care, tourniquet
application to the crushed limb could serve to prevent
loss of life from the hemorrhaging or electrolyte abnor-
malities secondary to CS [13]. However, this remains
controversial [13].

A fasciotomy is an emergency procedure used to treat
ACS, occurring most often in the volar compartment of
the forearm, the deep posterior, or the anterior compart-
ment of the leg. It is the only known effective treatment
for ACS following a fracture, and this procedure is per-
formed in 0.7% of all foot fractures [26, 41]. One study
found that open fractures, CIs, and multiple foot fractures
served as the strongest fasciotomy predictors [3]. How-
ever, controversy surrounds the role of fasciotomies in
the treatment of CS caused by Cls [42]. There is no clear
evidence that fasciotomy actually improves outcomes;
rather, delayed fasciotomy was reported to have resulted
in worse physical outcomes [26, 30]. Nevertheless, an
emergent fasciotomy is a common recommendation in
order to try to prevent chronic pain and deformities [30].
Clinicians should consequently maintain a very low fasci-
otomy threshold, to prevent long-term sequelae that are
associated with undiagnosed compartment syndrome [8].
On the other hand, fasciotomies for CI have relatively fre-
quent complications, with the most serious of these being
uncontrolled bleeding and sepsis due to infections of the
wound [26]. Reports from Iran and Turkey similarly show
associations between fasciotomy and sepsis and sepsis-
related mortality [26]. For open wounds, however, clean-
ing and debridement are vital [26]. On the other hand,
there appears to be no dispute that, in cases where the
peripheral pulses of the extremities are not palpable, sur-
gical decompression is required [26].

Surgical intervention may also be necessary to cor-
rect secondary deformities [30]. In particular, CIs with
minimal skin disruptions can prove especially difficult to
manage [20]. The main objectives of severe Cls treatment
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are debriding away devitalized tissue, and filling in any
resulting dead space with vascularized tissue [43, 44].
One article reports that the optimal methods for soft tis-
sue coverage in CI treatment are the iliac flap, the adipo-
fascial lateral arm flap, and the gracilis flap [43, 44]. The
accompanying bone defects have been found to respond
very positively to free corticoperiosteal flaps [43, 44].
Digital defects often require complete or subtotal toe
transfer in order to avoid amputation and restore hand
function [43, 44].

The decisions involved in choosing amputation, as
opposed to limb salvage of the upper limb, are multifac-
torial [45]. For limb salvage, the key factors to consider
can be categorized into three main subgroups: global
patient factors, limb-specific factors, and injury mecha-
nism factors, with details shown in Table 1 [45]. The
primary global patient factor is uncontrollable hemo-
dynamic instability [45]. If vital signs and symptoms
continue to worsen despite aggressive resuscitation,
amputation may be necessary [26]. Limb-specific fac-
tors include extensive and concurrent soft tissue, bone,
vascular, and/or nerve injuries; and prolonged limb
ischemia [45]. Injury mechanism factors include blunt
arterial trauma and Cls [45]. Amputation was generally
performed when elements from at least two of these sub-
groups were present [45]. The following scoring systems
are currently recommended for aiding decisions regard-
ing amputation: the Mangled Extremity Severity Score,
and the Mangled Extremity Syndrome Index [45]. How-
ever, the existing scoring systems are built predominantly
on lower limb trauma, and lack robust evidence to guide
upper extremity management [45, 46]. Validating scoring
systems that could aid in decision-making, and provide
further outcome information from the two treatment
options, would require further high-quality studies [45].
It also remains unclear whether early amputation has
patient-centered benefits [42]. On the other hand, risk
factors for poor prognosis can suggest amputation might

Table 1 Key factors when considering amputations for CS

Factor Details

Global patient Presence of uncontrollable hemodynamic

instability

Extensive and concurrent soft tissue, bone, vascu-
lar and/or nerve injuries

Limb-specific

Prolonged limb ischemia
Blunt arterial trauma
Cls

Mechanism of injury

The key factors are categorized into three subgroups: global patient factors,
limb-specific factors, and injury mechanism factors, and details are shown for
each. Amputation is generally performed when there are elements from at least
two of these subgroups present
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be favored, despite apparent limb viability and the mor-
bidity of extremity loss [42].

Complications and prognosis

Complications arising from the CI give rise to CS, and the
sequelae of the IR cellular injury can lead to lost organ or
limb function, or even death [2, 22]. CS causes ARF sec-
ondary to hypovolemia and traumatic rhabdomyolysis,
hyperkalemia, electrolyte abnormalities, arrhythmia, and
metabolic acidosis from muscle damaged at any of three
different times: at the time of initial mechanical crush-
ing force, during periods of ischemia, and during reper-
fusion [19, 26, 32, 47]. These occur especially in patients
who have extended treatment and extrication times [4,
6]. Of these, hyperkalemia and ARF represent life-threat-
ening CI complications, and though ARF is commonly
encountered in the first days following earthquakes, it
has excellent outcomes in cases where renal replacement
treatment is available [39, 48]. Patient time spent trapped
under debris, multiple CIs, male gender, presence of
infection, and creatine kinase level all serve as predictors
of ARF [19]. Based on these, missed compartment syn-
drome remains one of most common causes of malprac-
tice lawsuits [23]. Vigilant prehospital emergency care is
therefore crucial for reducing complications [39].

If not treated in a timely manner, CS has a very high
mortality rate, with poor prognoses [2, 20, 26, 49]. In
addition, CS has high morbidity and mortality even
in cases when fluid therapy is administered; many CS
patients develop severe electrolyte disorders, systemic
inflammation, and multiple organ failures, including kid-
ney dysfunction and cardiac failure, which are secondary
to severe rhabdomyolysis and reperfusion injuries [17,
35, 42]. Furthermore, on-site CS mortality remains high
due to the lack of effective drugs based on definite diag-
noses [50]. Death is often the result of hypovolemia and
hyperkalemia [19]. In particular, AKI is the leading cause
of death as a result of CS [15]. There are many forms of
cell death in AKIL; a typical form is ferroptosis [15]. Many
factors influence the outcomes of these injuries, and cli-
nicians must understand IR injuries in order to minimize
patient morbidity and mortality [22].

Knowledge from actual disasters
Actual CS data exists, but is scarce [14]. Data is as
follows:

In a validation of the medical records of 372 CI
patients from the 1995 Kobe earthquake, the data was
retrospectively analyzed, and risk factors were assessed
for CS-related outcomes [51]. The results showed that
two predictive triage models — initial evaluation in the
field and secondary assessment in a hospital — could
prove especially useful for helping non-disaster-experts
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distinguish earthquake victims with a high risk of severe
CS from those who run a lower risk [51]. Applying this
model could enable relief workers to make better use of
limited medical and transportation resources following a
disaster [51].

In 2003, an earthquake struck Bam, Iran, and a study
was performed regarding the epidemiological aspects of
the earthquake from a nephrological perspective [52].
There, a questionnaire was sent to the reference hospitals,
and an analysis was performed on the resulting database
of 2,086 patients hospitalized for trauma within the first
10 days [52]. The results showed that the hospitalized
patients were primarily young and middle-aged adults
[52]. ARF patients were generally entrapped longer, and
hospitalized later and for longer periods [52]. The latter
group had greater incidence rates of medical complica-
tions, surgical procedures, and mortality [52]. For pre-
venting ARF and subsequent mortality in earthquake
scenarios, early extrication and rapid hospitalization with
appropriate multidisciplinary care proved to be vital [52].

In Haitian earthquake scenarios, CIs were a major
cause of death, and as many as 25% of earthquake victims
suffered from CS [48]. The incidence rate of CS-related
ARF varied by earthquake intensity and amount of time
spent under rubble, ranging from 0.5% to 25% [48]. More
than half of patients with renal failure needed renal
replacement therapy [48].

Other future medical science concerns

With regard to diagnosis, there have been recent
advances with newer pathophysiology concepts, accom-
panied by new diagnostic and therapeutic modalities
[23]. These include the concept of using inflammatory
mediators as markers, and the use of anti-inflammatories
as medical adjunct therapy [23]. New diagnostic modali-
ties now available include ultrafiltration catheters, near-
infrared spectroscopy, and radio-frequency identification
implants [23]. All of these aim to make up for current
shortcomings in the diagnostic armamentarium available
to trauma surgeons [23].

It has become clear that disaster relief as a whole must
transition from “good intentions” and charity-based
approaches to a professional, outcome-oriented form of
response [53]. However, medicine as practiced in dis-
aster- and conflict-stricken areas is effectively defined
by environments in which disorder, unpredictability,
and resource shortages are considered the norm, rather
than an exception [53]. Many logistical problems related
to patient treatment are a result of these chaotic cir-
cumstances; as a result, there is a need for medical and
logistical recommendations on how to treat crush vic-
tims [18]. Bearing this consideration in mind, the World
Health Organization (WHO; Geneva, Switzerland) and
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its partners have set out to improve disaster response
systems [53]. In austere environments with limited
resources and slow evacuation times, medics need to
be prepared to identify trends and predict outcomes
based on injury mechanisms and patient presentations
[6]. More specifically, emergency services for disasters
such as earthquakes should always be ready in terms of
accurate registration; correct triage assignments; correct
data entry; sufficient resources, teams, and equipment;
and adequate treatment areas [54]. Further, it is vital to
provide sufficient disaster training, prepare feasible dis-
aster relief plans, and conduct regular drills [54]. The
Emergency Medical Team (EMT) classification system
resulting from this therefore requires common standards
of care for teams that plan to handle disaster response
in resource-constrained environments [53]. In order to
clearly establish these standards, the WHO EMT Sec-
retariat worked in collaboration with the International
Committee of the Red Cross (ICRC; Geneva, Switzer-
land) and leading experts from other stakeholder non-
governmental organizations, resulting in the production
of a guide on properly managing limb injuries in disaster-
and conflict-stricken areas [53]. These patients’ progres-
sion of care often depends on appropriate management at
each EMT level of classification, as well as proper trans-
fer between levels, depending on the resources available
[13]. The management recommended by the WHO and
ICRC at each EMT level of classification is shown in
Additional file 1. However, as a result of the very limited
epidemiological and quantitative data, there remains no
standardized triage approach for earthquake victims [51,
55].

Given the occurrence and high mortality rate of CS
patients, traditional treatments do not yet meet clinical
needs; it is therefore necessary to develop efficient, con-
venient new treatments [2]. Due to CS’s pathophysiologi-
cal mechanisms, the efficacy of new therapies has been
shown in animal models of CS, particularly the rat model
[2]. Details are as follows: first, skin damage provided
a valid measure of trans-epidermal water loss and CS
severity, suggesting that these models may prove useful
for helping professionals inexperienced in disaster man-
agement to identify earthquake victims who run a high
risk of severe CS [55]. Second, many new anti-inflamma-
tory and anti-oxidant drug therapies have been found to
be highly efficacious [2]. Some of these are expected to
become specific drugs for emergency treatment of the
large numbers of patients who could develop CS fol-
lowing future earthquakes, wars, and other disasters [2].
Third, free zinc ions played a critical immune system
role: neutrophil function was impaired by zinc deple-
tion, and zinc chelators contributed to resolving exac-
erbated inflammatory response and attenuated muscle
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breakdown in the acute phase following CS [27]. There-
fore, attenuating the acute inflammatory reaction with
zinc chelators could prove promising as a therapeutic
strategy not only for CS, but for other inflammatory-
reaction-driven diseases as well [27]. Fourth, the effects
of salvianolic acid B include protection of the heart and
kidney, as well as anti-oxidative, anti-inflammatory, anti-
bacterial, and anti-apoptotic properties [16]. Admin-
istering salvianolic acid B led to significant survival
improvements following CS, by decreasing dysfunc-
tion of the heart and kidneys, decreasing inflammation,
and decreasing dysfunction of the endothelium through
improved mitochondrial function, as well as through
antibacterial effects by means of neutrophil extracellular
trap systems [16]. Fifth, treatment with fluid contain-
ing  3-O-beta-d-xylopyranosyl-6-O-beta-d-glucopyra-
nosyl-cycloastragenol (astragaloside-IV), isolated from
Astragalus membranaceus, led to dramatic CS survival
improvements due to direct and indirect anti-oxidative
effects in the kidney, as well as improvements to dys-
function of the mitochondria and inflammation owing
to the action of astragaloside-IV as a nitric oxide (NO)
donor in the injured muscle [17]. Sixth, treatment using
200 pmol/kg sodium nitrite helps prevent IR-induced
muscle damage by means of NO’s protective effects and
the suppression of systemic inflammation, leading in turn
to increased CS survival rates [56]. Seventh, carbon mon-
oxide (CO)-enriched red blood cells (which can be pre-
pared both at hospitals and at the sites of disasters) serve
to dramatically suppress the pathogenesis of CS-related
AK]I, leading to improved mortality by suppressing renal
injuries associated with heme protein [32]. CO-enriched
red blood cells therefore have the potential to serve as a
practical therapeutic agent against the disaster nephrol-
ogy associated with CS [32]. Eighth, the pharmacokinetic
characteristics of dexamethasone support the poten-
tial use of dexamethasone in medical care in disaster-
stricken areas [57]. Ninth, anisodamine is widely used
in China as a treatment for shock, and activating the
a7 nicotinic acetylcholine receptor (a7nAChR) medi-
ates this anti-shock effect [50]. Some of this work was
designed to test whether activating a7nAChR with aniso-
damine decreased CS mortality shortly after decompres-
sion; the result showed that activating a7nAChR with
anisodamine could decrease on-site CS mortality, due at
least partially to the decline of serum potassium through
the insulin signaling-Na/K-ATPase pathway [50]. On the
other hand, one article reported a pre-clinical porcine
model showing the same response to injury and treat-
ment seen in human physiology, enabling the reliable
testing of both surgical and non-surgical therapies for CS
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[31]. However, the current state of pre-clinical CS mod-
eling is inadequate; the model should ideally replicate
human disease [31].

Although there are few potential medical treatments
of CS in clinical practice, and they need further study
to ensure their safety in future clinical application, ani-
mal research into drug treatments for CS holds great
significance for the future of effective early treatment of
CS patients at the scene [2]. More importantly, following
in-depth study of the aforementioned medical therapy, it
is expected to be used in emergency situations, before or
during decompression of injured patients at disaster sites

2.

Conclusions

Prehospital providers and emergency clinicians who pos-
sess a comprehensive understanding of pathophysiology,
diagnosis, management, and tactical considerations can
optimize patient outcomes, and be prepared, given the
tools at hand, for the progression of CI into CS. Given
recent developments in what is considered possible,
both technologically and surgically, this field is likely to
see tremendous advances in the coming years, further
emphasizing its importance and the need for continued
research.
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