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Targeted temperature management in patients

with severe heatstroke

Three case reports and treatment recommendations
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Abstract \\
Rationale: Unprecedented heatwaves over the past several years are getting worse with longer duration in the course of global |

warming. Heatstroke is a medical emergency with multiple organ involvement and life-threatening illness with a high mortality rate of
up to 71%. Uncontrolled damage to the central nervous system can result in severe cerebral edema, permanent neurological
sequelae, and death. However, regarding the therapeutic aspects of heat stroke, there was no therapeutic strategy after the rapid
cooling of the core body temperature to <39°C to prevent further injury.

Patient concerns: Each of 3 patients developed a change of mental statuses after the exposure to summer heatwaves or
relatively high environmental temperatures with high humidity in the sauna.

Diagnoses: The patients were diagnosed with severe heatstroke since they showed cerebral edema and multiple organ
dysfunction based on the results from laboratory tests and the findings in brain computed tomography scan.

Interventions: The patients underwent induced therapeutic hypothermia (<36°C) between 24 and 36 hours in the management of
severe heatstroke.
Outcomes: The patients survived from cerebral edema and multiple organ dysfunction.

Lessons: We believe that targeted temperature management (<36°C) will help treat severe heatstroke. Thus it should be
considered for reducing the chance of development of complications in multiple organs, especially in the central nervous system,
when managing patients with severe heatstroke.

Abbreviations: BT = body temperature, CNS = central nervous system, CPC = cerebral performance categories scale, ED =
emergency department, HU = Hounsfield unit, ICU = intensive care unit, PR = pulse rate, RPM = rate per minute, TTM = targeted

temperature management.
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1. Introduction

As the intensity and duration of an unprecedented heatwave over
the past several years are rising in the course of global warming,
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populations exposed to the risk of heat-related illnesses are
increasing.!"™* Heat-related illnesses can be categorized based on
the severity of symptoms. Heatstroke, characterized by a core
body temperature that rapidly rises above 40°C and is associated
with hot, dry skin and central nervous system (CNS) dysfunction,
causes multiple-organ severe complications, including permanent
neurological sequelae.”®! Although the mechanism of heatstroke
is not fully understood, several theoretical and experimental
models have described how systemic complications and neuro-
logical sequelae—especially cerebellar dysfunctions that are
common in neurological sequelae—are caused by direct thermal
injury and sepsis-like responses in heatstroke. Severe heatstroke,
which involves exposure to higher temperatures for more
extended periods, may progress to multiple organ failure and
death. In such cases, severe cerebral edema can result in
permanent neurological sequelae or death.!! Moreover, accord-
ing to Hifumi et al,'®! the mortality rate is up to 71%. However,
regarding the therapeutic aspects of heat stroke, there was no
therapeutic strategy after the rapid cooling of the core body
temperature to <39°C to prevent further injury. Therapeutic
hypothermia improved survival and reduced the rate of disability
in patients with cardiac arrest.!”! We propose a novel method
of inducing therapeutic hypothermia (<36°C) between 24 and
36hours in the management of heatstroke patients to prevent
neurological sequelae caused by heatstroke. Based on the
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consideration of physiological changes in hypothermia and the
pathophysiology of heatstroke, a more aggressive body temper-
ature control than the previous cooling method of just falling
below 39°C should be instituted in treating heatstroke, which is
similar to therapeutic hypothermia (<36°C) for 24 hours that is
applied routinely in post-cardiac arrest patients. The implemen-
tation of such guidelines could result in favorable prognoses in
patients with heatstroke.

2. Cases

There were three patients of heatstroke managed with induced
hypothermia in this paper. Ajou institutional review board
approved a waiver of informed consent based on its official rule
of a waiver of informed consent for a case report of <5 patients.
All patients provided written consent for publication.

2.1. Methodology of targeted temperature management

Our targeted temperature management (TTM) protocol was:
achieving the target temperature between 32°C and 36°C and
then maintaining for >24hours unless the patient is hemody-
namically unstable, has a bleeding tendency, or has an ongoing
severe infection. TTM was induced using ice packs, intravenous
cold saline, and cooling devices that include a feedback-
controlled surface cooling device system (Blanketrol II, Cincin-
nati Subzero Products, Cincinnati, OH; Artic Sun Energy
Transfer Pads, Medivance Corp., Louisville, KY). The core
temperature of a patient was monitored using an esophageal or
foley catheter temperature probe. Remifentanil, dexmedetomi-
dine, and propofol were used for sedation and analgesia. During
the maintenance phase, the constant targeted temperature was
maintained. Upon the completion of the maintenance phase,
patients were rewarmed with the target rate of 0.25°C/h.
Advanced critical care, such as oxygenation, ventilation, glucose
control, and hemodynamic optimization, was provided accord-
ing to guidelines. All patients had sufficient sedation and
analgesia as needed for shivering control and seizure prevention.

2.2. Case A

A 73-year-old female was admitted to the emergency department
(ED) complaining of mental change. It was a hot summer day
with an atmospheric temperature of about 34°C, but there was no
air conditioning system in the patient’s house except for an
electric fan. The vital signs were: blood pressure 106/51 mmHg,
pulse rate 160 bpm, respiratory rate 41 cpm, body temperature
40.1°C, and pulse oxygen saturation 92%. Endotracheal
intubation was performed at the time of the ED arrival.
Simultaneously, ice-pack application, evaporative cooling of
water spray and fanning over the skin, and cold fluid
administration were conducted. In the history of the patient,
she had hypertension, diabetes mellitus, and asthma. She was
alert until 10 pm on the previous day. She was found to have a
fever, rapid respiration, sweating, and decreased mentality in the
morning. On physical examination, there were large amounts of
redness and small bullae on the dependent positions of her back,
extremities, buttocks. A brain computed tomography (CT) scan
was performed, but nothing specific to her conditions was found.
There was no definite focus for high body temperature except
heat-related illness. Although her body core temperature
decreased to 38°C, she did not regain her consciousness. Induced
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hypothermia of 34°C was performed for the next 24 hours. She
regained consciousness after the TTM was conducted, and she
was discharged on hospital day 73 with some disability of
movement. Changes in laboratory results were shown in Figure 1.

2.3. Case B

A 61-year-old male was admitted to the ED because he was found
unconscious inside the sauna in a public bathhouse. No one knew
when he entered the sauna. The vital signs were: blood pressure
40/30 mmHg, pulse rate 150 bpm, respiratory rate 30 cpm, and
body temperature 40.1°C. Both of his pupils were pinpoint size.
On physical examination, his mentality was semicomatose.
Crackles were heard in both lung fields, and there were skin
abrasions secondary to contact burns in the dependent portions
of both elbows. Rapid sequence intubation was performed.
Simultaneously, ice-pack application, evaporative cooling of
water spray and fanning over the skin, and cold fluid
administration were conducted. Although 2 L of crystalloid
fluid was administered, systolic blood pressure remained around
70 mmHg; therefore, norepinephrine was administered at a rate
of 2.5 pg/min/kg. His body temperature fell to around 38°C after
50 minutes had passed since his admission to the ED. He was not
responsive to painful stimuli 2 hours after his body temperature
had dropped to <38°C. An emergency brain CT scan did not
show any hemorrhage or low HU lesions, except cerebral
swelling. Therefore, we conducted TTM (32°C -34°C) for
36hours, and he was admitted to the ICU. After termination of
TTM, he showed a tiny response to external stimuli; however,
sudden cardiac arrest occurred. Cardiopulmonary resuscitation
was performed for 4 minutes on hospital day of 8. On hospital
day of 11, he opened the eyes spontaneously. On hospital day of
46, he was discharged, although his extremities had disabilities
(cerebral performance categories scale [CPC] 3). Changes in
laboratory results were shown in Figure 1.

2.4. Case C

A 21-year-old male was transferred to the ED because he had
severe heatstroke during a troop march in hot weather. In the
presenting illness, he became unconscious while marching with a
backpack weight of 50 pounds. He was admitted to the military
hospital immediately, where his vital signs were blood pressure
70/40 mmHg, pulse rate 200 rpm, respiratory rate 46 rpm, and
body temperature 42.2°C. There was no specific finding in the
brain and cervical spine computed tomography (CT) scan.
Laboratory test values were within normal except for CPK, which
was elevated to 2000IU/L. Based on his laboratory tests, there
was no evidence of infectious disease. He was transferred to our
ED because he showed unconsciousness 4hours later. His
mentality varied from deep stupor to semicomatose. His vital
signs were: BP 146/91 mmHg, PR 140 rpm, RR 50 rpm, and BT
38.4°C upon his admission to the ED. Simultaneously, ice-pack
application, evaporative cooling of water spray and fanning over
the skin, and cold fluid administration were conducted for
lowering body temperature. His body temperature fell to <38°C
after 20 minutes had passed since his admission to the ED. He
was still unresponsive to painful stimuli 2 hours after his body
temperature had fallen <38°C.

The emergency brain CT scan did not show any hemorrhage or
low HU lesions, except moderate cerebral swelling. Therefore, we
conducted TTM (<36°C) for 36 hours. He was admitted to the
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ICU, where he underwent continuous renal replacement therapy
because he showed acute kidney injury—hypercreatinekinase-
mia. At the time of TTM termination, he showed good responses
to verbal stimuli. At hospital day of 3, he was extubated,
although there was a small pneumonic consolidation in the right
middle lobe. There was no deficit regarding his neurological
system function. He was transferred once again to the military
hospital on hospital day 5 and was discharged with no
neurological deficit. Changes in laboratory results were shown
in Figure 1.

3. Discussion

The diagnosis of heatstroke is made by ruling out other diagnoses
to identify the one that explains the patient’s conditions the best.
In our study, patients were diagnosed with heatstroke if they had
been exposed to a hot environment and suffered from a change of
mental statuses relating to increased body temperature with no
definitive evidence for the existence of different disease entities.
Previous studies have examined the possible role of active and
passive cooling to treat heatstroke. Although rapid cooling of the
core body temperature is the essential therapeutic aspect when
treating heatstroke, there was no therapeutic strategy to
implement after rapid cooling and falling of the core body
temperature. Untreated or uncontrolled systemic injury, includ-
ing CNS damage secondary to the heatstroke, resulted in severe
CNS injuries, multiple organ failure, and death. As showed in
Figure 1, laboratory results, representative of systemic organs,
increased rapidly out of normal range, even though the initial
heat insult was removed from the patients.

TTM, previously known as therapeutic hypothermia or
induced hypothermia, is an active treatment for achieving and
maintaining specific body temperatures of a patient for a set time
duration of time.!”"® The goal of TTM is to improve neurologic
outcomes during the recovery phase after the ischemic/anoxic
period.””8! TTM may reduce the risk of ischemia-reperfusion
injury, and it is the first safe and effective therapy for ischemia-
reperfusion injuries in cardiac arrest and stroke.””*! Previous
literature reported similar neurologic outcomes for the target
temperature of 33°C (91°F) to 36°C (97°F)."! Complications,
including infection and bleeding, may occur in TTM, which is
thought to play a role in the prevention of brain injury by
reducing the brain’s oxygen demands, the production of
neurotransmitters (eg, glutamate), and free radicals that can
damage the brain.

We expected that TTM would assist in the treatment of
patients with heatstroke by alleviating the assumed mechanisms
of heatstroke: thermal-direct injury, sepsis-like responses,
diminishing neuronal injury, and the mitigation of inflammatory
responses and immune responses (Fig. 2).

3.1. Thermal-direct injury

Thermal-direct injury to cells and tissues starts at temperatures
>41.7°C in mammals.”! In extreme temperatures above the
threshold of the accommodation response, cellular membranes
liquefy, enzymes denature or modify and lose their functions, and
mitochondrial oxidative phosphorylation is altered and disrupted
by uncoupling reactions.>*®! Furthermore, the generation
of reactive oxygen species (ROS)—a critical mediator of heat
stress-induced apoptosis—is provoked. Additionally, the ROS-
dependent mitochondrial signaling pathway is associated with
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activated apoptosis in hyperthermia.l'®! Heat adversely affects
almost all organ systems, with the CNS being particularly
vulnerable. In the CNS, the cerebellum is the most susceptible to
this thermal-direct injury, followed by the cerebral cortex,
brainstem, and spinal cord.""! Several cases and postmortem
studies have reported selective vulnerability of the cerebellum,
showing localized swelling of Purkinje cells and cell death, with
the duration of hyperthermia correlating with the extent of cell
death.""?! Furthermore, systemic sepsis-like reactions in heat-
stroke induce additional injuries to the CNS by disrupting the
blood-brain barrier, leading to an accumulation of inflammatory
cells in the entire CNS, including thermal-direct injured
tissues.!'3! Cytotoxic edema after thermal-direct neuronal injury
and vasogenic edema followed by the disruption of the blood-
brain barrier induce intracranial hypertension, which may
exacerbate the neurological injuries.""*! As a result, encephalop-
athy and cerebellar syndromes, such as truncal ataxia, severe
dysarthria, dysmetria, and dysdiadochokinesia, are frequently
prominent in patients with heatstroke even after normalization of
the body temperature and recovery from the acute phase of
heatstroke. Therefore, neuroprotective strategies should be
implemented to reduce the occurrences of neurological sequelae
in managing heatstroke.

3.2. Sepsis-like responses

During exposure to heat, which may be from high environmental
temperature (classic or non-exertional) or strenuous exercise
(exertional), the thermoregulatory center in the hypothalamus
strictly maintains the core temperature at approximately 37°C by
dissipating the heat load through cutaneous vasodilation and
increasing blood flow in the skin in humans. Despite this
adaptation process, thermoregulation failure combined with an
exaggerated acute inflammatory response results in the progres-
sion of heat stress to heatstroke.!'*! During vigorous efforts to
shift the heated blood from core circulation to peripheral
circulation, inevitable shunting effects lead to circulatory
insufficiency in the gastrointestinal (GI) system.'®’ Reduction
of splanchnic blood flow incurs hypoxic/ischemic injuries of the
hepatocellular and GI system, which consequently induces cell
membrane damage and dissociation of a cell-to-cell junction in
the GI mucosa, thus adversely affecting cell viability and cell
permeability."®! Alteration of immunologic and barrier functions
of the intestines allows leakage of endotoxins into the systemic
circulation.!" In a persistent hyperthermic status, which cannot
be compensated properly, endotoxin spillover overwhelms the
hepatic capacity of detoxification and may trigger the initial
inflammatory reaction in heatstroke.!'>1”!

The immune response to endotoxemia resulting from the
collapse of the intestinal mucosal barrier activates the signaling
cascade originating from pattern recognition receptors such as
toll-like receptors in host immune cells in heatstroke.'®!
Interleukin-1 and tumor necrosis factor-a, the potent inflamma-
tory mediators, play an essential role in the initial immune
response. Both cytokines can cause fever, hypotension, leukocy-
tosis, induction of other proinflammatory cytokines, and
simultaneous activation of coagulation and fibrinolysis."'*! As
tissue factors—one of the critical mediators of disseminated
intravascular coagulation—are released in response to exposure
to cytokines and endotoxin, the dysregulation of processes
participating in coagulation and fibrinolysis is also provoked in
heatstroke.[*®! The activation of coagulation coincides with the
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Figure 1. Changes in laboratory results after hospital admission. (A) Aspartate aminotransferase, (B) Troponin-I, (C) Lactic acid, (D) Prothrombin time. Laboratory
test results, representative of systemic organs, increased rapidly out of normal range after admission to the ICU, even though the initial heat insult was removed from
patients. Then, all values of laboratory results rose to the highest between hospital days 2 and 4. Targeted temperature management might weaken further injuries
subject to initial heat insult in multiple organs.
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CNSinjury, from aggravating in patients with heatstroke because it could reduce the overwhelming immunologic responses and direct thermal injury to the CNS in the dotted box.
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onset of heatstroke, as assessed by the appearance of thrombin—
antithrombin IIT complexes, soluble fibrin monomers, and low
levels of protein C, protein S, and antithrombin IIL. Fibrinolysis is
also activated, as shown by increased levels of plasmin and
p-dimers and decreased levels of plasminogen.'*! The complement
system, which helps in the clearance of pathogens from organisms
and plays a significant role in immune responses, is also activated
in heat stroke, leading to the release of peptides, which are potent
mediators of inflammatory and immune responses known as
anaphylatoxins. These peptides bind to their respective receptors
on immune cells to initiate inflammation and vasodilation, which
activates them.>'3]

Heatstroke is also defined as a type of hyperthermia associated
with a systemic inflammatory response. The molecular pathways
and clinical features of aggressive inflammatory reactions in
heatstroke correspond with the processes in sepsis (Fig. 1).%!
These sepsis-like responses in heatstroke induce additional
injuries to the CNS by disrupting the blood-brain barrier,
leading to an accumulation of inflammatory cells in the entire
CNS, including thermal-direct injured tissues. The causes of
death in heatstroke closely resemble the end-stage clinical
features of sepsis, which are respiratory failure, acute respiratory
distress syndrome, nosocomial pneumonia, renal failure, GI
bleeding, stress gastritis, anemia, deep venous thrombosis,
electrolyte abnormalities, hyperglycemia, hepatic dysfunction,
and disseminated intravascular coagulation.”'! Consequently,
bacterial translocation and endotoxemia from the GI system
caused by systemic insults associated with heat stress lead to a
systemic inflammatory response that mimics sepsis, and that can
deteriorate rapidly to multiple organ failure and death.!"!

3.3. Diminishing neuronal injury subject to heatstroke

Therapeutic hypothermia has protective effects against thermal-
direct neuronal injury. The severity and extent of thermal-direct
injury depend on the critical thermal maximum, a term that
attempts to qualify the level and duration that will initiate tissue
injury.??! Since the extent of tissue damage is determined by the
degree of heat, and the duration of exposure, lower duration of
exposure to hyperthermia through rapid induction of hypother-
mia results in less neuronal tissue damage.

Following a period of thermal-direct injury, cells and tissues of
the penumbra around the tissue going through irreversible
necrotic changes after primary damage may be fully or partially
recovered, but may also enter the path leading to apoptosis.l'®14!
Whether apoptosis will develop is determined by cellular
processes such as mitochondrial dysfunction, which blocks
cellular energy metabolism; release of caspase enzymes, which
plays an essential role in the process; and disequilibrium of
intracellular ion (especially Ca®*) homeostasis, which induces
prolonged opening of the mitochondrial permeability transition
pore and is related to cellular survival in heatstroke.!'"’
Numerous studies have shown that hypothermia mainly affects
these critical factors by preventing mitochondrial dysfunction,
inhibition of caspase activation, and modification of intracellular
Ca®* ion concentration.!*>**! These cytoprotective effects of
hypothermia may prevent the surviving neuronal tissues (after
initial thermal-direct injury) from undergoing apoptosis and help
reduce neurological sequelae.

In addition, therapeutic hypothermia reduces the disruption of
the blood-brain barrier and reduces vascular permeability,
further reducing cerebral edema formation.””! These effects of
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hypothermia may help alleviate the exacerbation of intracerebral
hypertension after thermal-direct injury and lead to a favorable
neurological prognosis in heatstroke.

3.4. Mitigation of inflammatory and immune response
subject to heatstroke

Therapeutic hypothermia, which targets lower-than-normal
body temperature, may lead to beneficial effects through the
inhibition and mitigation of the complex immune responses in
heatstroke. Numerous animal experiments and some clinical
studies have shown that hypothermia reduces the release of
proinflammatory cytokines and coincidently stimulates the
secretion of anti-inflammatory cytokines such as interleukin-
10.12¢271 In addition, hypothermia can impair neutrophil and
macrophage function and reduce a leukocytosis reaction.**!
Therapeutic hypothermia could also modulate the complement
system by controlling the expression of complement fragments,
especially C3a and C5a.**! Furthermore, mild hypothermia
exerts an anticoagulant effect, which may have inhibitory effects
on the microthrombus formation and inhibit fibrinolysis and
platelet activation during cooling.!>"!

Given the likelihood that many processes are activated
simultaneously with the complex pathogenesis of heat stroke,
the combined inhibition of the many aspects of the inflammatory
process would provide the breakthrough therapy anticipated.
Currently, there is no other treatment of heatstroke but to
lower the initial temperature. However, complicated mechanisms
are involved in heatstroke, which necessitates additional treat-
ments for improved prognosis. Here, TTM may play a crucial
role in elucidating complicated mechanisms involved in heat-
stroke.

4. Conclusions

Most patients recover well after a period of hyperthermia, but
patients exposed to higher temperatures for more extended
periods are more at risk of complications, which in extreme cases
may progress to multiple organ failure, especially the CNS, and
death. As aforementioned, the reported mortality is as high as
71%. Current treatments for heatstroke do not adequately
control the underlying mechanisms of injuries; thus, the
effectiveness of these treatments remains unsatisfactory and
questionable. Therefore, we think that the application of TTM of
<36°C for 24 to 36hours, which can control multifactorial
pathophysiological processes, helps treat patients with severe
heatstroke as a fundamental therapeutic modality.
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