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ARTICLE INFO ABSTRACT

Hypothermia is a condition in which the body’s core temperature drops below 35.0 °C. Hypothermia is the
opposite of hyperthermia, which the metabolism and body functions are abnormal. Severe hypothermia is a life-
threatening problem that may cause atrial and ventricular dysrhythmias, coagulopathy, cardiac, and central
nervous system depression. What is worse, it is fatal when untreated or treated improperly. Accidental deaths
due to hypothermia resulting from immersion in cold water, especially involving naval fighters and maritime
victims have occurred continually in the past years. Currently, the treatment of hypothermia has become a
research focus. Rewarming is the only approach that should be considered for hypothermia treatment. However,
the treatment is of low efficiency, and few active rewarming cases have been reported. It is well known that
timely reperfusion is the best way to save the lives of patients with ischemia. Similarly, reoxygenation is effective
for hypoxia. However, several studies have identified that improper reperfusion of ischemic tissues and reox-
ygenation of hypoxic tissues give rise to further injury. Analogically, this study attempts to propose the hy-
pothesis that hypothermia-rewarming injury may also exist. When suffered from hypothermia, both the blood
circulation and the oxygen supply in the body will be affected in a deficient state, an injury may also appear in
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the improper rewarming process. In a word, hypothermia-rewarming may be a double-edged sword.

Introduction

Hypothermia is a typical low-frequency but high-impact diagnosis
in a widely varied population who suffers from environmental ex-
posure, anesthesia, illness, medications, or trauma [1-4]. Body tem-
perature is usually maintained near a constant level of 36.5-37.5°C
through biologic homeostasis or thermoregulation. If persons are ex-
posed to a cold environment, and their internal metabolic heat pro-
duction cannot replenish the heat dissipation, the body’s core tem-
perature falls. This can occur due to excessive cold or health problems
that decrease a person’s ability to generate heat. Characteristic symp-
toms depend on the temperature levels of hypothermia. In mild hy-
pothermia, symptoms manifest as shivering and mental confusion. The
treatment of mild hypothermia involves heated drinks, warm clothing,
and staying active [5]. Minimizing movements along with heating
blankets and warmed intravenous fluids are recommended in moderate
hypothermia treatment. In severe hypothermia, risk of cardiac arrest

increases [6]. Extracorporeal membrane oxygenation (ECMO) or car-
diopulmonary bypass is beneficial for severe hypothermia treatment.
For patients without vital signs, cardiopulmonary resuscitation (CPR) is
indicated along with the above measurements. When a patient has a
cardiac arrest, rewarming is the primary treatment until a person’s body
temperature is greater than 32 °C. Mortality rate of severe hypothermia
patients is more than 50%, therefore, effective treatment modality is
still the focus of research [7-9].

The goal of hypothermia therapy is to return the core temperature
to a normal level that restores the regular physiologic function of all
body processes. Currently, rewarming is the primary treatment.
Therefore, we think the high modality of severe or profound hy-
pothermia treatment is closely related to the rewarming process. As we
know, recovering blood supply and oxygen supply to the heart and
brain tissue are the best ways to save the lives of patients with cardio-
cerebral ischemia and hypoxia, but restoring blood perfusion or oxygen
supply will bring new damage to the heart and brain tissue, namely,
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ischemia-reperfusion and hypoxia-reoxygenation injury. In 1960,
Jennings et al. found for the first time in dogs that ischemic reperfusion
aggravated myocardial necrosis [10]. In 1985, Braunwald and Kloner
proposed the concept of “myocardial ischemia-reperfusion injury” [11].
Reperfusion improves the supply of blood to the myocardium. At the
same time, it also aggravates the injury caused by simple myocardial
ischemia and causes arrhythmia, enlarged infarct size, and persistent
ventricular systolic dysfunction. The mechanism of ischemia-reperfu-
sion injury is complex. Currently, it is believed to involve a variety of
biologically active molecules and intracellular signal transduction
pathways, such as reperfusion-induced reactive oxygen species (ROS)
outbreaks and reduced nitric oxide rate, etc. In addition, a large number
of studies have shown that after myocardial hypoxia-reoxygenation,
there are free radical production and LPO enhancement, the release of
CPK, LDH, etc. in cells increases, the myocardium is severely damaged
[12].

Similarly, rewarming is central to hypothermia treatment. In recent
years, there have been many studies on the methods for reheating at
low temperatures. However, the rewarming effect is not very satisfac-
tory, and the efficiency of rewarming in moderate to severe hy-
pothermia is not high. And sometimes the rewarming even causes more
severe injuries [13,14]. When the body temperature is below normal
state, both the blood circulation and the oxygen supply in the body will
be affected in a deficient state. The blood oxygen supply gradually re-
covered when rewarmed, but previous studies had shown that after
myocardial hypoxia-reoxygenation, the myocardium severely damaged.
Respiration turns from initial tachypnea to bradypnea and alveolar
hypoventilation happens. At the same time, anemia-hemoconcentra-
tion, dehydration (cold diuresis) thrombocytopenia, lowered cardiac
output and disseminated intravascular coagulation also happen [15].
Therefore, the hypothesis of hypothermia-rewarming damage is pro-
posed in this paper. When the body is rewarmed from low temperature
to normal state, improper thermoregulation may also cause new da-
mage to the body tissue.

Hypothesis

We propose that there exists hypothermia-rewarming injury re-
sembling hypoxia-reoxygenation and ischemia-reperfusion injury.
When suffered from hypothermia, the enzymatic activity slows down,
the capacity to generate heat decreases, the functions of different body
organs progressively weaken, hypoxemia and hemoconcentration
happen [16-21]. Then, rewarming to normal core temperature is cri-
tical and essential to the patients. However, unclear and incomplete
understanding of the ideal rewarming curve results in a high modality
of severe hypothermia treatment. Therefore, the hypothesis we intend
to establish is that an unreasonable rewarming method can lead to
hypothermia-rewarming injury.

Evaluating the hypothesis

Rewarming is essential when suffered from hypothermia, increasing
research results have been explored on rewarming area. Several pieces
of research have indicated that rapid rewarming worsens the outcomes,
which include the decrease in survival rate and tissue injury. Moreover,
they show that the inflammatory response and intracellular calcium
concentration may be altered in patients when rapid rewarming begins
[17,22-27]. In addition, therapeutic hypothermia has been reported to
increase mortality and tissue injury in several models [28-34]. And
inflammatory reaction levels could be changed in different therapeutic
hypothermia situations [35]. Therefore, some studies investigated the
administration of anti-inflammatory drugs or anti-oxidant agents in
hypothermia and rewarming model. And they found that gradual re-
warming and administration of anti-inflammatory drug dexamethasone
improved survival and reduced acute lung injury suffering therapeutic
hypothermia in a rat model [22]. In a hemorrhagic shock model,
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rewarming was found to lower blood pressure and increase heart rate
and the synthesis of ROS [26]. In patients with a traumatic brain injury
has been found induced derangement of cerebrovascular activity [16].
In cardiac arrest patients, the inflammatory cytokines and complement
and adhesion molecules changed [17]. Although part of rapid re-
warming cases has shown worse results, the optimal rewarming pro-
tocol that is the core of rewarming efficiency has not been shown yet.
Recently, gradual rewarming over a 6-8 h period is recommended for
out of hospital cardiac arrest therapeutic hypothermia treatment,
though there is little evidence to support this mode of rewarming [22].
Therefore, further relevant researches about rewarming rate are of
great value and significance to improve the therapeutic hypothermia
and targeted temperature management.

To evaluate the hypothermia-rewarming injury hypothesis, the cell
cytotoxicity of IEC-6 after hypothermia-rewarming manipulation was
tested. Firstly, cells were induced with hypothermia under 4 °C, 4 h and
inoculate density of 5 x 10° cells/mL, which is the optimal condition
based on the previous experimental results [36].

Then, the cells were rewarmed at 37 °C and 42 °C respectively to see
the different rewarming rate effects. The setting of 37 °C and 42 °C as
the rewarming condition is based on the previous animal experiment on
hypothermia treatment [37,38]. In most studies, the survival rate of
animals rewarming at 42 °C is lower than that at 37 °C. However, some
studies show that the animals with severe hypothermia may have a
delayed afterdrop effect after rewarming at 37 °C, and in other cases,
aggravation and a sudden decrease in the survival rate may happen
[37,39]. To clarify different rewarming rates on hypothermia treat-
ment, both 37 °C and 42 °C were set in the cell and animal experiments
as the ambient temperature. In addition, it is worth noting that the
setting rewarming temperature of 42°C is the temperature of the
heating surface, the real temperature of cell culture medium and the tail
of the mouse is actually lower than 42 °C.

As shown in Fig. 1, the cell rewarming survival rates after the
temperature mentioned above conditions were tested, when the IEC-6
cells were rewarmed at 37 °C, cell damage gradually increased and the
injury reached the maximum after rewarming for 2 h. Subsequently, the
cell viability began to recover slowly; the viability was close to but not
yet reached the initial level until 4 h after rewarming. However, when
the IEC-6 cells were rewarmed in 42°C, cell damage gradually in-
creased during all observation time, the cell viability did not show any
improvement. The results demonstrate that improper rewarming tem-
perature can indeed cause irreversible cell injury.

Moreover, an in vivo hypothermia rewarming experiment was
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Fig. 1. The cell rewarming survival rates vary under different rewarming

temperatures. Cell damage increases when rewarmed at 42 °C while decreases
when rewarmed at 37 °C after 4-h rewarming.
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Fig. 2. A. The hypothermia and rewarming manipulation of mouse tail. B. The initial temperature distribution of mouse tail. C. the temperature distribution of mouse
tail after 1 h hypothermia on 4 °C cooling surface; D. The temperature distribution of mouse tail after rewarming at 42 °C, 30 °C and 37 °C for 1 h respectively; i)

rewarming at 42 °C, ii) rewarming at 30 °C, iii) rewarming at 37 °C.

conducted to identify whether there exists hypothermia-rewarming
injury. Healthy mice were chosen as the animal model. The hy-
pothermia target focused on the tail area that can quickly reflect the
temperature changes. Fig. 2A is the illustration of hypothermia and
rewarming manipulation. The mouse was anesthetic and the tail was on
the cooling surface of 4 °C to serve as animal models of hypothermia.
The infrared thermal imager was used to observe the temperature
changes during hypothermia and rewarming process. Fig. 2B shows the
image of the mouse before the hypothermia treatment. Fig. 2C shows
the image of the tail after 1-hour hypothermia, where the temperature
is approximate 4 °C. Then, the tail was rewarmed at 30 °C, 37 °C, and
42 °C respectively. Fig. 2D (i-iii) is the rewarming image after 1h at
different rewarming temperatures, the temperature of the tails all began
to increase gradually. For the group at 30 °C, the temperature increased
gradually, and after another 2h, the temperature remains unchanged
and is lower than the initial temperature without hypothermia. For the
group at 37 °C and 42 °C, the temperature of the tail increased faster
than that at 30 °C. However, when the tail was rewarmed for 1 h, the

temperature distribution of tail that rewarmed at 37 °C is more close to
normal temperature than rewarmed at 30 °C and 42 °C. The results also
demonstrate that improper rewarming temperature in vivo can indeed
lead to injury.

Discussion and implications for future research

Our proposed hypothesis is that there remains injury in hy-
pothermia-rewarming is firstly proved by cell viability and temperature
distribution of animal tail. From above in vitro and in vivo experiments,
when suffered from hypothermia for hours, the hypothermia injury
happens. When rewarmed for the same hours or more, the cells viability
and tissue temperature cannot come back to the initial levels at im-
proper warming procedure. Hypothermia and associated shivering have
been shown related to increased oxygen consumption, increased blood
loss and coagulopathies that may worsen the outcome following re-
warming treatment [40-43]. Further research should be continued to
identify the mechanism underlying the specific injury when rewarming.
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Conclusion

We proposed a hypothesis that improper rewarming procedure
could induce hypothermia-rewarming injury. The cell viability under
rewarming at 37 °C is significantly higher than that under rewarming at
42°C. Additionally, the tissue temperature after hypothermia can re-
cover to normal state more quickly under suitable rewarming condition.
In summary, a hypothermia-rewarming injury may exist, and selecting
ideal rewarming procedure is vital for hypothermia therapy.
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