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ABSTRACT Based on a model of protein denaturation rate limited by an entropy-related barrier, we derive a simple formula for
virus inactivation time as a function of temperature. Loss of protein structure is described by two reaction coordinates: confor-
mational disorder of the polymer and wetting by the solvent. These establish a competition between conformational entropy and
hydrophobic interaction favoring random coil or globular states, respectively. Based on the Landau theory of phase transition,
the resulting free energy barrier is found to decrease linearly with the temperature difference T � Tm, and the inactivation rate
should scale as U to the power of T � Tm. This form recalls an accepted model of thermal damage to cells in hyperthermia. For
SARS-CoV-2 the value of U in Celsius units is found to be 1.32. Although the fitting of the model to measured data is practically
indistinguishable from Arrhenius law with an activation energy, the entropy barrier mechanism is more suitable and could explain
the pronounced sensitivity of SARS-CoV-2 to thermal damage. Accordingly, we predict the efficacy of mild fever over a period of
�24 h in inactivating the virus.
SIGNIFICANCE We derive a prediction for thermal inactivation of virus by protein denaturation. The model is based on
the Landau theory of second-order phase transitions with an entropy-related barrier. Fits to measurements of inactivation
of coronaviruses are as successful as the conventional Arrhenius model but with a clear thermodynamic justification and
more reasonable span of parameters. The predicted temperature dependence of inactivation times will be useful for
combatting the Covid-19 pandemic in the face of limited available data.
INTRODUCTION

Thermal inactivation is an important mechanism for
decontamination of viral pathogens, including the novel co-
ronavirus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Relevant contexts include decontamination
of surfaces, proposed thermal treatments such as heated
ventilation, the possible influence of summer weather, and
fever as a physiological response. Indeed, moderate fever,
defined as body temperatures between 38.3 and 39.4�C, is
lately considered a favorable response of the body against
SARS-CoV-2 (1). Fever has been associated with improved
survival rates during typical complications (2) and may be
significant at early stages of infection as well. Coronaviruses
are particularly prone to heat damage. Both the membrane
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proteins (3–5) and nucleocapsid protein (6) are easily
affected by heat.

Experimental studies of thermal inactivation have tabu-
lated results for a number of coronavirus types. One aim
has been to clarify safe protocols for decontamination of
shared instruments or personal protective equipment (7).
Another is to extrapolate an inactivation time from measure-
ments at high temperature to more modest temperatures. A
number of heuristic models have been suggested as a basis
for fitting the data (8). The Arrhenius equation for a ther-
mally activated process is seemingly attractive as a physical
model and was used by two groups to extrapolate from iso-
lated measurements to a continuous temperature variable
(9,10). The treatments remain phenomenological, however,
so the extracted parameters cannot properly be assigned a
physical interpretation. Most importantly, the activation bar-
rier is a free energy with an entropic contribution rather than
a fixed energy.

We propose that the scaling in time of a rate-limited pro-
cess of irreversible virus inactivation should be described
instead as a second-order, entropy-driven phase transition,
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Thermal inactivation scaling
consistent with the coil-globule transition in protein dy-
namics (11–13). On this basis, we derive a simpler formula
relating the inactivation rate to temperature with two fitting
parameters that can be determined from data available in the
literature. Together with new data (5,14) available on
SARS-CoV-2 hosted in cell cultures, we can predict the
period in which moderate fever is effective against the virus.
During the course of illness, the patient may be exposed to
repeated infections from viral residues; hence, it is impor-
tant to know the significant duration of one fever episode.
METHODS

Model

Although we do not know the mechanism of the virus inactivation in detail,

we can approach the problem of thermal damage from a biophysical

perspective. RNA is stable at moderate temperatures (5), so one expects

loss of protein function. In general, protein inactivation may arise from

various mechanisms, including hydrolysis, oxidation, aggregation, kineti-

cally trapped conformations, and denaturation by unfolding (15). Moderate

heating is known to cause irreversible inactivation of membrane proteins on

the SARS viruses (3,4), as well as the nucleocapsid protein N (6). The incip-

ient process of inactivation at temperatures so close to physiological is ex-

pected to involve a conformational rather than chemical modification. In

particular, we consider the exposure of hydrophobic regions to the solvent

as a plausible root of inactivation (16,17). The question considered is how

temperature affects the rate of inactivation.

As a concrete example, we consider the globule-coil transition in proteins

as a critical path in the inactivation process. Coronaviruses are character-

ized by elaborate spike proteins protruding from the membrane (18), the

denaturation of which would prevent interactions with cellular receptors

that are essential for infection. Loss of protein structure is often considered

in two steps (11,13): first, the melting of order in the globular domains, and

then expansion to a random coil. The melting stage has been identified as a

first-order phase transition (11), which has been attributed to vibrational

states (19). The second stage involves a second-order phase transition

related to conformational entropy of the polymer (12,19), balanced by intra-

molecular interactions (20).

The kinetics of a multistage process depends primarily on the rate-

limiting step, the origin of which may be either an activation energy barrier

or a geometric obstruction, i.e., any spatial constraint affecting entropy. A

melting transition is favorable above a certain temperature; the melting rate

is normally constrained by thermal diffusion necessary to supply the latent

heat. Latent heat is not a relevant activation energy barrier because the free

energy does not change along the process. Therefore, the second stage in a

globule-coil transition is the rate-limiting process, once allowed.

Should the inactivation process involve disruption of covalent bonds, it

would entail an energy barrier Ea that limits the rate of the transition

k(T). Such a transition is justly described by the Arrhenius law, k(T) ¼
Aexp(�Ea/RT), with temperature T expressed in absolute Kelvin units

and R the gas constant. Ea is presumed to be constant in temperature, and

the proportionality factor A represents an attempt frequency with units of

inverse time. In the fits of (9), ln(A) shows a span of 58, meaning that A

varies over 25 orders of magnitude only among different types of coronavi-

ruses. A physical range of A that might be expected is at most a few orders

of magnitudes, as seen, for example, considering molecular dynamics of

alanine peptide in various conformational transformations (21). The line-

arity demonstrated between ln(A) and Ea (conforming to the Meyer-Neldel

rule) is more likely a manifestation of the finite duration of inactivation time

rather than verification of the mechanism. On the other hand, most often the

mechanism of inactivation involves denaturation due to structural changes,

possibly a transition from a ‘‘correctly’’ folded state located at a minimum
in free energy to a random-coil state at another local minimum in free en-

ergy (22,23). The bottleneck in such a transition depends on a free energy

barrier DG ¼ D(E � TS) between the rest states, where S denotes entropy.

Thus, thermal fluctuations provide a certain chance to overcome an internal

energy barrier but equally could allow a biological system to transit a tem-

porary decrease in entropy, for example, to resolve entanglement.

A generalized law of transition rates can be stated as k(T) ¼ Aexp(�DG/

RT), where DG ¼ maxh0%h%hf {G(h, T)} � G(h0, T), A is the kinetic rate,

and h denotes the reaction coordinate. Namely, the free energy barrier

DG is determined by the initial state h0 and the intermediate state at which

the free energy G ¼ E(h) � S(h)T is maximal. Zwanzig offered the term

entropy barrier (24) to suggest that a reaction could be obstructed by a nega-

tive step in entropy jDSj. Also according to Zwanzig, a transition obstructed
by a purely geometrical bottleneck, for example the passage of a particle

through a narrow barrier, could be accelerated according to exp(S/R) by

an increase in entropy. The relevant entropy barrier in the case of the

globule-coil transition is related to the hydrophobic volume around the in-

ternal structure of the polymer (25,26) consisting of hydrophobic groups

and narrow gaps that prevent solvent penetration. In effect, the entropy bar-

rier preserves the molten globule stably in a compact state (11,12).

The transition from molten globule to coil can be modeled mathemati-

cally as a perturbation dependent on two order parameters. One order

parameter is the conformational disorder of the polymer, hp, which in-

creases with respect to the native fold. According to the Landau theory of

second-order phase transitions (27), near a transition temperature Tm,

the free energy perturbation depends on the order parameter hp as

G(hp, T) ¼ a(T � Tm)h
2
p þ Bh4p, with a < 0 and B > 0, assuming T >

Tm. Because G ¼ E � ST, the change in entropy can be written as

S(hp) ¼ jajh2p and the change in energy E(hp) ¼ Bh4p þ ja j Tmh2p.
Initially, hp is found at a minimum in free energy: h2p0 ¼ jaj(T � Tm)/2B,

G0 ¼ �a2(T � Tm)
2/4B. Thus, the rest state varies with temperature in a

reversible way, returning to null perturbation at T % Tm.

This description conforms to the stability of the molten globule, which

suggests that the entropic drive of the polymer to coil is balanced by a

certain energy that increases with conformational disorder. We identify

the order parameter as hp ¼ ON, according to N bending points added to

the polymer, which becomes more flexible with respect to the native fold.

As a perturbation to a particular geometry at equilibrium, i.e., the native

fold, the N bending points will raise elastic energy proportionally to N

and will raise the entropy proportionally to N according to the number of

random walk segments. Similarly, the Landau description can build on

Flory theory (20) if we define hp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�DR=R0

p
, where DR is a negative

change in the average size of the polymer with respect to R0, the size at

rest in athermal solvent. Progression toward the random coil should

decrease the polymer size and increase energy because of shortening dis-

tance between repulsive residue groups.

Wetting by the solvent entails another order parameter hs, which varies

between 0 (native hydrophobic configuration) and 1 (fully wet or solvated).

Wetting involves rearrangement of both the solvent molecules and the dis-

tances between chain segments, which carries an entropy cost jDSsolvj. In
addition, wetting by water suppresses both the hydrophobic interactions

(e.g., clustering of hydrophobic amino acid residues) and electrostatic inter-

actions (28). Hence, we assume that E(hp) fully vanishes when the polymer

is wet because its long-range repulsive interactions are suppressed. There-

fore, the general free energy of the system is found to be

G
�
hp; hs; T

� ¼ ð1� hsÞE
�
hp

�� hsDSsolvT � S
�
hp

�
T

DSsolv < 0 is the dominant entropic barrier in the model.

At the microscopic level, a fluctuation that successfully manages to sol-

vate the polymer is of low probability but the action itself should be very

rapid, depending on the thermal velocity of water molecules. During a suc-

cessful action of water penetration, the polymer folding state is relatively

static. With this idealization, we consider that the reaction path propagates

along a constant hp, whereas hs varies from 0 to 1. Hence, the free energy
Biophysical Journal 120, 1054–1059, March 16, 2021 1055
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reaches its maximum at hs ¼ 1 and hp ¼ hp0. Once the polymer has lost its

elastic energy related to intramolecular bonds and long-range repulsion, the

free energy decreases with an increase of hp owing to growth of configura-

tional entropy, which paves the way for spontaneous unfolding. The

unfolded random coil is then vulnerable to irreversible transformations

such as aggregation or refolding to amyloid structure (17).

The transition rate along the reaction coordinate hs is calculated k(T) ¼
Aexp(�DG/RT), with DG(T) ¼ G(hp0, 1, T) � G0, where G(hp0, 1, T) ¼
�a2(T � Tm)T/2B þ jDSsolvjT and G0 could be neglected as a second-order

term in (T � Tm)/T. The dependence of transition rate on temperature is

found to be

kðTÞ ¼ A expð � jDSsolv j =RÞ exp
�
a2ðT� TmÞ = ð2BRÞ

�

and in more convenient notation,

kðTÞ=kðTm Þ ¼ expððT� TmÞlnðUÞÞ ¼ UðT�TmÞ

where ln(U) h a2/(2BR) with dimensions of 1/K.

We stress that the temperature dependence of the inactivation rate could

follow k f exp(S(T)/R), as suggested by Zwanzig (24), in contrast to the

more familiar Arrhenius form. A demonstration of such a case appears in

Fig. 1, based on interpretation of the simulation found in (19) for the

globule and molten globule states. Calculation of the energies E1 ¼
E(hp0(T)) andG1¼ E1� S1� T¼G0(T) is made according to the minimal

point in free energy (hp0, G0) in the case hs ¼ 0 as described above. We as-

sume that the melting of a globule occurs at temperature 37�C (transition

between points p1 and p2), whereas the polymer remains as a molten

globule between points p2 and p3. The transition to random coil requires

that the polymer be wetted, for which an entropy barrier of negative DS

must be surmounted. On the other hand, the energy E2 is independent of

temperature after removal of the elastic energy associated with hp0(T). Alto-

gether, the free energy barrierDG¼ G2� G1 for the transition from molten

globule to random coil state is smaller by 12 kJ/mole at temperature 56�C
compared to 37�C. Hence, the former rate is 190 times higher than the

latter. Reaching the same rate dependence in an Arrhenius model would

require an energy barrier Ea ¼ 235 kJ/mole, an order of magnitude larger

than the energies considered in this example (see Data S1).
FIGURE 1 (A) Demonstration of transition from globule to molten globule ba

p1 to p2 is a first-order transition in which the free energy remains unchanged. T

approximately balanced with entropy and is calculated according to Landau’s th

increases with temperature owing to decrease in the barrier DG ¼ G2 � G1. The

The gray area represents a coexistence region. The E2 and G2 plots refer to the

involves wetting of the polymer and overcoming a solvation entropy barrier jDS
reduces the system entropy as S2¼�jDSj þ S1. The variation of entropy with te

[J/mol/K2]� (T� Tm), fitted with the ratio of inactivation rates of SARS-CoV-2 b

the trivial dependence on a factor T is negligible. To see this figure in color, go
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We define the inactivation parameterU as the 10-base logarithmic reduc-

tion in the number of active virus copies,U¼ log10ðNð0Þ =NðtÞÞ. Expecting
a memoryless stochastic process, the number of copies should decay expo-

nentially with time; hence, the required exposure time should scale as

tU(T) ¼ U � t1(T). The subscript denotes inactivation parameter; for

example, t1 is time to achieve 1 log decay. A tradeoff between temperature

and exposure time tUðTÞ is described in the relation U ¼ k(T)tU(T)/ln(10).

Hence, with the aforementioned inactivation rate k(T) ¼ ~AUðT�TmÞ the

calculation of exposure time as function of temperature and inactivation

parameter is readily achieved: tU(T) ¼ ðln10 =~AÞUUðTm�TÞ. Owing to the

multiplicity of protein copies in the virus, we should expect that the factor

1/~A is increased by a redundancy factor compared to the denaturation time

for a single protein.
RESULTS AND DISCUSSION

Our model proposes an activation free energy of the form
DG ¼ � DEðT�TmÞ þ jDSsolvjT, in contrast to the constant
activation energy DG ¼ Ea assumed in the classical Arrhe-
nius model. Because the inactivation rate follows k ¼
Aexp(�DG/RT), the plot of ln(k) vs. 1/T reflects the linear
dependence of DEðT�TmÞ /T on (T � Tm), predicted based
on the Landau theory analysis. According to (29), most of
the measured DG is due to hydrophobic solvation, and
assuming its form jDSsolvjT, this part does not contribute
to the slope in Arrhenius fit. The supposed globule melting
stage may explain the suppression of energy barrier Ea. Yet,
even if the process involves an energy barrier, the contribu-
tion of Ea/T to the Arrhenius slope is smaller by an order of
magnitude compared to the contribution of DEðT�TmÞ/T.
Measurements of single proteins in atomic force spectros-
copy show that the typical part of entropy-related recoiling
energy (the temperature dependent part) in the total free en-
ergy of unfolding is 9–14% (23,29), which means that Ea

could not dominate the Arrhenius slope. Therefore, the
sed on a result in (19) and calculations in the text. The transition from point

he change in interaction energy of the molten globule between p2 and p3 is

eory of second-order phase transition. (B) The globule to coil transition rate

energy E1 and free energy G1 refer to the globule or molten globule state.

critical intermediate state of transition from molten globule to coil, which

j ¼ 150 J/mol/K. Wetting removes the variation of E2 with temperature and

mperature is calculated according to Landau’s theory S1(T)¼ S(p2)þ 2.37

etween 37 and 56�C.DG appears approximately linear with T� Tm because

online.



TABLE 2 SARS-CoV-2 data

Medium U, log10 reduction T, Temperature tU, Exposure time

Sputum 4 5 1 37�C 48 h

Sputum 6 5 1 42�C 24 h

Sputum 4 56�C 15 min

Thermal inactivation scaling
major temperature dependence in the transition rate emerges
from DEðT�TmÞ, and based on the Landau theory analysis,
k(T) is proportional to UðT�TmÞ:

The form of temperature dependence UðT�TmÞ coincides
with an empirical law of thermal damage to cells established
by Sapareto and Dewey (30) and often practiced in hyper-
thermia medicine (31). According to Sapareto and Dewey
(30), the rate of heat damage in cells follows U(T � 43�C),
with T in Celsius units, where the value r ¼ 1/U is between
0.4 and 0.8 for T > 43�C (0.5 being the most common num-
ber), and is around r ¼ 0.25 for T < 43�C. The justification
for a split temperature range is the onset of thermotolerance
in living cells (31). In the case of virus inactivation, a single
range seems adequate.

The important finding of (9,10) is that for various types of
coronaviruses, the inactivation rate ln(k) is approximately
linear with reciprocal temperature 1/T, similar both to clas-
sical Arrhenius law and to the proposed model. Despite the
difference in the underlying mechanism, it is shown below
that the proposed model and the classical Arrhenius model
with constant activation energy agree in mathematical
description up to first order in jT � Tmj/Tm, which is below
0.1.

Based on Taylor’s expansion

1

T
z

1

Tm

þ v
�
1
T

�
vT

ðT� TmÞ ¼ 1

Tm

� 1

T2
m

ðT� TmÞ;

with neglect of higher-order terms,

kðTÞ ¼ A exp

�
� E

RT

�
z ~AUðT�TmÞ

where U ¼ exp

�
E

RTm
2

�
and ~A ¼ A exp

�
� E

RTm

�
.

Therefore, knowledge of the transition temperature Tm, at
least approximately, allows extracting meaningful values
from the A and E parameters in the Arrhenius fit: U is related
to Landau’s parameters and ~A is the native reaction rate. As
noted in (15), results of membrane protein inactivation fitted
to Arrhenius model often yield E in a range between 2.0 and
3.0 � 105 Jmol�1, whereas in (9), E is between 0.8 � 105

and 2.2 � 105 Jmol�1. We can fit the same data
referenced in that work to our model. In Kelvin units, using
R¼ 8.314 J�K�1 mol�1, Tm¼ 310 K, we find for the range
of general inactivation that U lies between 1.28 and 1.46,
whereas the value of U among coronaviruses is between
TABLE 1 Range of parameters for different coronaviruses in arrhe

Source

Arrhenius: A,

attempt rate [1/min]

Arrhenius: E,

activation energy [kJ/mole

(9) 1010–1035 77–217

(10) 1015–1030 100–195
1.10 and 1.31. Based on the Arrhenius fitting parameters
A and E for coronaviruses found in (10) and Tm ¼ 310 K,
we find that the range of ~A (present model) is between
0.005 and 0.050 min�1, in contrast to the unphysically large
range of the attempt frequencies A (see Table 1; Data S1). In
practice, the discrepancy between predictions of the energy
barrier and free energy barrier models is minor compared
with experimental uncertainty of the data at hand. Other
heuristic fitting formulas also provide reasonable agreement
with the limited data (8–10). However, the underlying phys-
ical models are very different and with further development
could provide a key, for example, to evaluate the risk of
possible mutations in the virus.
Relevance to SARS-CoV-2 inactivation by fever

We focus our attention on temperatures near physiological,
which are relevant to fighting the virus inside the body.

Measurements on thermal inactivation of SARS-CoV-2
are found in (5), performed by a group of FDA researchers
on sputum samples spiked with the virus. Table 2 shows the
reduction in viral infectivity after exposure to different
temperatures.

In (14), SARS-CoV-2 inactivation was tested in cell cul-
ture and in human serum by a team experienced with similar
measurements in MERS-CoV. The relevant values are
shown in Table 3.

For comparison, we show in Table 4 data on SARS-
CoV-1 obtained from (32) based on tests in various hospi-
tals. Evidently, SARS-CoV-2 is inactivated more rapidly
than SARS-CoV-1.

The uncertainty in measurements of the log10 reduction is
expected to be around 1 log unit, so the expressed uncer-
tainty in inactivation rate is �30% or 0.15 in log scale.
The data points are shown in Fig. 2, fitted with the Arrhenius
model and our power-law model. The latter is fitted with two
points compared with three in the Arrhenius model, which
make the slight difference in the curves. (5) provides evi-
dence of temporary increase in the number of copies in
the samples, suggesting unaccounted replication at some
stage of the test. (14) reports only a monotonic decrease
nius model compared with the proposed model

]

Proposed ~A,
native reaction rate [1/min]

Proposed U, scaling

parameter [exp(1/K)]

0.001–0.064 1.10–1.31

0.005–0.050 1.13–1.28
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TABLE 3 SARS-CoV-2 data

Medium U, log10 reduction T, Temperature tU, Exposure time

Cell culture 3.4 56�C 15 min

Serum 3.6 56�C 10 min

TABLE 4 SARS-CoV-1 data

Medium U, log10 reduction T, Temperature tU, Exposure time

Suspension 4 60�C 30 min

Suspension 4 65�C 15 min

FIGURE 2 Inactivation rate as a function of temperature for SARS-CoV-

2 and SARS-CoV-1. The former is fitted with the Arrhenius model using

linear regression of three points, ln(k) ¼ 86.8–239[KJ]/R(T þ 273), and

the power law is fitted using two points as shown in the text: ln(k) ¼
ln(k(37)) þ (T � 37�C)ln(1.32). To see this figure in color, go online.
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in population; however, the rate of decrease is smaller in cell
culture than in serum. These aspects of the data remain un-
clarified but basically introduce an uncertainty in the
measurement.

The working values for inactivation of SARS-CoV-2
are 48 h at 37�C and 15 min at 56�C. Both conditions
achieve 99.99% (4 log10) reduction in infectivity.
According to the model, ð48 � 60min =15minÞ ¼
ðt4ð370CÞ =t4ð560CÞÞ¼U(56� 37), and henceU¼ 1.32,which
is among the highest values compared to Table 1. The native
reaction rate is ~A ¼ 0.0032 min�1.

The estimate of exposure time at temperature T in Celsius
to achieve inactivation parameter 4 (4 log10 reduction) is
thus

t4ðTÞ ¼ 1:32ð370C�TÞ � 48 h

Applying the calculation, a moderate fever of 39�C for
28 h should achieve 99.99% inactivation of the SARS-
CoV-2 virus; 14 h is expected to reach 99% inactivation.

As a control, we check that t6 5 1(42
�C) ¼ ((6 5 1)/4)

t4(42
�C) ¼ 18 5 3 h, which agrees reasonably well with

the measured value around 24 5 5 h. Notably, our predic-
tions do not rely on a particular theory because the model
is satisfied empirically in multiple cases of virus
inactivation.
CONCLUSIONS

We expect that thermal inactivation of SARS-CoV-2 in-
volves wetting by water in combination with variation in
conformational entropy of part of a protein due to a sec-
ond-order phase transition to an unfolded or ineffectually
folded state. In this case, the suggested formula to extrapo-
late thermal inactivation time at temperature T and inactiva-
tion parameter U from a known time of exposure and
inactivation parameter tU1(T1) at temperature T1 is

tUðTÞ ¼ tU1ðT1ÞUðT1�TÞU=U1

U can be determined from measurements at two temper-
ature points,

U ¼ ½ðU1=U2Þ � tU2ðT2Þ=tU1ðT1Þ�1=ðT1�T2Þ
1058 Biophysical Journal 120, 1054–1059, March 16, 2021
For SARS-CoV-2, U ¼ 1.32, and the results show a clear
benefit to moderate fever in fighting the virus. At body tem-
perature of 39�C, we expect inactivation of 99% after 14 h
and inactivation of 99.99% after 28 h.

The proposed model differs fundamentally from the
more common fitting to an Arrhenius behavior with a con-
stant energy of activation and a prefactor relating to the
attempt frequency. Given the limited temperature range
for the available data, it is not possible to choose between
models solely on the basis of the scaling fit quality. There-
fore, our interpolations regarding the virus inactivation
rates are equally well supported by the conventional model.
However, one can look to the range of parameters required
in making the fit. Given the basic similarity of proteins as
organic polymers, as well as the common architecture of
coronaviruses, one would not expect a difference of
many orders of magnitude in parameters describing the ki-
netics of inactivation among different examples. At the
very least, such parameters must be divorced from their
conventional physical interpretations. By contrast, we find
that the entropy-related model is satisfied with stable
parameters.

A visit to the sauna has been suggested as treatment for
Covid-19 patients (33), based on the prediction that the air
temperatures may reach 85�C and the temperature in the tra-
chea could reach up to 45�C despite the body perfusion (34).
According to our model, however, t4(45

�C) ¼ 7 h would be
required to achieve 4 log10 damage, whereas the recom-
mended time in sauna is �15 min. The intact fraction of
the virus after 15 min is 10�4 � 0.25/7, which is 70%, so a
visit to sauna may extinguish up to 30% of the SARS-
CoV-2 viruses in the lower respiratory tract. The sauna
may have other benefits, and it is not a likely locale for
transmission. Perhaps it could prevent illness at early stages
of infection in the nasal region, but simple thermal
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inactivation in the lower airways of an infected individual is
not likely.

One explanation for the good coping of young children
with Covid-19 is their rapid fever response to infection
(35). The possibility of increasing core body temperature
is still being investigated (1), yet the recommendation to
avoid antipyretic agents in cases of moderate fever seems
justified.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2020.11.2259.
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