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ABSTRACT

ARTICLE HISTORY

Tissue temperature increases, when oxidative metabolism is boosted. The source of nutrients and
oxygen for this metabolism is the blood. The blood also cools down the tissue, and this is the only
cooling mechanism, when direct dissipation of heat from the tissue to the environment is
insigniﬁcant, e.g., in the brain. While this concept is relatively simple, it has not been described
quantitatively. The purpose of the present work was to answer two questions: 1) to what extent can
oxidative metabolism make the organ tissue warmer than the body core, and, 2) how quickly are
changes in the local metabolism reﬂected in the temperature of the tissue? Our theoretical analysis
demonstrates that, at equilibrium, given that heat exchange with the organ is provided by the
blood, the temperature difference between the organ tissue and the arterial blood is proportional
to the arteriovenous difference in oxygen content, does not depend on the blood ﬂow, and cannot
exceed 1.3oC. Unlike the equilibrium temperature difference, the rate of change of the local
temperature, with respect to time, does depend on the blood ﬂow. In organs with high perfusion
rates, such as the brain and muscles, temperature changes occur on a time scale of a few minutes.
In organs with low perfusion rates, such changes may have characteristic time constants of tens or
hundreds of minutes. Our analysis explains, why arterial blood temperature is the main determinant
of the temperature of tissues with limited heat exchange, such as the brain.
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Aim
We used a simple mathematical model of heat production and transfer to answer two questions: 1) how
much warmer than the body core can a tissue with
active metabolism be, and 2) how quickly do changes
in local metabolism manifest themselves in the tissue
temperature?

Organ temperature changes due to local
metabolism
Here, we consider an organ that intrinsically generates
heat due to ongoing oxidative metabolism (Box 1,
Fig. 1). Importantly, oxygen, which is necessary for
this process, is delivered by the bloodstream, which is
also responsible for the removal of heat from the
organ. In this section, we describe how much warmer
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the organ is, as compared with the incoming arterial
blood. Let DTorg be
 the difference between the organ
temperature Torg and core body temperature (Tc Þ:
DTorg ¼ Torg  Tc :
Box 1. Mathematical model describing changes
of local temperature in presence of oxidative
metabolism.

In the model depicted at the Figure 1, the rate of
heat generation is proportional to the product of
the arteriovenous difference in oxygen content
(AVO2 , in ml O2/ml blood), the heat produced
from the utilization of one unit of oxygen (a, in
J/ml O2), and the blood ﬂow per unit of organ
mass (BF, in ml/min/g). The amount of heat
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removed by the circulation is proportional to the
blood ﬂow, the heat capacity of the blood (Cb, in J/
ml), and the temperature difference between the
blood leaving the tissue and the blood entering the
tissue (in  C). The temperature of incoming blood
is equal to the core body temperature (Tc), while
the outgoing blood temperature, according to
Pennes’ proposition [1], is equal to the organ temperature (Torg), assuming complete equilibration
during its passage [2,3]. The organ can also have
direct (non-circulatory) heat exchange with its environment. The heat dissipation rate (g) is a coefﬁcient of the linear relationship between heat ﬂow
and the temperature difference between the organ
and its environment. We denote the temperature of
the environment (ambient temperature) by Ta and
assume that Ta , Tc and BF are constant. Finally, we
denote the heat capacity of the organ by Corg (in J/g).
Combining all of the above, the organ temperature obeys the following differential equation,
whose right-hand side includes three terms, viz.,
metabolic heat production, heat transfer to the
body core, and heat dissipation to the environment, respectively:
Corg
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heat dissipation rate g: In contrast, increasing
blood ﬂow protects the temperature of the organ
from the effects of environment (both cold and
hot). This exchange with the environment is not
dependent on local metabolism per se, and is outside of scope of this analysis.
Therefore, we concentrate on the ﬁrst term of
the right-hand side of Equation (2) which is associated with oxidative metabolism. Importantly, as
the dissipation coefﬁcient g increases, the denominator increases, which results in a smaller metabolic contribution to the temperature difference.
Therefore, the maximum possible effect of oxidative metabolism on equilibrium temperature differmax
ence (DTorg
) is observed when no heat dissipation
to the environment occurs ðg ¼ 0Þ, i.e.,
max
DTorg
¼

a∙AVO2
:
Cb

(3)

According to the mathematical analysis presented
in Box 1, the effect of oxidative metabolism on local
temperature is proportional to the arteriovenous



dTorg
¼ aAVO2 BF þ Cb BF Tc  Torg þ g Ta  Torg :
dt

(1)
At equilibrium, the temperatures do not change, so
the rate of change of the organ temperature is equal
to zero. By equating the right-hand side of Equation (1) to zero


aAVO2 BF þ Cb BF Tc  Torg þ g ðTa  Tc Þ þ g Tc  Torg ¼ 0

and rearranging the terms,


ðg þ Cb BF Þ Tc  Torg ¼  aAVO2 BF  g ðTa  Tc Þ

one can ﬁnd that the
 difference between the
organ temperature Torg and core body temperature (Tc Þ:
D Torg ¼ Torg  Tc ¼

a∙AVO2
Tc  Ta
:
g 
Cb þ BF Cb ∙ BF
g þ1

(2)

The second term of the right-hand side of Equation
(2), the one with the negative sign, deﬁnes the temperature difference between the organ and the core
due to heat dissipation to the environment in the
absence of oxidative metabolism. When the environment is colder or warmer than the body core,
the relative weight of this term increases with the

Figure 1. Simpliﬁed model of organ temperature control by oxidative metabolism, the circulation and non-circulatory heat dissipation. The heat production in the organ is proportional to the
arteriovenous difference in oxygen content. The amount of heat
removed by the circulation is proportional to the blood ﬂow and
the temperature difference between the blood leaving the tissue
(equal to the organ temperature, Torg) and the blood entering
the tissue (core body temperature, Tc). The amount of heat dissipating to the environment is proportional to the difference
between organ temperature and ambient temperature.
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difference in oxygen content (AVO2 ), and the maximal
difference between the temperatures of the organ and
the body core in absence of non-circulatory heat
exchange with the environment is:
max
DTorg
¼

a
AVO2 :
Cb

This equation demonstrates that, given that the heat
from one unit of oxygen (a) and the heat capacity of
the blood (Cb) are constant, the maximum temperature
difference is achieved when all oxygen is cleared from
fully saturated arterial blood. The oxygen capacity of
hemoglobin is 1.34–1.36 ml O2/g [4,5]. In most healthy
mammals, the amount of hemoglobin in the blood does
not exceed 15 g/100 ml [5], and hemoglobin is almost
completely saturated with oxygen in the arterial blood
in physiological conditions. Therefore, the total amount
of oxygen in blood is usually < 0.2 ml O2/ml blood [5].
The heat that can be generated from one unit of
oxygen ðaÞ depends on the substrate. When the substrate is carbohydrates, the energy generated from
1 ml of oxygen is 21.13 J, and is 19.69 J when the substrate is fat [6]. For the upper estimate, we use the
greater value (carbohydrate). The heat capacity
of blood (Cb) can be estimated to be 3,600 J/kg/ C, or
3.4 J/ml/ C [7]. Therefore, if the blood is completely
cleared of oxygen after passing through the organ
(venous oxygen content is zero), then the maximum
possible temperature difference is:
max
DTorg
¼

21:13∙0:2
 1:24ð CÞ < 1:3ð CÞ:
3:4

For example, if at rest the muscle temperature is the
same as core body temperature and is 37.0 C, in no
condition can it rise above 38.3 C solely due to the
metabolic consequences of an intense workout,
assuming other variables and parameters (e.g., core
temperature and blood ﬂow) remain unchanged. If
local temperature is signiﬁcantly lower than the core
temperature, as is often the case in studies of interscapular adipose tissue in rodents [8], there is signiﬁcant non-circulatory dissipation to the environment.
As explained in Box 1, in the presence of non-circulatory heat dissipation from the organ to the environment (g > 0), the greatest possible temperature
increase solely mediated by the oxidative metabolism
(the ﬁrst term in Equation (2)) will be smaller than
1.3 C. For example, if core temperature is 37 C, local

temperature with inactive metabolism is 34 C, and
ambient temperature is 22 C, we can use Equation (2)
from Box 1 with AVO2 ¼ 0 to estimate that
BFCb =g ¼ 4. Considering this, we can further conclude that the maximal increase of local temperature
after the local metabolism is switched on will be limited by
on
off
Torg
 Torg
¼

aAVO2
1:24
 1ð CÞ:
g ¼
Cb þ BF 1 þ 1=4

In this example, local temperature cannot exceed
35 C, if only oxidative metabolism does change.
Some additional limitations should also be noted.
First, most certiﬁed thermometers have an absolute
precision of 0.1 C, which results in 0.2 C precision for
the difference between two measured temperatures.
Many devices used by physiologists have even lower
precision. Furthermore, in this paper, we assume that
the core (or, to be more precise, the extra-brain compartment of the core) is isothermal and has the exact
same temperature as the “arterial blood.” In real life,
however, blood in different arteries and different core
locations has slightly different temperatures (see, e.g.,
ref. [9]), and some sites (e.g., the rectum) can be attributed to the core or the shell, depending on the conditions [10]. These facts should be considered while
interpreting temperature differences between the tissue of interest and arterial blood (or body core), as
reported in various studies.


Variations of tissue temperature in the absence of
circulation

What happens to the tissue temperature if the blood
ﬂow is completely stopped? On one hand, the blood
can no longer remove excessive heat from the tissue in
circulatory arrest, which might lead to dramatic overheating. On the other hand, there is no oxygen supply
to support additional metabolism under these conditions. Therefore, to estimate the magnitude of the possible temperature change after an abrupt circulation
blockade, we need to consider how much oxygen is
stored in the tissue itself.
There are two major sources of stored oxygen:
intracellular proteins (myoglobin) and intra-organ
reserves of oxygenated blood. While myoglobin is
believed to help maintain oxygen in the contracting
muscle, the amount of myoglobin is very limited.
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Even if all the oxygen from the completely saturated
myoglobin of a muscle is utilized to produce heat, the
temperature of the tissue would rise by less than
0.1 C: 500 nmol myoglobin/g of muscle [11] £
22.4 ml O2/ mmol myoglobin (one molecule of oxygen
per each molecule of myoglobin) £ 21.13 J/ml O2
(heat from a unit of oxygen) / 3.42 J/ C/g (heat capacity of muscle) [12]  0.06 C. Therefore, under normal
conditions, the myoglobin-bound oxygen cannot provide a noticeable amount of heat.
Another source of oxygen during circulatory arrest
is the intra-organ reserve of oxygenated blood. However, this second source also appears insufﬁcient to
cause biologically signiﬁcant hyperthermia in most
cases. For example, the brain contains approximately
3 ml of blood per 100 g of tissue [13], which has 0.45 g
of hemoglobin (15 g Hb / 100 ml blood), carrying 
0.6 ml of oxygen (1.34 ml O2/g Hb). If all this oxygen
would be used at once, it would increase the tissue
temperature by approximately 0.03 C (21.13 J/ml O2,
with a brain tissue heat capacity of 3.6 J/ C/g) [12].
Two other organs that have signiﬁcant amounts of
intra-organ blood are the liver (30 ml blood/100 g tissue [14], which, if used completely, can translate into
a 0.3 C increase in local temperature) and the spleen
(up to 80 ml blood/100 g tissue [15]). For example,
Barcroft and Stephens [16] report that, in dogs, cats,
horses, and sheep, the spleen can release a substantial
amount of blood (up to 20% of the circulating volume)
into the systemic circulation following hemorrhage,
hypoxia, exercise, and other conditions. Furthermore,
according to Barcroft and Poole [17], the hemoglobin
concentration, as well as the hematocrit, are 50%
higher in the splenic blood than in the systemic circulation, which can increase the maximum possible oxygen storage per volume of blood. However, in both the
spleen and the liver, the blood is stored in capacitive
vessels and, most likely, is not saturated with oxygen.

reaching the new equilibrium in these conditions can
be calculated as:

Dynamics of metabolism-induced changes in organ
temperature

For
muscles,
the
heat
capacity
is
Corg ¼ 3:59 J=g= C [18], whereas the blood ﬂow during intense contractions reaches BF ¼ 0:5 ml/g/min.
Therefore,

How fast does the local temperature converge to a new
equilibrium if the oxygen consumption in the organ is
changed in a step-wise manner? For a rough estimate,
we assume that all other parameters in the differential
equation (1) remain constant, and non-circulatory
heat dissipation to the environment does not occur.
According to Equation 6 in Box 2, the half-life for

t1=2 ¼ 0:7

Corg
:
Cb BF

Box 2. Dynamics of local temperature after stepwise activation of oxidative metabolism
In the absence of heat dissipation ðg ¼ 0Þ, if the
core temperature is constant, Equation (1) from
Box 1 can be rewritten as
Corg



d Torg  Tc
¼ aAVO2 BF  Cb BF Torg  Tc
dt

(4)
After denoting D Torg ¼ Torg  Tc , we have
Corg dDTorg
a

¼
AVO2  DTorg
Cb ∙BF
dt
Cb

(5)

If initial AVO2 ¼ 0, then Torg ¼ Tc , and, therefore,
DTorg ¼ 0.
For a linear differential equation in the form of
dy
t dx
¼ yeq  y, with the initial condition of
t
y ð0Þ ¼ 0, the solution is yðt Þ ¼ yeq 1  et ,
where yeq is new equilibrium, and t is time constant. To characterize the convergence process to a
new equilibrium, the time to reduce the deviation
from equilibrium by half (a.k.a. the half-life, or
t1=2 ) is often used. It relates to the time constant t
as t1=2 ¼ t ln2  0:7t:
From the above, if AVO2 changes abruptly, the
convergence to new equilibrium is characterized by
half-life
t1=2 ¼ 0:7

t1=2 ¼ 0:7

Corg
:
Cb ∙BF

(6)

3:59 1

 1:5 ðminÞ:
3:4 0:5

Similar values of blood ﬂow and heat capacity were
reported for the brain [19], so the half-life in the brain
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will be in a similar range, i.e., 1–2 min. Accordingly,
the equilibrium of the temperature difference between
arterial blood and the brain during challenges is
reached within a few minutes. For example, Fonseca
et al. demonstrated that the maximum brain-blood
temperature difference was reached at 6 min after the
beginning of constant intensity exercise [20]. Temperature changes in the brain do, in fact, occur faster
than in other organs [21], but the reason for this is
not higher metabolism, but higher blood ﬂow.
The same formulas describe situations when the
body temperature changes abruptly, and local tissue
temperatures follow the body core temperature. Metabolically active organs (which also have high local circulation), such as the brain, have characteristic
convergence times in the range of a few minutes. In
the experiments of Hayward and Baker [22,23], animals were injected with cold saline or given cold food
or drinks. The resulting temperature decrease was
delayed in the brain, as compared to the arterial blood.
The temperature of gray matter was stabilized within
4–6 min [22,23]. The temperature responses of white
matter and of subcutaneous tissues of the scalp, which

have lower perfusion, had a longer delay, for up to
10 min (Fig. 2). Hypercapnia, which increases blood
ﬂow, “accelerated clearance of a bolus injection of cold
saline,” [23] thus conﬁrming that the time required
for local temperature convergence to the equilibrium
depends on the blood ﬂow.
Understanding the organ temperature dynamics
could help reconstruct the time course of the metabolism that drives thermal changes. Usually, the difference between the brain and other core sites reaches a
maximum within a few minutes. Kiyatkin et al. [21]
studied the dynamics of temperature in various brain
structures using different experimental paradigms (tail
pinch, exposure of a rat to a mouse or to another rat,
etc.) and compared them with the changes in the temperature of arterial blood. Figure 3 represents a summary of responses to a tail pinch. The maximum
increase in temperature of each structure was reached
between 10 and 20 min (Fig. 3A, B), however, the
brain-blood temperature difference reached its maximum at 3–4 min post-stimulus (Fig. 3C). The brain
temperature started rising virtually immediately
(Fig. 3D), and was nearly linear until the temperature

Figure 2. Comparison of brain and arterial blood temperature dynamics during body cooling induced by the consumption of cold food.
A. A monkey ﬁlls cheek pouches with bananas chilled to 10 C and eats them (arrows). Note that the rapid cooling of arterial blood was
followed by cooling of the frontal cortex and hypothalamus with a short delay. In contrast, the parietal subcortical white matter and subcutaneous tissue of the scalp demonstrated signiﬁcant thermal inertia, as evident from the long delays in the response onset and nadir
at each of these locations. B. A rabbit eats cold, chopped apples (arrows). The temperature dynamics in the aorta, basilar artery, and
interpeduncular fossa were nearly identical (for clarity, the authors lowered the traces from the aorta and basilar artery), whereas those
in the massa intermedia and ear skin were delayed. Replotted from the data reported in ref. [22].
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Figure 3. Tail pinch induces an immediate increase of heat production in the brain, which is much shorter than systemic hyperthermia.
A. Absolute temperatures reached their maximums in 10–15 min. B. The amplitude of temperature change (from prestimulation baseline) was higher in the brain than in the blood. C. Temperature differences between the blood and each brain structure are shown. The
dynamics in the striatum is faster than in the cerebellum. D. The onsets of temperature responses to a tail pinch (ﬁrst minute of
responses shown in panel C). The data (mean § SE) are replotted from ref. [21].

difference reached its maximum after 3–4 min. After
that, the brain temperature started gradually converging back to the blood temperature. Does this pattern
correspond to variations in local brain metabolism?
The calculations above (see Equation (5)) show that,
at this timescale, the level of oxidative metabolism
deﬁnes the rate of change of temperature, i.e., the
slope of the temperature curves in Fig. 3D, rather than
the temperature itself. Therefore, the observed temperature transient is probably due to an abrupt
increase of the brain metabolism right after the pinch,
followed by a quick reduction of brain metabolic activity. In summary, abrupt changes in metabolism result
in a gradual response of the local temperature on a
timescale of minutes.
Brain temperature

As it was shown in many studies, local temperatures
depend on the temperature of the arterial blood. For
example, the brain is highly metabolically active; it is
responsible for 20–25% of the total oxygen consumption [24]. Without producing any physical work, all
cerebral metabolic activity is eventually converted into
heat. Yet, as it was discovered half a century ago, brain

temperature follows arterial blood temperature
[22,23]. This experimental ﬁnding agrees with basic
physics. As shown above, at equilibrium, if there is no
heat exchange between the organ and its environment
(other than through the circulation), the organ temperature cannot be more than 1.3 C higher than the
arterial blood temperature. Furthermore, the core
temperature in rats ﬂuctuates between »37 and 38 C,
with a potential to decrease to »36 C during sleep
[25,26] and to increase to »39 C during intense exercise [27–32] or pharmacological stimulation [33–35].
As such, the physiological range of the core temperature is almost three times wider than the maximum
effect of local metabolism. Obviously, in extreme situations, deep core body temperature may be even
lower than 36 C or higher than 39 C, but the brainblood temperature gradient is still bounded by 1.3 C.
This does not diminish the importance of local metabolism; in many situations, having a brain temperature
1.3 C lower or higher is equivalent to living or dying
(see, e.g., ref. [35]).
The above estimates assume that all consumed oxygen originates from the blood. But what is the actual
range of the difference in arteriovenous oxygen content, and into what actual brain-core temperature

28

D. V. ZARETSKY ET AL.

difference does this oxygen consumption translate?
With 3.0-3.5 ml/100 g/min of oxygen consumption in
the human brain [19], 55–60 ml/100 g/min of blood
ﬂow [24,36], and 0.2 ml O2/ml blood, the percentage
of oxygen extracted by the brain from the blood is 25–
30%, assuming that the arterial blood is fully saturated
with oxygen in healthy subjects. This oxygen extraction ﬁgure is supported by direct measurements of
oxygen content in the jugular vein [37]. This range of
arteriovenous oxygen difference translates into a 0.30.4oC contribution of oxidative metabolism to the
brain temperature, which is consistent with the numbers obtained by Hayward and Baker in deep brain
structures in monkeys (Fig. 4) [23]. Conversely, the
difference between the brain temperature and the temperature of incoming arterial blood can be recalculated
into the oxygen extraction. For example, if at the maximum oxygen extraction, the blood-tissue temperature
difference is close to 1.3 C, then the difference of
0.4 C translates into »1/3 of the oxygen consumed
during arteriovenous transfer.
It is important to reemphasize that the temperature
difference is linked to the percentage of oxygen extraction, not absolute oxygen consumption. To correlate

changes in local temperature with the oxygen consumption, the local blood ﬂow needs to be known.
Counterintuitively, an increase in the oxygen consumption (per 1 g of tissue) does not necessarily result
in an increase in local temperature. If oxygen consumption is increased in parallel with a proportional
increase in tissue perfusion (so that the arteriovenous
oxygen extraction is not changed), the local temperature will not change either. Moreover, if the tissue perfusion “overshoots” the oxygen consumption, the
local temperature can decrease. Hence, an increase in
the local temperature can be accompanied by either
an increase or a decrease in local metabolism, depending on the tissue perfusion and oxygen extraction in
the organ.
Another important aspect that is underappreciated
in the literature is how fast the brain temperature
adapts to variations in metabolism. Unlike the equilibrium temperature itself, the rate of temperature
change depends on the blood ﬂow. In highly perfused
organs, like the brain, the half-life of the organ temperature is in the range of a few minutes. If the local
metabolism changes, the local temperature reaches a
new equilibrium within 3–4 min. And, vice versa, if

Figure 4. Temperature differences between the arterial blood and various brain and subarachnoid sites in the monkey. The data are
shown on two representative coronal sections, A (frontal coordinate of 14.3 mm) and B (frontal coordinate of 0.3 mm), adapted from
Olszewski, 1952 [38]. Note that, for the deep structures, the brain-blood temperature differences are in the range of 0.2-0.6 C. It is possible that non-circulatory dissipation to the environment is more signiﬁcant in cortical structures and decreases the brain-blood temperature difference. The map of the brain-blood temperature differences is replotted from data reported in ref. [23].
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there is an abrupt change in the arterial temperature
(e.g., as described in refs. [22,23]), the brain temperature will follow the arterial blood temperature with a
lag of a few minutes. Noteworthy, the time constant of
this process (half-life) can be used as a measure of
local brain perfusion.
Importance of the blood ﬂow for controlling the
brain temperature is well known and easy to understand. When physiologists want to deliver (or remove)
heat to (or from) a tissue at a certain rate in experiments with heating (or cooling) perfusion devices,
they often have only one tool at their disposal: to
adjust the perfusion ﬂow based on the inﬂow-outﬂow
perfusate temperature difference [39]. By analogy, it is
often assumed that increasing the blood ﬂow will predictably cool the brain, and decreasing the ﬂow will
warm it. However, the connection is more complex
(as shown above), and the result of changing the ﬂow
also depends on the arteriovenous deoxygenation. The
amount of oxygen taken from the blood depends on
how long the blood releases oxygen to the tissue. For
example, arterial vasodilation increases blood ﬂow (in
ml blood/g tissue) due to an increase in the arteriole
diameter, i.e., due to a decrease in the resistance. The
time during which the blood releases oxygen to the tissue is inversely proportional to the average blood
speed, which, in turn, is proportional to the square of
the vessel’s diameter, according to Hagen-Poiseuille’s
Law. The amount of cleared oxygen is proportional to
the vessel’s surface, which grows linearly with its
diameter. As a result, vasodilation in the resistance
section of the circulatory path (i.e., arterial vasodilation) is likely to reduce oxygen extraction in the organ.
In contrast, vasodilation in the capacitive section of
the circulatory path (i.e., venous vasodilation) does
not increase the perfusion volume, but may increase
the passage time, resulting in an increased extraction
of oxygen, and consequently, an increased local temperature. This could be one of the mechanisms for a
simultaneous increase in both the blood ﬂow and the
oxygen extraction. However, a blood ﬂow increase is
most likely associated with a decreased oxygen extraction ratio. This is different from a traditional, simplistic interpretation of brain cooling due to increased
blood ﬂow, which does not account for the oxygen
extraction.
Increasing the blood ﬂow to modify the brain temperature was one of the main approaches in the studies of Hayward and Baker [22,23]. For example, they
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induced hypercapnia in monkeys using 8–10% CO2 in
inhaled air. It is known to produce cerebral vasodilatation [24] and to narrow the brain-body temperature
gradients. Similarly, hypocapnia, induced with hyperventilation, widens the brain-blood temperature gradients [23]. In this context, “widening of brain-blood
temperature gradient” means increasing the difference
between brain and blood (core body) temperatures,
while “narrowing” means decreasing it. A general idea
behind this statement is that, when vasodilation
occurs, the amount of blood (which removes heat)
increases, and the brain cools down. However, this
idea does not account for the fact that the increased
blood supply also results in more oxygen being delivered. As we have shown, if the same fraction of oxygen
is utilized (the same arteriovenous difference in the
oxygen content, or the same venous oxygen concentration, as we assume that the arterial concentration is
close to saturation), the brain temperature will not
change.
Another interesting point related to the Hayward
and Baker study [23] concerns the effect of circulatory
arrest on the brain. In their study, a high dose of barbiturate was used to stop the heart, while the brain
temperature was recorded. After the circulation had
stopped, the temperature of deep brain structures rose
by 0.25 C. According to our estimates, the oxidative
processes in that case could not be responsible for
more than 0.03 C, i.e., one eighth of the total change.
Besides oxidation, other reactions occur in the tissue,
including glycolysis (which does not require oxygen),
dissipation of the membrane potentials, etc. In any
scenario, the danger of stopped brain circulation is
not associated with overheating.
Brown adipose tissue (BAT) temperature

Measuring BAT temperature is a well-accepted
approach to estimate non-shivering thermogenesis
in rodents [40]. BAT activation can be visualized in
uninstrumented rodents [41] (Fig. 5), and techniques
are now being developed to assess BAT activity in
humans based on the temperature of BAT skin projections [42]. Activation of thermogenesis in the interscapular BAT of rats and mice has been extensively
documented during cold exposure and at the onset of
hyperthermic responses to various stimuli, as reviewed
by Meyer et al. [40]. The same review mentions examples of how physiologists differ in their approaches to
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Figure 5. A genetically hairless rat (Crl:CD-Hrhr) exposed to cold.
Two images of the animal are overlaid. The bottom layer is a regular (visible spectrum) photograph. The top layer is a semi-transparent, color-coded infrared thermogram. In the thermogram,
temperatures from 31.0 to 37.0 C are coded with shades of yellow (from dark to light, respectively), temperatures below 31.0 C
are coded with black, and temperatures above 37.0 C are coded
with purple. As a result, the vasoconstricted hairless skin over the
heat-exchange organs appears black, whereas the haired skin
over the rest of the body is yellow. The external acoustic meatus
and the skin over the interscapular brown adipose tissue have
higher temperatures and show as purple. Reused from ref. [41].

collecting and interpreting BAT temperature data and,
especially, on how they relate temperature data to
BAT thermogenesis. This issue has become extremely
important after it was found that BAT is active in
adult humans [43], and that it may play a role in the
development of obesity [44].
There is a consensus that an increase in BAT temperature should exceed the concurrent core temperature increase in order for the latter to be attributed to
BAT thermogenesis. In other words, the BAT-core
temperature difference should increase when BAT is
stimulated. At thermoneutrality, by deﬁnition [45,46],
BAT is not activated, so its oxygen extraction is minimal. Indeed, the BAT temperature in unanesthetized,
fully conscious rats adapted to the experimental conditions and exposed to a thermally neutral environment is very close to the deep (e.g., colonic)
temperature, usually slightly (by 0.1–0.2 C) lower
[47–50]. Following any activation of BAT, the BAT
temperature increases faster than the core temperature, and the former becomes higher than the latter,
with the difference between the two rapidly increasing
(Fig. 6; also see refs. [44–50]). However, sympathetic
activation increases not only the absolute intensity of

Figure 6. Temperature responses of a rat to ambient cooling.
Exposure to 20 C induced cold thermogenesis (increased oxygen
consumption), which resulted in increased colonic and muscle
temperatures, despite the increased heat dissipation. Initially, the
BAT temperature was slightly below the colonic temperature, but
increased to 0.8 C above the colonic temperature during cold
exposure. Replotted from data reported in ref. [53].

metabolism in BAT, but also the blood ﬂow through
this tissue. Therefore, the BAT-core temperature difference due to additional metabolic activity in BAT is
offset by increased blood ﬂow as it increases heat dissipation. As a result, the BAT-core temperature difference reﬂects arteriovenous difference in oxygen
content, rather than absolute increase in BAT metabolism.. Please note that in some cited studies conducted
in rats (e.g., ref. [50]), instead of measuring BAT temperature, the authors aimed to place the tip of the
BAT thermocouple in the proximity of Sulzer’s vein
[51], which, in essence, collects the heat generated by
interscapular BAT and sends it (through the inner
vertebral plexus and the azygos and superior cava
veins) [52] to the heart for further distribution
throughout the body.
Interestingly, the BAT-core temperature difference
was found empirically to be a good index of BAT thermogenesis in the early 1970s [49]. More recently, it
was formally proposed to be used as a BAT “thermogenesis index” [50]. The present work lays a theoretical foundation for such a use. It also suggests that, for
infrared studies in humans, a good measure of the
thermogenic activity of a BAT depot should be based
on a temperature difference between a skin projection
of this depot and the body core — not on the skin
projection temperature per se. In practice, the
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Figure 7. The BAT-blood temperature difference correlates with
total body oxygen consumption. The graph combines experiments in unanesthetized rats exposed to 20 C (closed circles),
with those exposed to one of 25 other ambient temperatures
(open circles), with those exposed to 30 C and injected with an
endotoxin that causes fever (crosses). Replotted from data
reported in ref. [49].

BAT-colonic temperature difference shows a strong
linear correlation with the whole body oxygen consumption in a wide range of colonic temperatures, as
it was found during endotoxin-induced fever in rats
(Fig. 7; also see ref. [49]), and often approaches
1.0 C [25,47,48,50,54,55].
It is often emphasized that BAT temperature is supposed to increase faster than the core temperature
when BAT thermogenesis is activated. This means
that the BAT-core temperature difference should
increase over time, which is only possible during the
transition from baseline equilibrium at rest (with a
low arteriovenous oxygen difference) to a high metabolic state (with a high arteriovenous oxygen difference). This is exactly what is observed during BAT
activation in experiments (see above). Considering the
massive blood supply to the activated BAT, we estimate the half-life for this process to be in the minute
range.
It is noteworthy that some depots of BAT, both in
rodents (e.g., interscapular) and in humans (e.g.,
supraclavicular) are located relatively superﬁcially
under the skin and, hence, are subjected to non-circulatory heat dissipation to the environment (via subcutaneous tissues and the skin). Indeed, when these
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depots are activated, their projections on the skin in
infrared images are seen as “hot spots,” both in
rodents (reviewed in ref. [40]), especially hairless
rodents [41], and humans (reviewed in ref. [42]). One
can speculate that the high blood ﬂow in the activated
BAT makes the effect of heat dissipation to the environment negligible, thus resulting in BAT-blood temperature differences close to the theoretical maximum,
which is often the case (Figs. 6,8). It is striking, however, that increases in BAT temperature (from preactivation levels) of a substantially higher magnitude
(2–3 C) are often reported as well (see, e.g., Figure 8).
Absolute increases in BAT temperature of this magnitude can be easily explained in those cases when the
core and BAT temperatures rise simultaneously. In
those cases, the BAT-core temperature difference
(limited to 1.3 C) is superimposed on the increase in
core body temperature (which can comprise several
degrees).
This explanation, however, is not universal. For
example, in the experiment shown in Fig. 8, a very
large increase in BAT temperature (several degrees) is
accompanied by only a small increase in colonic temperature (several tenths of a degree). In cases like this,
the baseline blood ﬂow is usually low enough to allow
for a substantially negative BAT-core temperature difference at baseline, due to non-circulatory heat dissipation from the inactive tissue with minimal blood
ﬂow to the environment (Cb BF=g91 in the denomi-

Figure 8. Experimental manipulations can increase BAT temperature in an anesthetized, cooled rat preparation by more than 2 C.
Replotted from data reported in ref. [8].
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nator of the second term in the right-hand side of
Equation (2)). During BAT stimulation, the increased
blood
ﬂow
makes
this
term
negligible
(Cb  BF=g  1). Figure 8 agrees with this interpretation: the temperature of BAT in an anesthetized,
cooled rat preparation before intrabrain injections of
muscimol and bicuculine is substantially lower than
that of the core (34.6 vs. 36.9 C). After the injections,
BAT temperature rapidly rises by several degrees to
eliminate this difference, and only then increases
above the colonic temperature (and never exceeds it
by more than 1.3 C). Unfortunately, unlike the experiment shown in Figure 8, many papers do not report
the core temperature dynamic, thus, complicating
interpretation of the results.
Temperature in muscles

During exercise, body temperature increases due to the
activation of another heat-producing thermoeffector:
contracting muscles. According to our calculations, the
effect of local metabolism on the equilibrium temperature difference between muscles and the body core is
deﬁned by the ratio of extracted oxygen only, and does
not depend on the rate of blood ﬂow. Unlike the brain
with its relatively high basal metabolism, muscles do
not produce much heat at rest. Therefore, at rest,
muscles have temperatures close to that of the core or
slightly lower, due to heat dissipation to the environment. Our calculations show that, regardless of exercise
intensity, the difference between muscle and core temperatures cannot exceed 1.3 C. Consistent with this,
the muscle-core temperature difference at the highest
workload was found to be »1.0 C [31,56]. In the study
by Cotter et al. [57], core temperature (as an average
between esophageal and rectal temperatures) and muscle temperature (in the m. vastus lateralis) were measured simultaneously in healthy adult volunteers
during exercise. While the individual muscle-core temperature differences were not reported, the difference
between the group’s mean muscle temperature and the
group’s mean core temperature (calculated by us based
on the ﬁgures) was negative before the exercise, then
increased, and peaked at »1.3 C.

Summary
 At equilibrium, the temperature difference
between an organ tissue and the arterial blood

supplied to this organ is directly proportional to
the arteriovenous difference in oxygen content
and does not depend on the blood ﬂow.
 Tissue-arterial blood temperature differences
cannot exceed a maximum theoretical limit of
1.3 C, which corresponds to the situation where
all oxygen is extracted from 100% saturated
blood and metabolized in a single passage
through the tissue. Non-circulatory heat dissipation from the organ to the environment makes
the actual differences smaller than the theoretical
limit.
 Time constants of local temperature dynamics
depend on blood ﬂow. In organs with high perfusion, such as the brain and contracting muscles,
temperature stabilizes within a few minutes after
a perturbation. In organs with low perfusion,
temperature converges to a new equilibrium
within a few tens to a few hundreds of minutes.
 Our analysis supports that and explains why the
arterial blood temperature is the main determinant of the temperature of tissues, including
brain and brown adipose tissues.

Recommendations for physiologists
 Any assessment of tissue thermogenesis should
not be based on a measure of this tissue temperature alone, but rather on a tissue-core temperature difference. For example, an index of BAT
activation, as assessed by infrared imaging, can
be proposed as the temperature difference
between a skin projection of the depot of interest
and the body core.
 Changes in either an organ’s blood ﬂow alone or
metabolism alone are not sufﬁcient to predict the
change in the organ’s temperature, as the organ’s
thermal balance depends on both the production
and removal of heat. Conversely, an increase in
tissue temperature does not necessarily imply an
increased metabolism.
 Considering the signiﬁcant inertia of thermal
responses, it may take minutes to hours to reach
new temperature equilibrium after a perturbation, depending on the level of tissue perfusion.
 The proposed basic model can be instrumental
for data interpretation and experimental design
in various areas of physiology dealing with
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temperature, metabolism, blood ﬂow, and their
interactions.

Disclosure of potential conﬂicts of interest
The authors have no conﬂicts of interest to disclose.

Acknowledgements
The authors thank Dr. Eugene Kiyatkin for providing original
data for Figure 2. The authors also would like to express sincere gratitude to anonymous reviewers for providing invaluable feedback for the revision of the manuscript.

ORCID
Dmitry V. Zaretsky
Yaroslav I. Molkov

http://orcid.org/0000-0003-2454-8620
http://orcid.org/0000-0002-0862-1974

References
[1] Pennes HH. Analysis of tissue and arterial blood temperatures in the resting human forearm. J Appl Physiol. 1948;
1:93–122. Epub 1948/08/01. doi:10.1152/jappl.1948.1.2.93.
PMID:18887578
[2] Goswami DY. The CRC handbook of mechanical engineering, 2nd ed. Boca Raton, FL: CRC Press; 2004.
[3] Wissler EH. Pennes’ 1948 paper revisited. J Appl Physiol
(1985). 1998;85:35–41. doi:10.1152/jappl.1998.85.1.35.
PMID:9655751
[4] Dominguez de Villota ED, Ruiz Carmona MT, Rubio JJ,
et al. Equality of the in vivo and in vitro oxygen-binding
capacity of haemoglobin in patients with severe respiratory disease. Br J Anaesth. 1981;53:1325–1328. Epub
1981/12/01. doi:10.1093/bja/53.12.1325. PMID:7317251
[5] Larimer J. Hemoglobin Concentration and Oxygen
Capacity of Mammalian Blood. J Mitchell Soc. 1959;
75:174–177.
[6] Lusk G. The elements of the science of nutrition. 4th ed.
Philadelphia: W.B. Saunders Company; 1928.
[7] Blake AS, Petley GW, Deakin CD. Effects of changes in
packed cell volume on the speciﬁc heat capacity of blood:
implications for studies measuring heat exchange in
extracorporeal circuits. Br J Anaesth. 2000;84:28–32.
Epub
2000/03/31.
doi:10.1093/oxfordjournals.bja.
a013376. PMID:10740543
[8] Cao WH, Madden CJ, Morrison SF. Inhibition of brown
adipose tissue thermogenesis by neurons in the ventrolateral medulla and in the nucleus tractus solitarius. Am J
Physiol Regul Integr Comp Physiol. 2010;299:R277–
R290. Epub 2010/04/23. doi:10.1152/ajpregu.00039.2010.
PMID:20410479
[9] Donhoffer S. Homeothermia of the brain: cerebral blood
ﬂow, metabolic rate, and brain temperature in the cold:
the possible role of Neuroglia. Budapest: Akademiai
Kiad
o; 1980.

33

[10] Romanovsky AA. Temperature regulation. In: Petersen
O, editor. Lecture Notes on Human Physiology. 5th ed.
Oxford, UK: Blackwell; 2007. p. 603–615.
[11] Wittenberg JB, Wittenberg BA. Myoglobin function reassessed. J Exp Biol. 2003;206:2011–2020. Epub 2003/05/
21. doi:10.1242/jeb.00243. PMID:12756283
[12] Society TFfRoITi. Heat Capacity of Biological Tissues.
2016. [cited 2017 07/02]. Available from: http://www.itis.
ethz.ch/virtual-population/tissue-properties/database/
heat-capacity/.
[13] Todd MM, Weeks JB, Warner DS. The inﬂuence of intravascular volume expansion on cerebral blood ﬂow and
blood volume in normal rats. Anesthesiology.
1993;78:945–953. Epub 1993/05/01. doi:10.1097/
00000542-199305000-00020. PMID:8489067
[14] Lautt WW, Greenway CV. Conceptual review of the
hepatic vascular bed. Hepatology. 1987;7:952–963. Epub
1987/09/01. doi:10.1002/hep.1840070527. PMID:3308669
[15] Carneiro JJ, Donald DE. Blood reservoir function of dog
spleen, liver, and intestine. Am J Physiol. 1977;232:H67–
H72. Epub 1977/01/01. PMID:835722
[16] Barcroft J, Stephens JG. Observations upon the size of the
spleen. J Physiol. 1927;64:1–22. Epub 1927/10/05.
doi:10.1113/jphysiol.1927.sp002414. PMID:16993897
[17] Barcroft J, Poole LT. The blood in the spleen pulp. J
Physiol. 1927;64:23–29. Epub 1927/10/05. doi:10.1113/
jphysiol.1927.sp002415. PMID:16993898
[18] Gonzalez-Alonso J, Quistorff B, Krustrup P, et al. Heat
production in human skeletal muscle at the onset of
intense dynamic exercise. J Physiol. 2000;524(Pt 2):603–
615.
Epub
2000/04/15.
doi:10.1111/j.14697793.2000.00603.x. PMID:10766936
[19] Leenders KL, Perani D, Lammertsma AA, et al. Cerebral
blood ﬂow, blood volume and oxygen utilization.
Normal values and effect of age. Brain. 1990;113
(Pt 1):27–47. Epub 1990/02/01. doi:10.1093/brain/
113.1.27. PMID:2302536
[20] Fonseca CG, Pires W, Lima MR, et al. Hypothalamic temperature of rats subjected to treadmill running in a cold
environment. PLoS One. 2014;9:e111501. Epub 2014/11/
05. doi:10.1371/journal.pone.0111501. PMID:25365556
[21] Kiyatkin EA, Brown PL, Wise RA. Brain temperature
ﬂuctuation: a reﬂection of functional neural activation.
Eur J Neurosci. 2002;16:164–168. Epub 2002/08/03.
doi:10.1046/j.1460-9568.2002.02066.x. PMID:12153543
[22] Hayward JN, Baker MA. A comparative study of the role
of the cerebral arterial blood in the regulation of brain
temperature in ﬁve mammals. Brain Res. 1969;16:417–
440. Epub 1969/12/01. doi:10.1016/0006-8993(69)902364. PMID:4311724
[23] Hayward JN, Baker MA. Role of cerebral arterial blood in
the regulation of brain temperature in the monkey. Am J
Physiol.
1968;215:389–403.
Epub
1968/08/01.
PMID:4969787
[24] Wang H, Wang B, Normoyle KP, et al. Brain temperature
and its fundamental properties: a review for clinical

34

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

D. V. ZARETSKY ET AL.

neuroscientists. Front Neurosci. 2014;8:307. Epub 2014/10/
24. doi:10.3389/fnins.2014.00307. PMID:25339859
Ootsuka Y, de Menezes RC, Zaretsky DV, et al. Brown
adipose tissue thermogenesis heats brain and body as part
of the brain-coordinated ultradian basic rest-activity cycle.
Neuroscience. 2009;164:849–861. Epub 2009/08/15.
doi:10.1016/j.neuroscience.2009.08.013. PMID:19679172
Behrouzvaziri A, Zaretskaia MV, Rusynia DE, et al.
Circadian variability of body temperature responses to
methamphetamine. Am J Physiol Regul Integr Comp
Physiol.
2018;314:R43–R48.
Epub
2017/09/06.
doi:10.1152/ajpregu.00170.2017. PMID:28877870
Hasegawa H, Takatsu S, Ishiwata T, et al. Continuous
monitoring of hypothalamic neurotransmitters and thermoregulatory responses in exercising rats. J Neurosci
Methods.
2011;202:119–123.
Epub
2011/06/21.
doi:10.1016/j.jneumeth.2011.05.024. PMID:21683095
Tanaka H, Yanase M, Nakayama T. Body temperature
regulation in rats during exercise of various intensities at
different ambient temperatures. Jpn J Physiol.
1988;38:167–177. Epub 1988/01/01. doi:10.2170/
jjphysiol.38.167. PMID:3172577
Zaretsky DV, Brown MB, Zaretskaia MV, et al. The ergogenic effect of amphetamine. Temperature. 2014;1:242–
247. doi:10.4161/23328940.2014.987564.
Zaretsky DV, Zaretskaia MV, Durant PJ, et al. Treadmill
running restores MDMA-mediated hyperthermia prevented by inhibition of the dorsomedial hypothalamus.
Brain Res. 2015;1608:75–81. Epub 2015/03/01.
doi:10.1016/j.brainres.2015.02.037. PMID:25725382
Morozova E, Yoo Y, Behrouzvaziri A, et al. Amphetamine enhances endurance by increasing heat dissipation. Physiol Rep. 2016;4. doi:10.14814/phy2.12955.
PMID:27604402
Molkov YI, Zaretsky DV. Why is it easier to run in the
cold? Temperature. 2016;3:509–511. doi:10.1080/
23328940.2016.1201182.
Molkov YI, Zaretskaia MV, Zaretsky DV. Meth math:
modeling temperature responses to methamphetamine.
Am J Physiol Regul Integr Comp Physiol. 2014;306:
R552–R566.
Epub
2014/02/07.
doi:10.1152/
ajpregu.00365.2013. PMID:24500434
Molkov YI, Zaretsky DV. Balanced excitation and inhibition in temperature responses to meth. Temperature.
2014;1:154–156. doi:10.4161/2167549X.2014.968483.
Behrouzvaziri A, Fu D, Tan P, et al. Orexinergic neurotransmission in temperature responses to methamphetamine and stress: mathematical modeling as a data
assimilation approach. PLoS One. 2015;10:e0126719.
Epub 2015/05/21. doi:10.1371/journal.pone.0126719.
PMID:25993564
Wang H, Kim M, Normoyle KP, et al. Thermal regulation
of the brain—an anatomical and physiological review for
clinical neuroscientists. Front Neurosci. 2015;9:528. Epub
2016/02/03. PMID:26834552
Schell RM, Cole DJ. Cerebral monitoring: jugular
venous oximetry. Anesth Analg. 2000;90:559–566. Epub

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

2000/03/07.
doi:10.1097/00000539-200003000-00012.
PMID:10702437
Olszewski J. The Thalamus of the Macaca Mulatta. An
Atlas for Use with the Stereotaxic Instrument. Montreal,
QC: Karger; 1952.
Romanovsky AA, Blatteis CM. Biphasic fever: what triggers the second temperature rise? Am J Physiol.
1995;269:R280–R286. Epub 1995/08/01. PMID:7653648
Meyer CW, Ootsuka Y, Romanovsky AA. Body temperature measurements for metabolic phenotyping in mice.
Front Physiol. 2017;8:520. Epub 2017/08/22. doi:10.3389/
fphys.2017.00520. PMID:28824441
Romanovsky AA. Skin temperature: its role in thermoregulation. Acta Physiol. (Oxford, England). 2014;210:498–
507.
Epub
2014/04/10.
doi:10.1111/apha.12231.
PMID:24716231
Law J, Chalmers J, Morris D, et al. The use of infrared
thermography in the measurement and characterization
of brown adipose tissue activation. Temperature. Epub
2018/01/29. doi:10.1080/23328940.2017.1397085
Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for active brown adipose tissue in adult humans.
Am J Physiol Endocrinol Metab. 2007;293:E444–E452.
Epub 2007/05/03. doi:10.1152/ajpendo.00691.2006.
PMID:17473055
Saito M, Okamatsu-Ogura Y, Matsushita M, et al. High
incidence of metabolically active brown adipose tissue in
healthy adult humans: effects of cold exposure and adiposity. Diabetes. 2009;58:1526–1531. Epub 2009/04/30.
doi:10.2337/db09-0530. PMID:19401428
Romanovsky AA, Ivanov AI, Shimansky YP. Selected
contribution: ambient temperature for experiments in
rats: a new method for determining the zone of thermal
neutrality. J Appl Physiol (1985). 2002;92:2667–2679.
Epub 2002/05/17. doi:10.1152/japplphysiol.01173.2001.
PMID:12015388
Commission IT. Glossary of terms for thermal physiology: third edition. Jpn J Physiol. 2001;51:245–280.
Romanovsky AA, Kulchitsky VA, Simons CT, et al.
Cold defense mechanisms in vagotomized rats. Am J
Physiol. 1997;273:R784–R789. Epub 1997/08/01.
PMID:9277569
Szekely M, Szelenyi Z. Endotoxin fever in the rat. Acta
Physiol Acad Sci Hung. 1979;53:265–277. Epub 1979/01/
01. PMID:396758
Szekely M, Szelenyi Z, Sumegi I. Brown adipose tissue as
a source of heat during pyrogen-induced fever. Acta
Physiol Acad Sci Hung. 1973;43:85–88. Epub 1973/01/01.
PMID:4589011
Almeida MC, Hew-Butler T, Soriano RN, et al. Pharmacological blockade of the cold receptor TRPM8 attenuates
autonomic and behavioral cold defenses and decreases
deep body temperature. J Neurosci. 2012;32:2086–2099.
Epub 2012/02/11. doi:10.1523/JNEUROSCI.5606-11.2012.
PMID:22323721
Sulzer FG. Versuch Einer Naturgeschichte des Hamsters.
G€ottingen & Gotha: J. C. Dieterich.; 1774.

TEMPERATURE

[52] Smith RE, Horwitz BA. Brown fat and thermogenesis.
Physiol Rev. 1969;49:330–425. Epub 1969/04/01.
doi:10.1152/physrev.1969.49.2.330. PMID:4888392
[53] Donhoffer S, Szelenyi Z. The role of brown adipose tissue
in thermoregulatory heat production in the warm- and
cold-adapted adult rat. Acta Physiol Acad Sci Hung.
1967;32:53–60. Epub 1967/01/01. PMID:6082980
[54] Zaretskaia MV, Zaretsky DV, Shekhar A, et al. Chemical
stimulation of the dorsomedial hypothalamus evokes
non-shivering thermogenesis in anesthetized rats. Brain
Res. 2002;928:113–125. Epub 2002/02/15. doi:10.1016/
S0006-8993(01)03369-8. PMID:11844478
[55] Zaretsky DV, Zaretskaia MV, Durant PJ, et al. Inhibition
of the dorsomedial hypothalamus, but not the medullary

35

raphe pallidus, decreases hyperthermia and mortality
from MDMA given in a warm environment. Pharmacol
Res Perspect. 2014;2:e00031. Epub 2014/04/26.
doi:10.1002/prp2.31.
[56] Yoo Y, LaPradd M, Kline H, et al. Exercise activates compensatory thermoregulatory reaction in rats: a modeling
study. J Appl Physiol (1985). 2015;119:1400–1410.
doi:10.1152/japplphysiol.00392.2015. PMID:26472864
[57] Cotter JD, Sleivert GG, Roberts WS, et al. Effect of precooling, with and without thigh cooling, on strain and
endurance exercise performance in the heat. Comp Biochem Physiol A Mol Integr Physiol. 2001;128:667–677.
Epub 2001/04/03. doi:10.1016/S1095-6433(01)00273-2.

