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Abstract

Our core body temperature is held around 37 °C by an effective internal thermoregulatory system. However, various clinical
scenarios have a more favorable outcome under external temperature regulation. Therapeutic hypothermia, for example,
was found beneficial for the outcome of resuscitated cardiac arrest patients due to its protection against cerebral ischemia.
Nonetheless, practice shows that outcomes of targeted temperature management vary considerably in dependence on indi-
vidual tissue damage levels and differences in therapeutic strategies and protocols. Here, we address these differences in
detail by means of computational modeling. We develop a multi-segment and multi-node thermoregulatory model that takes
into account details related to specific post-cardiac arrest-related conditions, such as thermal imbalances due to sedation and
anesthesia, increased metabolic rates induced by inflammatory processes, and various external cooling techniques. In our
simulations, we track the evolution of the body temperature in patients subjected to post-resuscitation care, with particular
emphasis on temperature regulation via an esophageal heat transfer device, on the examination of the alternative gastric cool-
ing with ice slurry, and on how anesthesia and the level of inflammatory response influence thermal behavior. Our research
provides a better understanding of the heat transfer processes and therapies used in post-cardiac arrest patients.

Keywords Thermoregulation - Human thermal model - Targeted temperature management - Cardiac arrest - Intensive care -
Bio-heat transfer - Hypothermia

1 Introduction

Humans maintain a constant temperature, which is nor-
mally referred to as the core body temperature and lies
within 36 — 37.5 °C, whereas the extremities or peripheral
shell temperatures are usually around 4 °C lower than core
body temperature (Morrison and Nakamura 2019; Tansey
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arrest syndrome, which is tackled with targeted temperature
management (TTM) strategies (Lascarrou et al. 2019). The
latter presents one of the most important research areas in
critical care medicine and therapeutic thermoregulation.

Temperature modulation in comatose survivors after
cardiac arrest consists of induction of mild hypothermia or
maintenance of normothermia. In these patients’ fever is
associated with increased mortality (Donnino et al. 2015;
Nolan et al. 2015). Several opposing factors contribute to
temperature changes after cardiac arrest. Systemic inflam-
matory response syndrome that develops after cardiac arrest
leads to increased body temperature. There are several
pathophysiological mechanisms that occur after resuscita-
tion from cardiac arrest, which are united under the term
called post-cardiac arrest syndrome. This syndrome com-
prises four parts: a) the primary pathological state that led to
cardiac arrest; b) cerebral hypoperfusion with ischemia—rep-
erfusion injury; ¢) myocardial dysfunction after a return of
spontaneous circulation and d) systemic ischemia/reperfu-
sion response (Skok et al. 2020; Leong et al. 2017; Markota
et al. 2022; Alves and Mady 2020). In order to achieve a
decrease in temperature (or to maintain normothermia),
several interventions aimed at cooling need to be utilized:
physical cooling (internal and/or external) and pharmacolog-
ical interventions (e.g., acetaminophen), but effects of other
medications that are required in this patient population also
need to be considered (e.g., intravenous sedation and opiate
analgesia). In addition to changes in body temperature, all
interventions above have side effects with important clinical
implications: for example, hypovolemia and hypokalemia
are associated with increased urine output, increased sus-
ceptibility to infections, or complications associated with
devices used to manage temperature. Despite strict protocols
(hypothermia range from 32 °C to 34 °C), there is still a large
variability in patient behavior even if they are subjected to
very similar protocols. This is not only due to inter-indi-
vidual variability but also due to different levels of organ
damage, leading to more intense inflammatory response, etc.
(Donnino et al. 2015; Nolan et al. 2015).

The desired temperature can be regulated by different
means and devices. Cooling via surface methods, such as
ice packs, blankets and air-cooling is relatively simple,
noninvasive and cheap, but not very effective (Nolan et al.
2015). In contrast, internal methods such as intravascular
cooling directly affect the core body temperature and are
therefore more efficient, but might lead to serious side
effects (Kim et al. 2018). Noteworthy, in recent years sev-
eral minimally invasive methods have been developed,
such as esophageal or nasal cavity cooling devices (Goury
et al. 2017; Naiman et al. 2016; Hegazy et al. 2017; Bad-
jatia et al. 2020). The esophageal heat transfer device
(EHTD) has been in use since 2015 and has proven out
to be effective for TTM in cardiac arrest patients (Hegazy
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et al. 2015; Markota et al. 2016). Its main advantages
are anatomical location in vicinity of great vessels and
heart, enabling contact with blood in central circulation,
and minimally invasive insertion—insertion of a gastric
tube is a common procedure. Moreover, adequate sedation
and use of neuromuscular blocking agents facilitate the
insertion of the EHTD (Leong et al. 2017; Nguyen et al.
2018). While the efficacy and safety of the EHTD has been
previously proven, there is still a lack of information on
the optimal usage setting and protocol (Goury et al. 2017;
Khan et al. 2018; Naiman et al. 2017).

To address the complexity of the human thermal system,
computational thermoregulatory models have been devel-
oped, as a means to better understand and predict the thermal
responses in different environmental conditions and circum-
stances (Fiala et al. 2010; Kati¢ et al. 2016; Fu et al. 2016;
Enescu 2019). In these models, the human body is typically
represented by two interacting systems of thermoregula-
tion: (1) the controlling active system, which represents
thermoregulatory responses of vasoconstriction, vasodila-
tion, shivering, sweating, and metabolic heat production, and
(2) the controlled passive systems, which resembles ther-
mal interactions between the body, the environment and the
heat transfer within the body (Fu et al. 2016). Mathematical
modeling of the human thermal system has a long tradition
(Pennes 1948; Gagge et al. 1971; Stolwijk 1970). During
the past forty years, the initial relatively simple models have
evolved to more sophisticated, multi-segmental and multi-
node models, which are based on the theories of physiol-
ogy, thermodynamics and transport processes and aim to
predict the thermal behavior of either the entire human
body or a part of it. Individual segments are typically cylin-
drical elements that mimic different parts of the body and
are interconnected through blood flow, whereas each seg-
ment is divided into different nodes between which heat is
transferred (Fu et al. 2016; Hensley et al. 2013). Various
strategies have been used for the compartmentalization of
segments. In more elementary schemes, each body element
is composed of the core, skin and blood nodes, whereas in
more detailed models each segment is built of annular con-
centric tissue layers with different thermal properties (Fiala
et al. 2010). Recent endeavors focus on very specific aspects
of thermophysiological modeling, such as detailed descrip-
tions of the cardiovascular or respiratory systems (Shrivas-
tava 2018), interindividual variability (Zhang et al. 2001),
or the incorporation of specific environmental conditions
(Jiang et al. 2010; Weng et al. 2014). With the skin and
core temperatures as the main output variables these models
offer numerus applications and have till now been mostly
used the context of thermal comfort research and sensation,
with emphasis on automotive research, clothing and build-
ing simulation (Enescu 2019; Fiala et al. 2010; Koelblen
et al. 2017).
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Computational thermoregulation models are increasingly
gaining attention also in the framework of biomedical appli-
cations (Shafirstein and Feng 2013; Shrivastava 2018; Skok
et al. 2020). A substantial part of the endeavors is devoted to
the description of local heat transfer in tissues with the aim
to predict the relationship between dosages and impact of
deposited thermal energy. Examples include interstitial laser
thermal therapies (Fuentes et al. 2009), microwave thermal
ablations (Faridi and Prakash 2018), ultrasound thermo-
therapy (Prakash et al. 2013), and nanoparticle-mediated
hyperthermal cancer therapy (Kaddi et al. 2013; Raouf et al.
2020; Orthaber et al. 2017), including the magnetic fluid
hyperthermia (Suriyanto and Kumar 2017), to name only a
few. Moreover, increasing effort is given to the utilization
whole-body thermal models in various contexts of thermal
medicine. Simulations have been performed to evaluate dif-
ferent surface-based cooling and rewarming techniques, such
as cooling mattress (Brauer et al. 2004; Silva et al. 2018),
air-cooling (Romadhon et al. 2017; Wakamatsu and Utsuki
2009), postoperative rewarming with blankets (Vallez et al.
2016), and specialized temperature management systems
(Vanlandingham et al. 2015; Wang et al. 2021). Similarly,
others have utilized mathematical models to investigate the
effectiveness of cooling with peripheral infusions of coolants
(Rosengart et al. 2009; Neimark et al. 2008) and to predict
the temperature variations induced by intravascular cool-
ing (van Willigen et al. 2019; Xue and Liu 2011) or via an
esophageal route (Vaicys et al. 2012; Williams et al. 2016).
Intensive care unit (ICU) patients are usually sedated, and
consequently, their thermoregulatory system is impaired.
Anesthesia does not only decrease basal metabolic levels
but also shifts the thresholds for sweating, vasoconstriction,
and shivering, which results in dose- and time-dependent
hypothermia (Sessler 1997). Till today, very few studies
have explored theoretically modifications of thermoregula-
tory principles during anesthesia and surgical procedures. In
2008 Tindall et al. (2008) proposed a rather phenomenologi-
cal model to examine heat transfer processes between the
core organs and peripheral body parts in patients undergoing
cardiac surgery, with emphasis on how proper post rewarm-
ing protocols can prevent the afterdrop of the core tempera-
tures. A more detailed multi-segment and multi-node model
was developed by Severens et al. (2007), with the aim to
predict the patient temperature during cardiac surgery. The
main advantage of their computational work was the incor-
poration of the pharmacological effect of the anesthetic on
various physiological functions, such as metabolism and
blood flow rates, which crucially affect the thermal balance
and must be considered to achieve agreement with measured
data.

A typical successfully resuscitated cardiac arrest patient
is subjected to a series of procedures to prevent hyperther-
mia and, later in the process, to induce mild hypothermia.

At first, patients are usually treated with cold fluid infusion
and cooling blankets even before hospital administration.
Following a series of diagnostic procedures, patients are
admitted to the ICU where TTM continues. For this pur-
pose, different methods and devices to induce hypothermia
are available and the choice often relies on local experience
and logistics. In recent years, also novel semi-invasive meth-
ods such as the EHTD are gaining on popularity and their
optimal implementation has yet to be determined. Neverthe-
less, to the best of our knowledge, no detailed biothermal
model has been proposed which would incorporate the cas-
cade of processes and modified thermoregulatory responses
encompassed in post-cardiac arrest management care. In the
present study, we aim to address these issues by designing
such a computational model in order to examine the thermal
responses of patients in these specific clinical circumstances.
Particular emphasis is given to TTM via the EHTD and to
the possibility to induce mild hypothermia with ice slurry
gastric cooling.

2 Mathematical model

To model the thermal and regulatory responses of the human
body under various personal and environmental conditions,
we develop a multi-segment and multi-node model based on
the framework proposed by Salloum et al. (2007), which we
complemented with several completions in order to simulate
specific clinical scenarios. The scheme of the model is pre-
sented in Fig. 1, whereas a detailed description of particular
components is given in continuation.

The model divides the body into the fifteen cylindrical
body segments: head, trunk, pelvis, upper arms, forearms,
hands, thighs, calves and feet. Each of these segments con-
sists of four nodes, representing core, skin, artery blood,
and vein blood. The segments are connected through the
blood flow in the arteries and veins which leads to a distri-
bution of heat within the body. Following the Avolio multi-
branched model of the human arterial system (Avolio 1980),
the human circulatory system is represented by 128 arteries
sorted by body segments. The vessels are represented by
uniform thin-walled elastic tubes with realistic dimensions
and anatomic positions in the body. The details of length
and diameter of each vessel can be found in Avolio’s work
(Avolio 1980).

2.1 Energy balance equations

To describe the heat transfer between the body and the envi-
ronment, as well as inside the body itself, energy balance
equations are derived for each of the four nodes separately
(Salloum et al. 2007). After some modifications of the
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Fig. 1 A schematic representation of a thermophysiological computa-
tional model for predicting human thermal and regulatory responses
in the ICU. Each of the 15 cylindrical segments represents differ-
ent body parts and is divided into four nodes: core, skin, arterial,
and venous blood. Within individual segments, heat is transferred
between nodes by perfusion (1), convection (2) and conduction (3),
i.e., passive system, and individual segments are connected through
blood flow in the arteries and veins to account for the transportation
of heat inside the body. Vasoconstriction, vasodilation and sweating
along with metabolic heat production within the core keep the body
in thermal balance with respect to the heat exchange with the envi-

original model, the energy balance equations of the layers
in a specific body segment can be expressed as:

C ey M, + 0, +0
= 3 —sk
T dr cr res cr—si )
+ ch—art + ch—vein + ch—urt,per + st,per
o Ly 4 0, u+0
sk d[ sk cr—sk sk,per (2)
+ Qconv + Qrad + Qevap
dThl,a
Cbl,a dr = ch—art + Qadj,a (3)
dTbl,v 4
bl,vT = ch—vein + Qadj,v + ch—vein,per “
where C,,, Cy, Cy,, and C,, are the heat capacitances

of the core, skin, artery and vein node, obtained from
Salloum et al. (2007), T,, Ty, T,;, and T}, are the tem-
peratures of the four nodes, and ¢ denotes the time.
M_, and M, are the metabolic rates in the core and skin
node composed of the basal metabolic rate (M) and an
additional heat gain (AM) as described further below.
0,,=0.0014M34-1,,,) +0.0173M(5.87 - P,,,;,) is the

respiratory heat loss (ASHRAE 2001), which is supposed
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ronment. In the ICU, the heat balance of the patient is additionally
influenced by different methods of TTM (surface cooling, infusions
of cold saline, cooling devices), leading to regulated hypothermia.
Abbreviations: Q. ,c.» surface body cooling; Qg peq» conductive
heat loss through the bed; O, Q44> and Q,,,,, heat exchange with
the environment by convection, radiation, and evaporation; Q,,,, res-
piratory heat 10ss; Q10,5 heat exchange due to intravenous saline
infusion; Q.o icesiurry> €at exchange between the body core and
EHTD or gastric ice slurry; EHTD, esophageal heat transfer device;

AT,,,., change in body core temperature; AT;,, change in skin tem-

perature (see main text for further details)

to occur only in the core layer of the chest segment, where
T, is the ambient temperature in "C and P, is the ambi-
ent vapor pressure in kPa. Q..._y = K(T,. — T;) is the heat
exchange between the core and skin by conduction, where K
is the skin conductance given for each body segment taken
from Salloum et al. (2007).

ch—art = [Zarteries hblAartery](Tcr - Tbl,a) and ch—vein
= [ X eins MpiAvein)(T,, — Ty,;,) are the heat exchanges by con-
vection between the core and artery node in the first term
and between the core and vein node in the second term. £,
is the convective heat transfer coefficient of blood, taken
as 984 W/(m?K) (Holopainen 2012), and Agrtery/ Avein 18
the inner surface area of an artery/vein vessel, respectively.
The details of length and diameter of each blood vessel can
be found in Avolio’s work (Avolio 1980). Furthermore, the
vein diameter is assumed equal to twice its correspond-
ing artery diameter. The summation of the product of the
convection heat transfer coefficient and surface area is per-
formed over all the blood vessel branches of the segment
under consideration.

ch—art,per = mper,tmcbl(Tbl,a - Tcr) and
= Mper 10 Cpi(Ter — Tpy,) are the heat flows associated with
perfusion blood flow in the core, where 7, ., is the total
perfusion rate of blood entering the core node and ¢, is
the specific heat of blood, taken as 4000 J/(kgK) (Salloum
et al. 2007). The blood is then flowing from the core into
the skin layer, where heat exchange between the core and

ch— vein,per
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the skin associated with the skin perfusion blood flow
rate (ring) is given by Qy .., = mycy(Ty — T,,). The blood
mass flow rates and their alterations in specific circum-
stances are described further below.

The skin node exchange heat with the environment
by convection (Q,,,,), radiation (Q,,;), and evaporation

(Qeyqp) 1s given by

Qconv = Askhc(Tsk - Tamb) (5)
Qrad = Askhr(Tsk - Tmrt) (6)
Qevap = AskheW(ka - Pamb) @)

where A, is the exposed skin surface area according to Sal-
loum et al. (2007), h,, h, and h, are the corresponding con-
vective, radiative and evaporative heat transfer coefficients
obtained from de Dear et al. (1997), T,,,,, is the mean radiant
temperature, w is the skin wettedness, and P and P, are
the water vapor pressures at skin (7;) and ambient tempera-
ture (7,,,,,)- Importantly, during the simulations the subjects
are assumed to be unclothed. In our simulations, no sweating
was considered, so that the skin wettedness was 0.06.

Finally, the arterial and venous blood flow enter-
ing the considered segment through the inlet artery/
vein vessel (71, , and 7, ), facilitate heat exchanges
between the adjacent and considered body seg-
ment given as Qi = My Cp(Tyy g a0 — Thie) and
Qudw = 11y Co1(Tppyadj = Tpr)» Where Ty g o and Ty, g5
are the temperatures of the adjacent artery and vein ves-
sels, respectively. The mean skin temperature (T ,,00,)
was calculated by summing the products of local skin
temperatures and the corresponding weighting factors
ki = Ask,i/Axk,tot: TSk,mean = Z?:] ki : Txk,i’ where Axk,i is
the local skin area of the i-th body segment, A ,, is the
total body area, T ; is local skin temperature of the i-
th body segment and n is the number of all body seg-
ments (n = 15). The mean inner temperature (7, ,.,,) Was
defined as the average of the core temperatures of the
head, chest and pelvis segments (Coccarelli et al. 2016;
Olesen 1984).

2.2 Adaptations of the model to simulate
post-cardiac arrest care and TTM

To simulate the thermal responses and physiological pro-
cesses in patients subjected to post-cardiac intensive care,
we complement the model with particularities related to
this specific clinical conditions, as described in more
detail bellow.

2.2.1 Metabolic heat production

The metabolic heat generation rate M is the sum of the basal
value M, and the additional (AM) part generated in each
segment: M = M, + AM. The basal metabolic rates M, were
obtained from Salloum et al. (2007). If the tissue tempera-
ture differs from the temperature of thermal neutrality (7)),
the metabolic rate varies with temperature and the addi-
tional heat gain AM may contain three components (Fiala
et al. 2012): changes in the basal metabolism (AM,)) and
additional metabolism generated by shivering (Mg,;,) and
mechanical work (M,,,,): AM = AMy+ M, + M, The
last two terms are present in the core nodes only. It should
be noted that during intensive care the patient is immobile,
therefore M,,,, = 0. Moreover, since the patients subjected
to TTM are receiving muscle relaxants to prevent shiver-
ing, we set M;,;, = 0 in all our simulations. Due to changes
in the segment’s core temperatures, basal metabolism rates
decrease, as given by the so called Van’t Hoff Q10 relation.
Specifically, for every 10 °C reduction in the tissue tempera-
ture, there is a corresponding reduction in cell metabolism
with a factor of 2 (Fiala et al. 1999; Dennis et al. 2003;
Janssen et al. 2005):

AMy = My[277T0/10 _ 1] ®)

where T 'is the actual local tissue temperature and 7}, the local
reference temperature (i.e., in thermoneutral conditions).
Considering AM = AM,,, the metabolic heat generation rate
M can be calculated by the following equation:

M = M2T-T/10, )

2.2.2 Blood circulation and the blood flow rates

The blood flow rates in arteries and veins (#, , and i, ) are
calculated from the perfusion rates 7, ., of each segment.
For peripheral segments (head, hands and feet), the blood
entering rate (arterial blood flow) is equal to the blood perfu-
sion rate and the blood exiting rate (venous blood flow). In
the other body segments, the arterial blood flow that enters
a segment is the sum of the perfusion flow in the considered
segment and the arterial blood flow exciting the segment and
entering the adjacent segment. The opposite takes place in
the veins. The venous blood flow entering a segment is cal-
culated by subtracting the perfusion flow from the exciting
venous blood flow of the considered segment.

Similar to the metabolic heat generation rate, the blood
perfusion rates in non-neutral conditions or during exer-
cise vary and can be obtained as: 1, = 1, + A,
where Ari, . is a function of the change in metabolism AM

per
and rin,,,,.( is the basal perfusion blood flow rate in thermal
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neutrality taken from Salloum et al. (2007). Instead of
dealing with blood perfusion rates ri,,,, Fiala et al. (1999)
define the blood perfusion change with their energy equiva-
lent § = pycptiny,,. Using Ap = pAM with a proportionally
constant y = 0.932 obtained from Stolwijk, the actual local
blood perfusion rate can be obtained as: f = f, + Ap.

Apart from the dependency of the skin perfusion rate on
variations of the metabolic heat production rate, the skin
perfusion blood flow is also controlled by the mechanisms
of vasodilation and vasoconstriction, which increase or
decrease the blood flow in the skin layers. To model these
processes, we follow the control equations proposed by Sal-
loum et al. (2007).

2.2.3 The effect of general anesthesia

Anesthetics induce a decrease in metabolic heat produc-
tion by roughly 30% (Matsukawa et al. 1995; Severens
et al. 2007), which also affects the blood perfusion rates, as
explained above. During general anesthesia, also the ther-
moregulatory control mechanisms are changed. Anesthet-
ics inhibit thermoregulation in a dose-dependent manner
(Sessler 1997). Principally, general anesthesia increases
the thresholds for sweating 1 °C and lower the thresholds
for vasoconstriction and shivering by approximately 2 °C
(Sessler 1997), but during general anesthesia shivering is
normally suppressed due to the application of muscle relax-
ants. So, the overall change in metabolic heat production
during general anesthesia that incorporates the temperature-
dependent metabolic rate (Eq. 9) is defined as:

M

anest

= 0.7M2T-T/10, (10

2.2.4 Inflammation and hyperthermia after resuscitation
from cardiac arrest

After resuscitation from cardiac arrest, patients frequently
experience a complex pathophysiologic state, characterized
by inflammatory processes and hyperthermia (Gebhardt
et al. 2013; Hickey et al. 2000; Suffoletto et al. 2009; Maier
et al. 1994; Yamanaka et al. 2019). The peak increase in
temperature was observed from 7 to 18 hours with a median
around 12 h (Suffoletto et al. 2009; Takino 1991). Regard-
less of the underlying cause, hyperthermia results from
increases in metabolic rate, which generally varies with the
severity of the injury from 20% to up to 100% (Parolari et al.
2003; Clifton et al. 1984; Chioléro et al. 1997). According
to (Zeiner et al. 2001; Holzer et al. 2002), we propose an
empirical description of the temporal increase in the basal
metabolic rate due to inflammatory processes, My i, qpmn(t)s
as follows:
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td
MO,inﬂamm(t) - MO ll + g( d + t;if )] (1 1)

where M, is the basal metabolic rate in thermal neutrality,
g is the relative maximal increase in the metabolic rate,
whereas 7, =4 and d = 3 define the temporal scale and
the steepness of the increase of the metabolic rate, respec-
tively. The overall change in metabolic heat production that
incorporates the temporal increase in the metabolic rate due
to inflammatory processes (Eq. 11) and the temperature-
dependent metabolic rate (Eq. 9), can then be defined as:

d
T—T,)/10 !
Mi’%ﬂamm(t) = Moz( v/ ll + g<td + td )] ' (12)
inf

If the patient is additionally exposed to general anesthesia,
the overall relative change in metabolic heat production can
be calculated by the following equation:

@
M. () = 0.7M2T-To/10 1 4 .
sum() 0 l 8 td+tg,lf (13)

During inflammatory processes, the target core temperature
is set to a higher temperature. As a result, the thermoregu-
latory response thresholds (sweating and vasoconstriction
thresholds) are increased. To roughly coincide with the data
in Lenhardt et al. (1999), we propose an empirical functional
description for the sweating and vasoconstriction thresholds
due to different rates of infections and systematic inflamma-

tions g, T,,,, and T, as follows:
8
vaso — Tvaso,init (kvasog + gt) (14)
Tsweut = Tsweat,init + (kxweati) (15)
8+&
where T, ini a0d T o, ini; @r€ the vasoconstriction/sweating

threshold at normal thermoregulation (in case that inflam-
mation occurred in absence of anesthesia) or vasoconstric-
tion/sweating threshold defined during anesthesia (in case
of inflammation during anesthesia). In Eq. 14 and Eq. 15,
k., and k., indicate the absolute changes in the thresh-
old temperatures and the g, reflects the steepness. All these
parameters were determined to mimic the data in Lenhardt
et al. (1999). Specifically, in case of fever, the values were

Tvam,init = 368 ° C’ Tsweat,init = 371 ° C’ kvam = 35 ° C’
Kepear = 3.5°C and g, =0.5. If inflammation occurred
during anesthesia, the values were T, ., = 34.8 °C,
Toveatinis = 381 °C, ke, =7.0°C, kg, =2.5°C and
g =05
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2.2.5 The effect of supine body position

In supine position, a large part of the body surface is in
direct contact with the bed/mattress. Therefore, the human
body can be divided into two parts—one in contact with a
bed and the other not. The body part, which is not in contact
with a bed, loses heat through skin to the environment by
convection, radiation and evaporation:

Qloss,amh = (1 - a)(Qconv + de + Qevap) (16)

while the heat loss to the environment for the body part in
contact with the bed occurs through conduction:

AA ( Tsk,bed - Tamb)

y A7)

Qloss,bed = anond =a
where factor o = 0.39 defines the body part that is in contact
with the bed (Lan et al. 2018). T; ,,,, is the skin temperature
of the body part that is in contact with the bed. Lan et al.
(2018) measured this temperature and showed that the skin
temperature was increased by about 0.8 °C compared to
those body parts that are not in contact with a bed. The ther-
mal conductivity 4 = 0.048 W/(mK) and thickness d = 0.2
m was used in the calculations (Lan et al. 2018). Besides,
different heat transfer coefficients have been determined by
Kurazumi et al. (2008) and Quintela et al. (2004) for differ-
ent body positions. For a person in supine position a value of
3.235 W/(m?K) for radiative heat transfer coefficient is suit-
able (Kurazumi et al. 2008), while the convective heat trans-
fer coefficient can be determined by i, = 2.48(Ty, — T,,,,,)* "
(Quintela et al. 2004).

Tamb

2.2.6 Reduced respiratory heat losses

If the patient breaths with help of a ventilator, the respiratory
heat losses are significantly diminished (Marini et al. 1985).
In our simulations, we considered this reduction by lowering
the respiratory heat loss Q,,, by 30%.

res

2.2.7 Targeted temperature management

Surface cooling To simulate the surface body cooling
through cooling pads placed on the chest and thighs (
30-40% of the total body surface area), we assume a cool-
ing power of Q... = 60 W (Bogerd et al. 2010). The total
cooling power is proportionately distributed over the surface
area of the chest and thighs segments.

Intravenous infusion of cold saline solution To reduce
the patient’s temperature via an intravenous route, a rapid
infusion of 4 °C cold saline solution is infused through a
peripheral intravenous catheter over a definite period. The

heat transfer between the vein blood node in the left upper
arm segment and the saline infusion with the coolant flow
rate being V., is given by

Qinfusion = PsalineCsaline Vsaline(Tmline - Tbl,v) (18)

where p;... 18 the saline solution density (rounded to 1000
kg/(m?)), ¢, ime (4200 J/(kgK)) the specific heat of the saline
solution and T, the temperature of the saline solution
(Rosengart et al. 2009). We considered an average infusion
rate of 80 mL/min.

Esophageal heat transfer device The EHTD is a triple-
port, disposable tube made of medical-grade silicone, con-
nected to an external heat exchange unit (Cincinnati Sub-
Zero BlanketrollI/III Hyper-Hypothermia System) which
circulates cool or warm water through the EHTD via two
water ports in closed circuit within the outer lumen of the
tube (Hegazy et al. 2015; Markota et al. 2016; Williams et al.
2016). The third central gastric port is isolated and allows
suction and decompression of the stomach. The device is
placed similarly to a standard orogastric tube, through the
mouth into the esophagus to a depth of approximately 45 cm.
The device provides cooling via closed-loop system temper-
ature-controlled water circulation, and the temperature of the
circulating water is properly adjusted to reach the desired
temperature of the patient. The equation that defines the heat
transfer rate between the EHTD and the patient (Q,,), where
heat is exchanged in a radial direction through the cylindri-
cal configuration, is given by

— 2L Ti B To
Qeso = 27 L In(r,/r) | InGr,/r,) 19)
—0f + — 1 o
}“sil }‘ri.m-ue
where L is the length of the EHTD placed inside the patient

(Lg; = 0.45m), T; is the temperature at the inner surface of
the device (the temperature of the circulating water), 7, is
the temperature at the outer surface of the device (the tem-
perature of the corresponding segment and node), 7, is the
radius of the outer surface (6 mm), and r; is the radius of the
inner surface of the device (5.35 mm), and A = 0.15 W/
(mK) and 4, = 0.5 W/(mK) are the thermal conductivi-
ties of the silicone and the surrounding tissue, respectively.
By this means, the heat is assumed to be transferred from
the circulating water along the device and the surrounding
tissue, i.e., the esophagus and the stomach wall, whereby
r,=r,+d;.,.and d,;,, is the average thickness of the sur-
rounding tissue (10 mm). Moreover, in our simulations we
neglect the heating of the circulating water. By considering
the placement of the EHTD from the mouth to the esopha-
gus, the following distribution percentages of the heat trans-
fer rate between the device and the patient can be made: 20%
in the head, 50% in the chest and 30% in the pelvis body
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segment. The heat exchange is further divided into the core,
arterial blood and vein blood node in equivalent parts.

Gastric cooling with ice slurry To simulate the gastric
cooling of patients with ice slurry, we propose the use of a
balloon catheter (Stull 2006). The balloon catheter is posi-
tioned in the stomach of the patient and filled with ice slurry.
The heat exchange between the ice slurry and the core of the
pelvis segment is given by

Tslurry - Tcr,pelvis
Qiceslurry = 4ﬂj’tt‘ssue 1 1 (20)
E B T+ siomach
where 4, = 0.5 W/(mK) is the thermal conductivity of

the tissue, T, ,.,; 1s the core temperature in the pelvis seg-
ment, 7, is the temperature of ice slurry (or water, when
the ice melts), r, is the radius of the inner surface of the
balloon catheter (between 5.5 cm and 6.9 cm, depending on
the quantity of ice slurry) and d,;,, is the thickness of the
stomach (10 mm).

issue

3 Results

First, we simulated the evolution of the temperature in dif-
ferent body segments in a patient under general anesthe-
sia. The results are presented in Fig. 2. Initially (in the first
hour, i.e., t < 0), before any kind of modifications were
made, the steady state values at the ambient temperature

of T,,, =23 °C and relative humidity RH = 45% were
obtained. Note that the same protocol was used in all simu-
lations. The onset of anesthesia occurred at t = 0, when the
thresholds for vasoconstriction and shivering were accord-
ingly reduced for 2 °C, the threshold for sweating increased
for 1 °C and the basal metabolism lowered for 30% (Eq. 10).
In the first phase, i.e., 30 — 45 minutes after anesthesia
administration, a redistribution of body heat from the core
to the peripheral compartment was observed, resulting in
a rapid drop in the average temperature of the inner body
of 0.5—1°C and a rise in the average skin temperature
of around 0.7 °C. In this phase, the internal core and skin
temperatures of the extremities increased. Afterward, the
core as well as the peripheral temperatures decreased due to
the negative heat balance and after roughly 2 — 3 hours the
body core temperature stabilized around 35 °C. These find-
ings roughly match with previous observations and meas-
urements (Lenhardt 2018; Matsukawa et al. 1995; Bindu
et al. 2017).

Next, we simulated the onset of fever as a result of an
acute-phase response to infection or systemic inflammation.
In these circumstances, the thermoregulatory control system
is adjusted to increase body temperature to match a higher
set point and an increased heat production is activated (Roth
et al. 2006; Moriyama et al. 1999). Both of these features
have been incorporated in our model by means of an empir-
ical functional description for the sweating and vasocon-
striction thresholds as well as for the evolution of increased
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Fig.2 Predicted evolution of inner core (a) and skin (b) temperatures
of different body segments of a nude human body in supine position
under general anesthesia. In the first hour (i.e., # < 0), the steady-
state values at the ambient temperature of T,,, = 23 °C and relative
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humidity RH = 45% were obtained. At the time ¢ =0, anesthesia
was induced and simulated by reduction of the thresholds for vaso-
constriction and shivering for 2 °C, by increase of the threshold for
sweating for 1 °C and a decrease in metabolic heat production by 30%
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metabolism. We are of course aware that it is impossible to
predict how exactly different levels infections and systematic
inflammations affect these thresholds and basal metabolism
rates (see Egs. 12, 14 and Eq. 15), but with this somehow
speculative description we tried to fit the model to the availa-
ble data (Lenhardt et al. 1999). The results in Fig. 3a present
the temporal evolution of the body core temperature (pelvis
segment) for different changes of the metabolic rate g, i.e.,
different levels of inflammation. The parameter g signifies
the relative change in metabolic heat production, so that, for
example, g = 0.2 means a 20% increase of the basal metabo-
lism. To provide a better insight, we additionally shown in
Fig. 3b the corresponding cross sections for nine different
changes of metabolic rate. It can be seen that the increase
in the core body temperature monotonically depends on the
level of inflammation and that a 20% and 60% increases in
metabolism leads to fever and high fever (> 39 °C), respec-
tively. In contrast, lower levels of basal metabolism results
in lowering of the core temperature, which occurs with a
few hours of delay.

In what follows, we examined the evolution of core body
temperature during post-resuscitation care in patients after
out-of-hospital cardiac arrest (OHCA) who have a return of
spontaneous circulation. The modern treatment of cardiac
arrest patients encompasses a series of medical procedures
with a rapidly changing array of therapeutic approaches. In
the last two decades, TTM has become a standard in treating
of patients after resuscitation from cardiac arrest. In prac-
tice, patients successfully resuscitated from OHCA are sub-
jected to TTM already in the prehospital phase to minimize
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Fig.3 Depicted is the temporal evolution of body core temperature
as a response to changes in the metabolic rate due to inflammatory
processes (as specified by Eq. 12). In the left panel (a) the color map
encodes the simulated core temperature (pelvis segment) T, ., as
a function of time and the relative maximal change in the metabolic
rate g, which is altered from —0.3 to +0.8, i.e., =30% to +80% from
the basal value. In the right panel (b) the time course of the simu-
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reperfusion injury. They may be treated with some cold fluid
infusion, while paying attention to fluid overload, and sim-
ple external methods, such as cooling blankets or icepacks
traditionally placed on groins, armpits and neck (Taccone
et al. 2020; Nolan et al. 2015). After admission to hospital,
the TTM is continued with supervised cold fluid infusions
and surface cooling methods until a series of diagnostic and/
or interventional procedures (e.g., usually coronary angi-
ography, echocardiography, and brain and thorax computer
tomography) are performed to quickly find and/or treat the
underlying pathology. It is also directed at preventing recur-
rent arrest, thus improving immediate and long-term out-
come. During this period, temperature management is hin-
dered. Afterward, the patient is admitted to ICU, where he
is further subjected to TTM. Which methods are used to this
purpose typically relies on local experience and logistics. It
should be noted that during all these processes, patients are
receiving anesthetic agents (e.g., dosage adapted to maintain
a Richmond Agitation-Sedation Scale score of —4) and mus-
cle relaxants to prevent shivering. Furthermore, we assumed
that all patients breath with the help of a ventilator, which
significantly diminishes the respiratory heat losses. Due to
TTM before the patients are admitted to ICU, and since the
systemic inflammatory response has not fully developed,
their core body temperature upon arrival to the ICU is usu-
ally lower than normal. Cooling namely suppresses many of
the pathways associated with ischemia-reperfusion injury,
including apoptosis, and the harmful release of excitatory
amino acids and free radicals.
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lated T,, ,.p;s for nine different values of g is depicted. The dashed
black line represents the scenario with an unaltered basal metabolic
rate (g=0). In the simulations different sweating and vasoconstriction
thresholds have been used according to Eq. 14 and Eq. 15. In all cases
a nude human body in supine position is assumed, and the ambient
temperature T, = 23 circC and relative humidity RH =45% are
constant
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To incorporate these circumstances in our model, we
have used the following protocol in our further simulations.
After return of spontaneous circulation (¢ = 0), patients were
anesthetized and treated with cold intravenous infusion (300
mL with an infusion rate of 80 mL/min) and surface cooling
procedures (Qy,p,ce = 60 W) as described in the Mathemati-
cal model section, which persisted until the patient was not
admitted to a hospital (30 minutes). Right afterward, patients
received another dosage of cold fluid infusion (1000 mL
with an infusion rate of 80 mL/min) and are additionally
cooled with cooling pads. After these further 30 minutes,
diagnostic procedures were performed, during which no
TTM is possible (60 minutes) and after that patients were
transferred to the ICU where TTM via the esophageal cool-
ing device was established, i.e., 2 hours after resuscitation.
It can be observed that by this means the model predicts
a core temperature prior TTM in the ICU around 35.8 °C,
which is consistent with the average temperatures that are
in these conditions measured in patients (Holzer et al. 2002;
Goury et al. 2017). It should be noted that we implemented
a standard protocol for a typical patient, which is consistent
with clinical practice guidelines (Callaway et al. 2015) and
matches the average behavior observed in reality. However,
the timing and the procedures in the prehospital and pre-
ICU phases can vary significantly and depend on various
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Fig.4 Presented is the effect of the relative increase in the metabolic
rate g due to inflammatory processes during general anesthesia (as
specified by Eq. 13) on the core temperature of the pelvis segment
after a successful resuscitation after cardiac arrest followed by routine
initial assessment and treatment to prevent hyperthermia (see main
text for details). Panel (a) shows simulated results for six different
relative increases in metabolic rates g, where after admission to the
ICU no additional TTM was performed. Panel (b) shows simulated
results for the same six different values of g as in panel (a) in com-
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circumstances, which we will address in more detail in
continuation.

In Fig. 4a we first show the evolution of the core tem-
perature in the pelvis segment if no further TTM would be
performed after 2 hours, when the patient is admitted to the
ICU. Simulations are performed for six different increases of
metabolic rates due to inflammatory processes (see Eq. 12).
The sweating and vasoconstriction thresholds for particular
levels of inflammation have been calculated as specified in
Egs. 14 and 15. If there are weak inflammatory processes
which enhance the metabolic rate for 10%, the temperature
gradually decreases due to anesthetic medications and after
around 8 hours the temperature drops below 35 °C. For a20%
increase in metabolic heat production, the core temperature
begins slowly to increase. With increasing levels of inflam-
mation, the rising of the temperature becomes progressively
more pronounced, leading to hyperthermia. We proceed by
investigating the evolution of the body temperature during
TTM via the EHTD presented in Fig. 4b. The initial treat-
ment of the patient was the same as described above (the pre-
ICU phase) in order to attain 35.8 °C in the core of the pelvis
segment before cooling with the EHTD was established. In
the simulations, an additional heat flux Q,,, was introduced
to the head, chest and pelvis body segments, as described
in the Mathematical model section. The temperature of the
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parison with measured realistic data from Goury et al. (2017), where
after admission to the ICU the patients were additionally cooled via
the EHTD. The black dashed line (p,,,,,) represents the evolution of
the average temperature of 14 patients included in the study. A nude
human body in supine position under general anesthesia, who breaths
with help of a ventilator, is assumed in all simulations. The ambient
temperature T, = 23 °C and relative humidity RH = 45% are con-
stant during the whole simulation
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circulating water was T; = 4 °C if T,,, ,,,;; > 33 °C and was
accordingly increased once the desired core temperature
was achieved in order to maintain the 7, ,,;; around 33 °C,
which roughly resembles real circumstances. In Fig. 4b the
evolution of the core body temperature T, ,;,;, is shown for
six different levels of inflammation. A gradual temperature
drop can be observed after the TTM via the esophageal cool-
ing device is initiated. If the level of inflammation is low,
i.e., a 10% or 20% increase in the basal metabolic rate, it
takes 3 — 4 hours for the temperature to drop below 34 °C
and then additional 3 — 4 hours to reach the targeted tem-
perature of 33 °C. With increasing levels of inflammation,
the time in which hypothermia is achieved progressively
prolongs and in case of severe inflammation, i.e., a 50% or
more increase in the basal metabolic rate, the mild hypo-
thermic state cannot be achieved and in the highly severe
case (g = 0.6) the body temperature even slowly increases
despite TTM. We compare these results with realistic data
extracted from Goury et al. (2017). The black dotted line in
Fig. 4b shows the evolution of the average temperature of
14 patients. It can be seen that our model prediction matches
well the measured data when intermediate levels of inflam-
mation are considered, i.e., a 30 — 40% increase in the basal
metabolic rate. In this case, the average cooling rates were
around 0.36 °C/h and 0.25 °C/h to achieve 34 °C and 33 °C,
respectively.

Next, we investigate how variations in the timing and
the procedures in the prehospital and pre-ICU phases affect
the evolution of the core body temperature, as in practice
a high degree of variability can be noted in this part of the
post-cardiac arrest treatment. For this purpose, we simu-
late the evaluation of the core body temperature in different
scenarios. Specifically, we consider two alternative timings:
(1) In the fast scenario, the patient had a cardiac arrest rela-
tively close to the hospital and besides basic diagnostics,
no additional procedures were required. The timing, in this
case, is as follows: 15 minutes between return of spontane-
ous circulation and hospital administration and additional 30
minutes of diagnostic procedures, which was then immedi-
ately followed by TTM via the esophageal cooling device,
i.e., 45 minutes after resuscitation. (ii) In the slow scenario,
the patient is from a remote place and the transport time to
the hospital is 60 minutes. After administration, the patient
was subjected to 150 minutes of intensive diagnostic pro-
cedures and interventions, so that TTM via the esophageal
cooling device in the ICU occurred 210 minutes after resus-
citation. Furthermore, we additionally examine the influ-
ence of cold fluid infusion. In the first case, no cooling with
cold intravenous infusion is applied, for example, due to the
patient’s previous history of heart disease (i.e., heart failure)
and the possible additional risks, this might provide (i.e.,
lung edema). In the second case, a maximal dosage of cold
saline was considered (2000 mL instead of 1000 mL in the

standard protocol). The results with the standard value of
increased metabolic heat production (g = 0.3) are presented
in Fig. 5. It can be observed that between these scenarios
there can be up to a 4-hour difference in the time required to
achieve hypothermia. The effect of cold saline infusions in
the pre-hospital setting has been previously explored (Rajek
et al. 2000). Numerically it appears to have an important
role as a variable. Nevertheless, the adverse effects of the
rapid infusion of cold intravenous fluids in the prehospital
setting must be weighed against the potential positive effect
(Callaway et al. 2015).

Finally, we additionally explore an alternative method to
reduce the body temperature during the post-cardiac arrest
care. Specifically, we simulate the thermal behavior of a
patient subjected to gastric cooling with ice slurry via a spe-
cial tube (see the Mathematical model section for further
details). Noteworthy, gastric cooling offers some advantages
in comparison with standard procedures. First, a gastric bal-
loon caterer is relatively easy to insert and is in compari-
son to other semi-invasive methods more practical, as there
are no power sources and controls required and can thus
be utilized already during the first hour of treatment, when
the patient requires diagnostic and therapeutic procedures.
Second, due to a larger available surface area for heat trans-
fer, absorption of latent heat and the proximity to the core
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Fig.5 Shown is the temporal evolution of the core temperature of
the pelvis segment after return of spontaneous circulation in different
pre-ICU scenarios and cold saline infusion protocols (see main text
for further details). In all cases an intermediate increase in metabolic
rate due to inflammatory processes was considered (g = 0.3) and all
other parameter values and protocols were the same as in Fig. 4. The
full blue line represents the results obtained with the standard proto-
col (the same as in Fig. 4b)
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organs, a faster effect might be expected. The later would
be particularly desirable, because with more conventional
methods, such as the EHTD, the cooling is fairly slow. To
investigate this issue, we first performed simulations with
different masses of ice slurry in a patient with an intermedi-
ate level of inflammation (g = 0.4). Gastric cooling was ini-
tiated 30 minutes after the admission to the hospital, 1 hour
after resuscitation. Otherwise, the protocol before the ICU
phase was the same as described above, except that gastric
cooling was initiated earlier in the process when compared
to TTM via the EHTD, i.e., already during diagnostic and
therapeutic procedures. The results in Fig. 6a reveal that the
body core temperature drops quite rapidly and proportional
to the quantity of ice slurry. The decrease in temperature
is particularly fast in the first 30 min, before the ice melts.
In case of a probably most realistic scenario with 0.75 kg
of ice slurry, the average cooling rate in the first two hours
was around 0.8 ° C/h. However, the absolute decrease of the
core temperature in this case is only around 1.5 °C. If the
quantity of ice slurry is increased to 1.0 kg, the body core
temperature decreased only for an additional 0.5 °C. We next
investigated how the evolution of the core temperature in
the pelvis segment depends on the level of inflammation. In
the simulation, we have used 0.75 kg of ice slurry and the
results are presented in Fig. 6b. It appears that the sever-
ity of inflammation only weakly affects this initial drop of
temperature. This is a rather expected results, as in these
relatively early stages after a successful resuscitation, the

inflammatory activity has not yet completely evolved (see
Fig. 3). Finally, we examine the effect of two successive
inductions of ice slurry (m,,,, = 0.75 kg) in a patient that
evolves an intermediate inﬂarhmatory response (g = 0.4).
The results in Fig. 6¢ indicate that in this case the body core
temperature can fall below 33.5 °C in 2 hours, i.e., with a
very high average cooling rate of 1.5 °C/h. However, after
around 4 hours after the second induction of ice slurry, the
temperature again rises above 34 °C, which implies that
other TTM strategies should be used after that to keep the
patient in hypothermic state.

4 Discussion

Temperature management is a frequently used therapeutic
modality in medicine. Especially in a clinical setting, the
precise regulation of body temperature in the form of TTM
is an instrumental part of hospital intensive care (Cariou
et al. 2017; Andrews et al. 2018; Skok et al. 2020). Inducing
mild regulated hypothermia to counteract severe hyperther-
mia that develops after return of spontaneous circulation
due to the post-cardiac arrest syndrome has been a part of
therapeutic guidelines for almost two decades. This manage-
ment has been associated with better neurological outcomes
and reduced mortality rates (Bernard et al. 2002; Callaway
et al. 2015; Holzer et al. 2002). However, the thermody-
namic homeostasis in such patients is very complex and
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Fig.6 Depicted is the temporal evolution of body core temperature
of the patient’s body core temperature (pelvis segment), where after
the pre-ICU phase (for details see the Results section) gastric cool-
ing with ice slurry was performed. In panel (a) the time course of the
simulated core temperature of the pelvis segment 7, ,,,;, (left axis)
and the ice slurry temperature Tj;,,,, (right axis) for three different
masses of ice slurry mg,,, and an intermediate level of inflamma-

tion (g = 0.4) are presented. Panel (b) shows simulated results for a
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fixed amount of ice slurry (my,,,, = 0.75 kg) for five different levels
of inflammation g. In panel (¢) simulated results for one (green lines)
and two (purple lines) successive inductions of 0.75 kg ice slurry,
in patients with an intermediate level of inflammation (g = 0.4), are
depicted. In all cases a nude human body in supine position under
general anesthesia, who breaths with help of a ventilator, is assumed,
and the ambient temperature 7,,, =23 °C and relative humidity
RH = 45% are constant
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affected by numerous factors. It is therefore difficult to pre-
dict the patient’s responses and the underlying evolution of
the body temperature with regard to different circumstances
and strategies, which can be employed for TTM. In the pre-
sent study, we aimed to investigate these issues and improve
our understanding of the relationship between the patient’s
thermal behavior and treatment strategies, by designing a
computational bioheat model that incorporates the crucial
elements related to these specific clinical circumstances. In
this regard, we have utilized a well-established biothermal
model of the human body and upgraded it by incorporating:
(1) a temperature-dependent basal metabolism and blood
flow-rates, (2) the effect of anesthesia and muscle relaxants,
(3) inflammatory processes occurring after resuscitation, (4)
body position (e.g., supine), (5) respiratory support, and (6)
different TTM strategies.

In our simulations, we first calculated the evolution of the
patient’s body temperature under anesthesia. The results pre-
dicted a three-phasic response, i.e., a redistribution of body
heat from the core to the peripheral compartment within the
first hour, an overall decrease of body temperature for the
next two hours, and a final temperature stabilization around
34.5 °C, which is well in agreement with previous observa-
tions and measurements (Lenhardt 2018; Matsukawa et al.
1995; Bindu et al. 2017). Then, we simulated the onset of
fever as a result of the post-cardiac arrest syndrome as well
as a response to infection. We modeled this by means of
an empirical functional description for the sweating and
vasoconstriction thresholds as well as for the evolution of
increased heat production. How exactly the thermoregu-
latory control system operates in these circumstances is
incompletely understood, but we attempted to fit our model
to the limited available data (Lenhardt et al. 1999), which
yielded reliable results. Next, we focused on the evolution
of the body temperature in a patient subjected to post-resus-
citation care. To this purpose, we included in our simula-
tions a typical protocol that encompassed anesthesia and
TTM with cold intravenous infusion and surface cooling
procedures, partly in the prehospital phase, which was then
followed by TTM in the ICU. Particular emphasis was given
to temperature regulation via an EHTD. Our results for this
approach and when modeling intermediate levels of inflam-
mation were in accordance to already published experimen-
tal observation data (Goury et al. 2017). Furthermore, in
patients with a weak inflammatory response, mild hypo-
thermia was achieved faster, whereas for severe systemic
inflammation, the desired temperatures below 35 °C could
not be achieved. This can potentially serve as an indication
for the utilization of additional cooling strategies in such
circumstances. Moreover, the evolution of the core body
temperature was found to be affected by the timing and the
procedures in the prehospital and pre-ICU phases as well,
which can vary significantly due to practical reasons (i.e.,

logistics). Our results suggest that when the transportation
and the treatment of a patient after return of spontaneous
circulation require more time, the utilization of additional
cooling techniques in the pre-ICU phase, such as cold intra-
venous infusions numerically lead to a faster temperature
maintenance initiation. Nevertheless, we want to stress that
additional rapid infusion of intravenous fluids was not asso-
ciated with improved survival or neurologic recovery. The
decision for an additional fluid infusion must be made with
care and on a case-by-case basis (Callaway et al. 2015; Ber-
nard et al. 2016). Finally, we theoretically examined an alter-
native approach to induce mild hypothermia. This method
is called ice slurry gastric cooling and is not part of clinical
practice. Potential benefits of this method include its relative
simplicity compared with other semi- and invasive methods,
as insertion of a gastric tube is a routine low risk procedure,
additional external control after connecting it to an external
regulator would be minimized and in principle the procedure
could be employed much earlier, (i.e., already in the out-of-
hospital setting). The net benefit is an extended cooling time
frame which includes the prehospital, preadmission phase
and diagnostic/therapeutic phase at admission. Notably, our
computational results showed that a gastric balloon caterer
filled with ice slurry is a very efficient method to rapidly
lower the core temperature. By utilizing this method, hypo-
thermia can be induced much faster when compared to cool-
ing via the EHTD (same circumstances).
Post-resuscitation care is a rapidly developing field.
Changes of a number of treatment strategies have over the
past two decades led to gradually improved survival rates of
OHCA patients, although the overall survival rates remain
rather low (Myat et al. 2018). Improvements during the past
two decades include, in addition to TTM, a higher rate of
bystander CPR, higher rate of bystander use of automatic
external defibrillators, a more aggressive approach to hemo-
dynamic stabilization and support, and a more thorough ini-
tial diagnostic workup, all of which affect survival (Sasson
et al. 2010; Wissenberg et al. 2013). While the current inter-
national guidelines advocate for TTM, it is not entirely clear
to what extent therapeutic mild hypothermia outperforms
the maintaining of normothermia (Nielsen et al. 2013). In
contrast, in different animal models the positive effect of
hypothermia on the outcome if much more evident (Abella
et al. 2004; Wang et al. 2010). It might be argued that these
indistinct differences between mild hypothermia and fever
prevention only strategy in humans stem from too slow cool-
ing rates, which can typically be achieved in clinical prac-
tice. Moreover, even though the individual phases of patient
care rely on speed and accuracy, it is fact that during certain
timeframes (e.g., prehospital, diagnostic and/or interven-
tional procedures at admission) adequate TTM simply is not
fully possible. In some previous studies, the administration
of cold intravenous fluids was found to be an efficient way
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to swiftly reduce the core temperatures (Bernard and Rosal-
ion 2008; Arulkumaran et al. 2012; Markota et al. 2015,
2016), but due to possible adverse effects associated with
fluid overload it is advised against it, particularly in the less
supervised and probably more crucial pre-admission phases
(Callaway et al. 2015). Therefore, gastric cooling with ice
slurry might be a viable alternative, at it has proven efficacy
in animal (Hoek et al. 2004) and human (Siegel et al. 2010)
testing, due to a stronger cooling capacity per unit volume.
This implies faster cooling rates, which would be particu-
larly desirable, as conventional methods, such as the EHTD,
induce hypothermia rather slowly. This was also predicted
by our numerical simulations.

Even though the core multimode computational model we
used is based on well-established bioheat transfer analyses
(Salloum et al. 2007), including well-specified physiological
parameters and thermal properties, our study has inherent
limitations. Our aim was to principally simulate the behavior
in an average patient undergoing standard post-resuscita-
tion care. However, the later can significantly vary between
patients, as the timing and treatment strategies depend on
external circumstances, such as the ambulance response time
and geographical location (Lyon et al. 2004), differences in
emergency medicine service systems organization, staffing
and logistics (DeLia et al. 2015), etc. These factors affect the
course of thermal activity within a patient. Furthermore, the
interpatient variability is striking. Factors such as gender,
age, body mass index, body segment proportions, pharma-
cological interventions are known to affect the physiologi-
cal thermoregulatory mechanisms, vasomotor functions and
heat transfer within the body (Havenith 2001; Zhang et al.
2001; Rida et al. 2014; Hristov 2019). The patient’s thermal
state in the ICU also depends on the environmental condi-
tions, the severity of underlying pathology, other medical
conditions, etc. (Moriyama et al. 1999; Severens et al. 2007,
Niven and Laupland 2016; Romadhon et al. 2017). While it
is clear that infection and sickness lead to an increase in tem-
perature and the resting metabolic rate (Demas et al. 1997;
Otalora-Ardila et al. 2016), the degree depends on the sever-
ity and exhibits interpatient variability (Maier et al. 1994;
Gassen et al. 2022). Notably, various aspects of these com-
plex issues have also been studied by computational models
(McDaniel et al. 2019; Yamanaka et al. 2019; Orlowski et al.
2014; Dobreva et al. 2021). Moreover, simulating the heat
flow between the cooling device and the human body is a
very complex undertaking, and it is impossible to provide
a comprehensive description of all the processes that take
place in reality. Esophageal and gastric mucosa may have
unexpected behavior when exposed to cold and locally tem-
perature gradients and blood flow rates might be reduced,
which limits the amount of heat that can be extracted in vivo
(Vaicys et al. 2012). Moreover, the physical contact between
the cooling device and the surrounding tissue is not perfect
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and depends also on the anatomy of the patient. All these
factors affect heat transfer efficacy. Finally, for some specific
aspects of our model, there is only limited data available,
which allowed us only an empirical description of relations
between certain parameters, as already outlined above.

Nevertheless, our goal was not to provide an ultimate
description of the patient’s thermoregulation in the ICU.
Rather, we aimed to provide a theoretical basis that incorpo-
rates many genuine features which affect the human heat bal-
ance during TTM after successful resuscitation from cardiac
arrest. Utilizing this framework, we could not only rather
firmly simulate the patient’s thermal behavior TTM after
resuscitation, but also determine to what extent different lev-
els of inflammation contribute to the variable responses to
thermal treatment and theoretically evaluate a possible new
cooling method, i.e., gastric cooling with ice slurry. Future
efforts should aim to incorporate individual patient char-
acteristics and consider measuring multiple physiological
parameters to better calibrate computational bioheat models.
The recently emerging fields of network physiology and net-
work medicine could provide the necessary means to better
assess the interorgan relationships and predict the responses
to TTM and other critical care interventions (Ivanov et al.
2016; Asada et al. 2016; Moorman et al. 2016). Perhaps the
interplay between computational modeling and advances in
smart bio-measurement technologies will play a key role in
optimizing TTM strategies in a variety of clinical circum-
stances, even though there is still a rather long way to go
before such approaches will become widespread in clinical
practice.
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