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OPTIMAL TEMPERATURE FOR HUMAN LIFE ACTIVITY

The optimal temperature for the human life activity has been determined, by assuming that this
parameter corresponds to the most intensive oxygen transport in arteries and the most intensive
chemical reactions in the cells. The oxygen transport is found to be mainly governed by the
blood saturation with oxygen and the blood plasma viscosity, with the both parameters depending
on the temperature and the acid-base balance in blood. Additional parameters affecting the
erythrocyte volume and, accordingly, the temperature of the most intensive oxygen transport
are also taken into account. Erythrocytes are assumed to affect the shear viscosity of blood
in the same way, as impurity particles change the suspension viscosity. It is shown that the
optimal temperature equals 36.6 °C under normal environmental conditions. The dependence
of the optimal temperature for the human life activity on the acid-base index is discussed.

Keywords: blood shear viscosity, erythrocytes, hemoglobin saturation with oxygen, acid-

base balance.

1. Introduction

Regularities in the existence of living matter at-
tracted the interest of physicists since the very be-
ginning of their discovery. This is quite natural, be-
cause living organisms consist of molecules and ions,
and the motion of those components and their inter-
action with one another are governed solely by phy-
sical laws. The temperature value required for the
normal human life, which is equal to 36.6 °C, is
not an exception from this picture. The correspond-
ing deviations arise as a result of some diseases. If
the temperature increases to 42 °C or decreases to
32 °C, there appears the danger for a person to
die [1].

As a rule, the threshold temperature magnitude
is associated with peculiarities of the protein func-
tioning in living organism [1-3]. But proteins are not
isolated objects. Usually, they are located in an aque-
ous biophysical solution. Therefore, a hypothesis was
put forward in works [4-7] that this is the proper-
ties of water that determine the existence limits for
the living matter. In particular, this is the temper-
ature interval of human life. In agreement with this
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hypothesis, in works [8-10], it was shown that 42 °C is
a temperature, at which the crystal-like character of
the thermal motion of water molecules disappears. In
a more general sense, this is a temperature of a dy-
namic phase transition in water, which results in the
change of the molecular thermal motion and in the
loss of an ice-like structure by water at higher tem-
peratures [5].

In works [11], it was found that 36.6 °C is also a
characteristic temperature for water. It is a temper-
ature, at which the isobaric heat capacity of water is
minimum under the normal pressure. This combina-
tion forms the most favorable conditions for the heat
exchange in mammalian organisms. In turn, the ther-
mal processes in a living organism are closely related
to oxidation ones. In other words, the oxidation pro-
cesses should also be characterized by extreme prop-
erties at a temperature of 36.6 °C.

In this work, we found that the rate of oxygen
transport by human blood vessels is really charac-
terized by a maximum at 36.6 °C. Furthermore, we
established some important factors that can shift this
temperature to either side. It is probable that those
factors are responsible for an appreciable shift of the
temperature for the normal life activity of birds and
some mammals [12]. The regulation of the oxygen
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Fig. 1. Dependences of the degree of saturation of hemoglobin
with oxygen in blood, So,, on the partial oxygen pressure Po,,
at various temperatures (according to work [14])

transport is tightly related to directions of the de-
velopment of drugs. Therefore, the formulation of a
new viewpoint on this problem is very important.

2. Definition of Optimal Temperature

Let us define the temperature that is optimal for the
human life as follows. We assume that the optimal
temperature T corresponds to the maximum of the
oxygen flux Jo, (T, pH, ¢) through human vessels:

J02 (T = TO) pHa Q) = makx, (1)

where T is the temperature, pH the measure for the
concentration of hydrogen ions in arterial blood, and
q the set of all other essential parameters. We have to
note at once that the pH index of acid-base balance
is the sum of two terms corresponding to a reducible,
pH(T), and irreducible, pH’, components:

pH = pH(T) + pH'.

In what follows, the main attention is focused on the
dependence of Jo,(T,pH, q) on the irreducible com-
ponent pH’. The same is true for the parameter set q.

Table 1. a(T, pHg)-values at various temperatures

T, °C 23 30 37 44
o(T) 2.66 2.33 1.66 1
810

In a more general sense, the condition
Jo, (T = Ty, pH = pHy, ¢ = o) = max (2)

determines all basic parameters of the human
state. But, in this work, our main task is to deter-
mine the optimal temperature at the equilibrium val-
ues of all other parameters. Actually, the maximum
flux of oxygen is a necessary condition for the most
intensive development of all other processes in human
organism. The oxygen transport by a vessel per unit
time, Jo,, is proportional to the product of the blood
flow in this vessel, @y, and the degree of hemoglobin
oxygen saturation in blood, So,:

J02 (T7 pH’ q) =
= QB(AP)TL(T, pH7Q)SOQ (T; Posmvayq)- (3)

Here, n(T,pH, ¢) is the concentration of hemoglobin
molecules in blood, P,s, the osmotic pressure of oxy-
gen in erythrocytes, and AP stands for the pressure
drop between two vessel cross-sections separated by
a distance [. The relation between the pressure drop,
vessel radius r, length [ of a vessel section, and blood
flow through the vessel cross-section reads [13]

Qu(AP) = o AP (@)

B - 8l77 )
where 7 is the dynamic shear viscosity of blood.

The dependences of the degree of hemoglobin oxy-
gen saturation in blood, So,, on the oxygen osmotic
pressure and the temperature were determined in
works [14-16] (see Fig. 1). They can be approximately
described by the formula

So, (Tv Posrn) =th (Oé(T, pHO)v Posrn)a (5)

where the values of the coefficient «(T,pH,) are
quoted in Table 1. Hence, the oxygen transport
through the vessel depends on the temperature ac-
cording to the formula

Jo, (T’ pH,, QO) = X(T, L AP)F(T, Posm, pHy, QO)a (6)

where
7T7’4
X = gn(Tv pHa Q)APa

SOQ (T7 Posma pHOa QO)
77(Ta pHO, qO)
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In other words, the temperature optimal for the hu-
man life activity, Tp, is determined from the condition

F(T = T, PosmapH()aq()) = Inax. (7)

As one can see, the value of the optimal temperature
for the life activity substantially depends on the blood
shear viscosity n(T, pH,).

3. Blood Shear Viscosity

This issue is considered in detail in our separate
work. We assume that the blood viscosity is deter-
mined by the same mechanism as the viscosity of sus-
pensions, with erythrocytes playing the role of sus-
pension particles, and the blood plasma the role of
solvent. All other components — such as leukocytes,
platelets, and blood plasma proteins — occupy a much
smaller fractional volume and make a significantly
smaller contribution to the shear viscosity. Note that
although the linear dimensions of leukocytes are only
1.5-2 times smaller than those of red blood cells, their
concentration in the blood is two orders of magnitude
lower.

According to this qualitative picture, the blood
shear viscosity can be written in the form (see work
[17])

77(Ta p) = np(Tv pH)F(\I/), (8)
where n, (T, pH) is the blood plasma viscosity,

U(1- 1)

(1 —0)+1—/1+92(1-0)

and the quantity

T(¥) =

3
_ Rer

V= 9)

is the ratio between the average erythrocyte volume
and the volume of a net cell with radius R. Note that
formula (8) was obtained, by using the cell method,
which is completely consistent with Einstein’s [18,19]
and Batchelor’s [20] formulas for dilute and moder-
ately dilute suspensions, respectively. The cell radius
R, in turn, is related to the mean distance Rg be-
tween erythrocytes by the formula

R = (a0+a1<1>+a2<132+...) Rg, (10)
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Fig. 2. Dependences of the relative blood viscosity with re-
spect to the plasma viscosity on the specific volume ®. Curve
1 corresponds to Einstein’s formula for dilute suspensions [18],
curve 2 to Batchelor’s formula [20], curve 3 was plotted accord-
ing to formulas (8)—(11), and curve 4 corresponds to a model
formula for a dense suspension [28]

R . .
T7¥ Is the volume fraction of blood
G

plasma occupied by erythrocytes. According to work
[17], the coefficients «; in expansion (10) equal

6 1/3

4
T 6
=—||—=]) —5.2|] =0.12
@ 18 (<7roz8) 5> 0.127,

Qo = 0.03.

where & =

(11)

As was shown in work [17], the cell approach used
by us allows the behavior of the suspension shear vis-
cosity to be successfully described up to ® = 0.45,
which far exceeds the upper application limits for the
expressions obtained in the framework of the hydro-
dynamic perturbation theory [21, 22]. The function
I'(¥) immediately depends only on the specific vol-
ume ¢ (U = ¥(P); and the values of Rg are also
determined by the quantity ®: Rg = Rg(®)). But
the quantity @ itself depends on the erythrocyte size,
which varies with changes in both the temperature
[23, 24] and the acid-base index [25, 26], as well as
on the presence of certain ingredients, in particular,
lactate [27]. The dependence of the shear viscosity on
the specific volume is shown in Fig. 2.

To a certain extent, we may neglect the dependence
of the erythrocyte volume on the temperature and
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Table 2. .f(T’ Posm7 PHo» qO)'v S02'7
and 7p-values at various temperatures

T,°C 23 30 37 44

S0, 0.98 0.95 0.92 0.88

Np 2.2 1.8 1.5 1.45

F(T, Posm,pHo,q0) 0.45 0.53 0.61 0.60

the acid-base index and assume that all other param-
eters of blood, ¢, acquire the corresponding equilib-
rium values. In this approximation, the optimal tem-
perature of human life is determined by the relation

f(T = T07POSII17PHO7 (ZO) = max,
812

(12)

where, unlike the function F(T, Posm,pHg,q0), the
function f(T, Posm,PHg, o) depends only on the
shear viscosity of blood plasma:

SOQ (Ta Posma pH07 q(])
b (Ta pH07 qo)

f(T7 Posm, pH()v qO) = (13)

4. Optimal Temperature
under Various Conditions

Let us determine the optimal temperature for the hu-
man life activity, provided that the acid-base index
has normal values pH, = 7.35+7.44, and a change
in the erythrocyte volume can be neglected. In this
case, the optimal temperature Ty is determined by
formula (12), in which the degree of blood oxygen
saturation is determined either from Fig. 1 or by the
approximate formula (5). Let us use the temperature
dependence for the shear viscosity of blood plasma
that was determined in work [29] (see Fig. 3).

The numerical values of the function
f(T, Posm,pHy, qo) for the osmotic oxygen pressure
Posm = 100 mm Hg, which is typical of pulmonary
arteries, are quoted in Table 2. Attention is drawn by
the fact that the function f(T, Posm, pPHy, ¢) has a real
maximum at a temperature of 37 °C (Fig. 4). Un-
fortunately, because of the lack of experimental data
concerning the temperature dependence of the shear
viscosity of blood plasma, we cannot determine the
optimal temperature Ty more accurately.

Let us consider, at the qualitative level, the influ-
ence of two important factors, the lactate and alcohol
levels, on the position of the f(T, Posm, PHg, ¢) maxi-
mum, i.e. on the optimal temperature value. It is well
known that, when children eat food with a high level
of carbohydrates and fats, the lactate level in their
organisms increases, which is accompanied by the ele-
vation of their body temperature. With the growth of
the lactate level in blood, the level of hemoglobin oxy-
gen saturation in the blood decreases, and the blood
viscosity increases due to an increase of the aver-
age erythrocyte volume. As a result, the maximum of
the dependence f(T, Posm, PH, ¢) shifts toward higher
temperatures, which correlates with the temperature
elevation in children. In the case of adults, the coun-
teraction of a compensatory mechanism [43, 44] has
to be taken into account as well.

Besides all that, there are a few important de-
tails. In particular, as the lactate level increases from
0.9 to 1.9 mmol/l, the hemoglobin ability to bind
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oxygen decreased by 5%. If the lactate level grew to
11.04 mmol/1; this hemoglobin property decreased by
15%. At the same time, the pH index became shifted
toward the acid side to pH = 7.4+7.0 [36], which
stimulated, in turn, the growth of the average ery-
throcyte volume. If the lactate content in blood in-
creased from 1.9 to 12.3 mmol/1, the erythrocyte vol-
ume increased from 91.4 x 10715 t0 93.9 x 10715 cm?
[37]. As was shown in work [27], the increase of the
lactate content in blood from 1 to 10 mmol/1 led to
the increase of the blood viscosity from 5.2 to 6 cP at
a shear rate of 0.1 s—1.

If alcohol penetrates into blood, erythrocytes
change their volume and shape. They become shrink-
aged (it is common to say that the erythrocytes trans-
form into echinocytes). In particular, the erythrocyte
volume amounts to 91.5 x 107 cm?® at the occa-
sional use of alcohol. At the regular use of alcohol,
this volume reaches 96.2 x 107 cm?® for men and
98.0 x 1071® cm? for women [35]. The penetration of
alcohol into blood shifts the pH value toward the acid
side [38,39]. This is a result of the alcohol oxidation
to water and carbon dioxide in liver. Carbon dioxide
penetrates into erythrocytes in blood, where, under
the carbamide action, it transforms into the carbonic
acid. The latter dissociates into the HT and HCO3
ions. If the alcohol dose equals 0.11-3.91 g/kg (the
alcohol mass per kilogram of body mass), the blood
viscosity increases by 7.4% [34].

The hemoglobin oxygen saturation in blood also
changes. In particular, according to work [40], an al-
cohol dose of 0.5 g/kg resulted in the reduction of
the hemoglobin saturation by 0.9%, by 2.9% for a
dose of 0.78 g/kg [41], by 6% for a dose of 1.1 g/kg,
and, when the dose was 1.5 g/kg, the reduction of the
hemoglobin oxygen saturation reached 10% [42].

Hence, the use of alcohol leads to the growth of the
blood viscosity and the reduction of the hemoglobin
oxygen saturation. As a result, the maximum of the
function f(T, Posm,PHg, qo) becomes shifted toward
higher temperatures. If the compensatory mecha-
nisms are not capable of lowering the optimal tem-
perature, the probability of acute ischemic states will
grow, which often takes place.

5. Discussion of the Results Obtained

Hence, in this work, we found an important relation
between a temperature of 36.6 °C and a temperature

ISSN 2071-0186. Ukr. J. Phys. 2018. Vol. 63, No. 9

that is optimal for the human life activity, i.e. the
temperature corresponding to the maximum oxygen
transport to human tissues. As a result, conditions
for the maximum intensity of chemical reactions in
human cells are created.

Another factor that provides a sufficient condi-
tion for the chemical reactions to achieve the max-
imum intensity is the outflow of carbon dioxide from
the tissues. This is a factor that regulates the con-
sistency of the optimal temperature definition made
above with the human states at rest or at the ex-
ecution of hard work. In both cases, a healthy per-
son retains the same value of the normal temper-
ature. This fact means that the difference between
the indicated human states is mainly reduced to a
change of the balance between the oxygen flux in
human arteries and the counterflux of carbon diox-
ide in human veins. This circumstance is tightly con-
nected with another important issue concerning the
shift mechanism of the oxygen-carbon dioxide balance
in human lungs. This is a challenging problem, which
requires an urgent solution.

For a further progress in the study of the optimal
temperature for the human life activity, detailed re-
searches of the degree of arterial blood saturation
with oxygen and the venous blood saturation with
carbon dioxide, as well as their dependence on the
acid-base pH index and all other important blood pa-
rameters g, are required.

Furthermore, in the next work, we plan to present
the results of our research concerning the character
of deviations from the optimal human condition and
their dependence on changes in the temperature and
acid-base balance, as well as on the blood parameters
that are the most varied due to various diseases. In
other words, we plan to construct a multidimensional
surface of human states, where, besides the global
maximum that is observed at T, = 36.6 °C and
po = 744 mm Hg, there are also local maxima cor-
responding to the relative stability of a human state.

To summarize, we would like to sincerely thank
Prof. Leonid Bulavin and the participants of the sem-
inar chaired by him at the Chair of Molecular Physics
of the Kyiv National University, as well as the par-
ticipants of the international conference PLMMP-
2018 — first of all, these are Prof. Mykola Lebovka
and Prof. Longin Lysetskyi — for a detailed and topi-
cal discussion of the results of this work.
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OIITUMAJIBHA TEMIIEPATYPA
JKUTTEBOI AKTUBHOCTI JIIOJUHN

Pesmowme

B poboTi npuitmMaeTbcs, 110 ONTUMAJIbHA TEMIIEPATYPa KUTTE-
AKTHBHOCTI JIIOIMHY BiAIIOBiTa€ MaKCUMaJIbHOMY IIEPEHOCY KH-
CHIO apTepisiMU B OJUHUIIO Yacy. 3 OIIsLy Ha e XiMidHi nepe-
TBOpPEHHsI B KJITHHAX OyayTh Haibiibll iHTeHCUBHUMU. Bera-
HOBJIEHO, 1[0 [IEPEHOC KUCHIO BU3HAYAETHCS, [IEPIII 3a BCE, CTY-
IIeHEM HACHYEHOCTI KPOBi KHCHEM Ta B’fI3KICTIO IIa3MH KpPO-
Bi. O6uaBi 11i XapaKTEePUCTUKU 3aJI€XKATh BiJl TEMIIEPATYPHU Ta
[MOKa3HUKA JIy>KHO-KUCJIOTHOrO bGaJsiaHcy KpoBi. BpaxoByroTbcs
TaKOK JOJATKOBI IIapaMeTpH, SIKi BIVIMBAIOTH Ha 00’€M epuUTpo-
OUTIB, a pa30M 3 THM i Ha TeMIIepaTypy MaKCHMaJbHOI'O Iepe-
HOCy KHCHIO. IIpu 11bOMy BBaXKa€ThbCsl, 1110 €PUTPOIUTHU BILJIN-
BaIOTh Ha 3CyBHYy B’#3KICTb KPOBi y TO#l camuii coci6, sIK mo-
MIIIKOBI YacTMHKM Ha B’#A3KicTb cycnensiil. [lokasano, mo 3a
HOPMAaJIbHUX YMOB ONTUMAaJIbHA TeMmIepaTrypa ckiaagae 36.6 ©C.
OBroBOPIOETHCA 3AJIEXKHICTH ONTUMAJIBLHOI TEMIIEPATYPH KUT-
TE€BOI aKTUBHOCTI JIIOJMHU BiJl ITOKAa3HUKA KUCJIOTHO-JIy?KHOI'O
bastancy.
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