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Abstract

Although therapeutic hypothermia could serve as

a potential therapeutic strategy for treatment of
traumatic hemorrhagic shock, significant controversy
exists regarding its safety and feasibility. The current
resuscitation strategy in traumatic hemorrhagic
shock may also require updating. In this article, we
have carried out an extensive literature search in

this field and propose an initial algorithm for use of
therapeutic hypothermia in traumatic hemorrhagic
shock. This work lays essential groundwork for future
investigations in this field.

Introduction

Hemorrhage remains the primary potentially preventable
cause of death on battlefields and the second leading
cause of death in civilian trauma [1,2]. Unfortunately, an
estimated 56% of deaths occur during the pre-hospital
period and 50% of patients died within 24 hours after
admission as a result of hemorrhagic shock (HS) [3,4].
Among those found dead upon the arrival of emergency
medical services personnel, exsanguination continues to
be the most common cause of death [5]. Although 20% of
deaths after HS are considered as avoidable [6], current
practice does not improve survival rate significantly.
Patients severely wounded in combat may still die even
with adequate circulating blood volume and indicators of
improving physiology [7].

Therapeutic hypothermia (TH) has been introduced
into the treatment of human disease. Up to now, it has
been broadly used in cardiovascular surgery but has also
been recommended for treatment of cardiac arrest,
severe traumatic brain injury, near-drowning, ischemic
stroke, neonatal hypoxic-ischemic encephalopathy, and
spinal cord injury [8,9]. Recent studies have focused on
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its potential role in traumatic HS [10,11]. However, due
to differences in methodology and animal models, the
results remain inconclusive. Because of its various
adverse effects, TH has not been attempted in clinical
treatment of HS. In this article, we systematically review
current studies regarding TH in HS and assess the
potential of TH with regard to translation from basic
research to clinical practice. Our review provides novel
insights into the field and proposes a new initial
hypothetical algorithm for use of TH in trauma and HS
in the future. Considering the wide range of TH
temperatures used in basic trauma studies, hypothermia
in this paper is classified as described previously into five
levels: mild (33 to 36°C), moderate (28 to 32°C), deep (16
to 27°C), profound (6 to 15°C), and ultra-profound (<5°C)
[11].

Therapeutic hypothermia in (traumatic)
hemorrhagic shock: a brief history of studies

The use of TH in HS was first proposed in the early
1940s. Over the following decades, more studies regard-
ing TH in HS have been published, with two-thirds
published in the last 20 years. However, the first clinical
trial in this field was not approved until 2011 [12].
Clinical translation has been impeded by safety con-
siderations since laboratory findings were often incon-
sistent, even with the same methodology and depth of
hypothermia. Meanwhile, the development of the trauma
‘triad of death’ [13] undoubtedly discouraged all previous
studies. On the other hand, moderate and deep hypo-
thermia (<30°C) had been the primary interest in HS
until the late 1990s, when mild hypothermia was intro-
duced. It has been suggested that mild hypothermia is
easier to implement and more feasible compared with
moderate and deep hypothermia. Currently, mild and
deep to profound hypothermia are mostly studied in the
setting of HS. These studies are designed to explore
whether TH would be a useful strategy to treat traumatic
HS. Regardless of whether bleeding is controllable or un-
controllable after HS, basic studies have uncovered the
crucial role of TH in improving survival outcome, apop-
tosis, oxidative stress and organ injury, organ performance,
and visceral permeability [14]. A recent prominent
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meeting convened an expert panel to critically address
the importance of TH in the rescue of traumatic HS [10].
In other cases, experts from different institutions have
clarified their standpoints regarding the potential role of
TH in trauma and HS [11,14-16]. Now two strategies
have been proposed for the use of TH as suggested by
laboratory studies and case reports: mild TH for the
management of low flow status HS; and deep to profound
TH, namely emergency preservation and resuscitation
(EPR) treatment, for the management of cardiac arrest
following massive bleeding [17].

Known biological mechanisms of therapeutic
hypothermia

Hypothermia induces various physiological changes in
vivo. Early basic and clinical observational studies
attributed beneficial effects of hypothermia exclusively to
depression of metabolism. This concept was changed in
the 1970s when mild hypothermia was introduced into
laboratory studies. The kinetic properties of most enzyme
systems are temperature-dependent; thus, various
enzyme-mediated reactions are slowed down after
cooling depending on its intensity. So it is not surprising
to find that many in vivo and in vitro studies showed
decreased levels of multiple molecules from different
organs, such as nuclear factor kappa B (NF-kB), inducible
nitric oxide synthase (iNOS) [18], caspases [19], reactive
oxygen species [20], hypoxia inducible factors (HIFs)
[21], and pro-inflammatory cytokines [22]. Inhibition of
such molecules is essential for protecting against cell
damage. However, low body temperature does not inhibit
all biochemical reactions. Molecules that are crucial for
survival, such as Bcl-2 [19], heat shock protein and Akt
[23], are found to be increased after hypothermia treat-
ment during HS. Deep to profound TH has been shown
to prevent cellular and/or tissue energy failure and thus
the development of ischemia. This has become the core
concept of EPR treatment for exsanguination cardiac
arrest [10]. In terms of hemodynamics, mild TH can
elevate blood pressure, mostly because of enhanced
systemic vascular resistance and cardiac performance
[24]. This mechanism, by supporting continuous blood
flow, could be crucial for the survival benefits of TH in
HS. As a result, TH may improve survival by suppressing
death profiles and promoting survival profiles.

New insights into hemorrhagic shock with
therapeutic hypothermia treatment

Therapeutic versus spontaneous hypothermia

It has been shown that TH is different from spontaneous
hypothermia [15]. In the initial period of traumatic HS,
tissues lose their ability to maintain aerobic metabolism,
converting to anaerobic metabolism after major blood
loss. This change will take away large amounts of heat.

Page 2 of 6

Tissue ischemia is followed by reduced production of
ATP, leading to less production of heat. All these
conditions lead to the development of initial hypo-
thermia. Low body temperature will initially be compen-
sated for by the shivering reaction but this disappears
below 33.5°C [25]. However, shivering in HS does not
produce significant amounts of heat but increases energy
consumption. In addition, environmental and iatrogenic
factors may enhance the cooling process, such as winter
conditions, wet clothes, immobilization, anesthesia,
infusion of cold fluids, and exposure to surgery [26].
Therefore, body temperature continues to decrease,
acidosis and electrolyte disorders are aggravated and
coagulopathy presents; these conditions consequently
cause death [13]. Current TH practice, however, is based
on preventing shivering so as to cool body temperature to
32 to 34°C. Thus, the key difference between TH and
spontaneous hypothermia is that TH is controlled and
based on preventing shivering while spontaneous hypo-
thermia is uncontrolled and involves shivering. This
difference is important because some clinical studies
have indicated that spontaneous hypothermia is
deleterious and hypothermic trauma patients should be
rewarmed to more than 35°C [25,27]. However, as mild
hypothermia is increasingly accepted for its multiple
beneficial effects, patients with moderate or deep
spontaneous hypothermia after traumatic HS may benefit
when they are rewarmed to mild hypothermia. One case
report used this procedure in an accidental cardiac arrest
combined with spontaneous deep hypothermia [28].

Nonetheless, TH and spontaneous hypothermia both
involve physical cooling. Therefore, even spontaneous
hypothermia could be beneficial (for example, for organ
preservation). In most cases, however, only intervention
will prevent deterioration of a patient with spontaneous
hypothermia. The key issue is that the body temperature
should be controlled. In a convincing study, Martin et al.
[29] reported that although patients with admission
hypothermia at <32°C have high mortality, some do
survive and mortality rates remain constant at tempera-
tures between 27°C and 32°C. What is the underlying
mechanism for the reduced mortality rate? We believe
this is a complicated process and organ preservation or
lack of anti-shivering therapy may not be the only expla-
nation. Likely, hypothermia per se may not be important
because spontaneous hypothermia is usually determined
by injury severity [27,30].

Therapeutic hypothermia and the trauma ‘triad of death’

It is essential to consider the effects of TH on the develop-
ment of the trauma ‘triad of death’ - that is, acidosis,
spontaneous hypothermia, and coagulopathy - in severely
injuried patients during hypothermia treatment. These can
develop quickly after trauma exsanguination and could
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form a vicious circle that may be impossible to overcome.
However, TH may not lead to adverse effects on these
factors. When traumatic HS patients are treated with
TH, body temperature would be controlled tightly
without significant fluctuation. As a result, even when
spontaneous hypothermia has already started, it will be
effectively controlled under TH. TH has been shown to
prevent tissue ischemia because of energy preservation.
Therefore, the metabolic acidosis would not be aggra-
vated. With regard to the coagulation system, although
the enzymatic activity of clotting factors and the function
of platelets is reduced as temperature decreases, mild
hypothermia alone in trauma patients may not
significantly influence hemostasis [31,32]. While it is well
recognized that coagulopathy occurs as the result of
imbalances between pro-coagulation and anti-coagula-
tion, the development of acute traumatic coagulopathy is
also an inflammatory disorder. There is significant cross-
talk between the coagulation and inflammation system
[15]. In this regard, TH has been shown to modulate
multiple inflammation reaction pathways [14]. Nonethe-
less, early and close monitoring of coagulation function
and correct coagulopathy in accordance with damage
control resuscitation are indispensable [33]. In patients
with cardiac arrest caused by trauma exsanguination, the
duration of initial deep to profound TH is largely depen-
dent on surgery time, while its influence on coagulation,
acid-base balance, and survival has yet to be identified. In
any case, EPR treatment seems to be the primary choice
for organ preservation in such circumstances.

Step-by-step fluid resuscitation

Limited fluid resuscitation (LFR) is routinely practiced in
circumstances of uncontrolled traumatic HS. Is it
reasonable to achieve early resuscitation endpoints after
hemostasis and during hypothermia treatment? The
current practice of resuscitation in HS suggests aggres-
sive fluid resuscitation (AFR) after hemostasis, the goal of
which is to achieve early restoration of a normal internal
environment [34]. High morbidity and mortality may be
related to failure to achieve resuscitation endpoints in the
early phase [35]. However, early AFR is associated with
increased cardiac dysfunction, abdominal compartment
syndrome, acute respiratory distress syndrome, and
multiple organ failure [36]. In contrast, mildly hypo-
tensive resuscitation (MAP at 70 mmHg, as suggested in
rats) after control of bleeding has been proposed by Li
and colleagues [37]. The benefits of mildly hypotensive
resuscitation can be attributed to alleviated oxidative
stress injury or, broadly speaking, resuscitation injury
[38]. A brief review of the studies performed by Douzinas
and colleagues [39] reveals that resuscitation with low
FiO, (fraction of inspired oxygen) could protect ischemic
tissue from reperfusion injury after HS. These studies
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indicate that restricting volume resuscitation may still be
needed after hemostasis. It also seems reasonable to
restrict fluid volume during hypothermia treatment since
fluid overload may neutralize the protective effects of
TH.

In order to bridge the gap between LFR and AFR, we
introduce the strategy of step-by-step fluid resuscitation
(SSER). This concept refers to resuscitating patients in a
gradual fashion after control of bleeding until blood
pressure reaches a certain threshold and is maintained
for a certain period. The gradual fashion means resusci-
tating with fluids at a relatively lower rate, which makes it
possible to increase blood pressure in a gentle way rather
than a rapid elevation. It is also possible to maintain
blood pressure at subnormal levels for a determined
period so as to minimize ischemic-perfusion injury.
However, optimization of the SSFR strategy is compli-
cated because multiple parameters are variable, such as
the ideal infusion rate, the target blood pressure, and the
duration of SSFR. It may also be influenced by the depth
of TH and its duration, and it is even more challenging to
optimize the duration of TH and SSER because they may
influence each other. AFR should be carried out following
SSFR until the desired resuscitation endpoints are
achieved. The whole resuscitation management of trau-
matic uncontrolled HS from injury to hospital care,
therefore, would be changed to LFR (before hemostasis),
SSER (after initial hemostasis), and AFR (after SSFR). The
goal of this resuscitation strategy is to provide patients
with best trauma care, which is called trauma-adapted
resuscitation (TAR). This resuscitation strategy combined
with TH may become the primary treatment for trau-
matic uncontrolled HS.

Life expectancy oriented protection

Current laboratory studies on traumatic HS have rarely
considered the influence of cell survival on life
expectancy of the body. Theoretically, however, salvage of
special cells, like cardiomyocytes and neurons, is vital for
improving disability-adjusted life years (DALYs), which
implies prolonged life expectancy. It has long been
believed that adult mammalian brain and spinal cord do
not regenerate following injury, although some recent
studies have shown neurogenesis in several regions of the
central nervous system [40]. More well known is that
about 20 million cardiomyocytes per year are lost due to
ageing in the human left ventricle (two to four billion in
total) [41]. In the case of cardiomyocyte and neuron
death from trauma, these cells would not be substituted
by homogeneous cells in adult human but lead to the
formation of scar tissue, resulting in decreased or dis-
ordered organ function. Insult from severe traumatic HS
may accelerate death of critical cells and shorten life
span, while this process could be reversed by TH.
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Figure 1. Hypothetical algorithm for therapeutic hypothermia in the pre-hospital and early hospital care of traumatic hemorrhagic
shock. Question marks mean that studies are required to determine the best method. (A) Current strategy suggested by professor Samuel
ATisherman and colleagues from Safar Center for Resuscitation Research in the USA. (B) SSFR may be needed during the whole process of
mild hypothermia, or perhaps it may be needed only in the initial period of mild hypothermia (not shown). AFR, aggressive fluid resuscitation;
ED, emergency department; LFR, limited fluid resuscitation; MAP, mean arterial pressure; SSFR, step-by-step fluid resuscitation; Ta, target body

temperature.

Barriers to translating basic evidence into practice research to the clinic confronts a spectrum of barriers.
Although TH has been suggested to assist patients The major issues involve the induction and maintenance
recovering from traumatic HS, its translation from basic  phase of TH. Clinically, for patients with atraumatic
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cardiac arrest, mild TH could be feasible in the pre-
hospital phase by intravenously infusing a large volume
of 4°C fluids. However, with special emphasis on LFR for
bleeding trauma, intravenous cooling alone may increase
bleeding but could be efficient when LFR is combined
with surface cooling. Nonetheless, surface cooling is
relatively less effective for reaching the desired cooling
state. For EPR treatment, the induction of deep-to-
profound hypothermia through aortic perfusion in the
pre-hospital phase could also be feasible because saline
could remain chilled in ambulances for 24 hours using ice
packs and coolers without significant cost [42]. However,
pre-hospital deep-to-profound TH would be carried out
without temperature-monitoring devices because of
limited electricity, and the EPR treatment may suffer
from logistic problems and availability of medical
specialists. In addition, this is wusually considered
expensive and labor-intensive work. Thus, the safety and
feasibility of pre-hospital EPR treatment should be
carefully evaluated. Meanwhile, potential side effects
during perioperative mild or deep-to-profound TH
should be explored, as perioperative unintentional hypo-
thermia is thought to be detrimental. On the other hand,
the maintenance of target TH in uncontrolled HS is a
serious issue. Surface rewarming methods may not be
effective for precisely controlling target body temperature
before hemostasis. In fact, it is even more challenging
when SSER and AFR are initiated because infusion of
various fluids may rapidly decrease the body temperature
without sensitive rewarming measures. Therefore, after
hemostasis, commercialized endovascular cooling
devices that can both induce and control hypothermia
should be used [43].

Algorithm development for use in therapeutic
hypothermia

Trauma patients are different with regard to injury type
and severity, the extent of shock, volume of lost blood,
underlying disease, and age. Thus, it is difficult to develop
a common strategy for use of TH. Nonetheless, a clear
framework is required. Herein, we have developed our
initial hypothetical algorithm for use of TH in the
treatment of traumatic HS based on existing data and the
theoretical discussion above (Figure 1). This algorithm
has revealed that a) patients with different blood flow
states and bleeding conditions will be treated differently;
b) mild HS may be excluded because those patients may
not benefit from TH treatment; c¢) patients in HS would
be maintained at 32 to 34°C regardless of the level of
body temperature; d) for hemodynamically stable
patients, the initial resuscitation strategy would be SSFR
rather than AFR after brief hemostasis; and e) for
exsanguination cardiac arrest patients, the EPR treatment
may be updated by step rewarming and TAR - in other
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words, performing mild TH after deep-to-profound TH
and performing SSFR after surgical control of bleeding. A
couple of key questions remain to be answered before
development of a final algorithm. Will there be indicators
determining the duration of hypothermia treatment?
And what is the best method of resuscitation when
rewarming patients from mild hypothermia to
normothermia, AFR or SSFR?

Conclusion

Hemorrhage following trauma continues to be a threat
for both civilian and military patients. Much attention
has been paid to the possibility of improving the outcome
of traumatic HS by TH treatment. Correspondingly, it
has been proposed that TH would not exacerbate the
development of the trauma ‘triad of death! Even
spontaneous hypothermia would not be viewed as
completely harmful. The novel concept of TAR, including
LFR, SSFR, and AFR, may change current resuscitation
strategies in the treatment of uncontrolled traumatic HS.
TH treatment in combination with TAR may provide
patients with better trauma care. A specific algorithm for
the use of mild or deep-to-profound TH will be useful for
trauma surgeons and emergency, anesthesiology and
critical care physicians. However, the mechanisms of
action, the safety, and pre-hospital technical and logistic
problems of TH still need to be determined. In addition,
it is noteworthy that our algorithm is developed from
basic evidence without clinical verification. All the
hypotheses are raised for further laboratory study and
prospective clinical trials. For more suggestions and
insights, please refer to a recent meeting abstract [10].
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