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evaluated by analysing transport process of the virus concentration using
Computational Fluid Dynamics (CFD). From them, it was found that indoor ventilation
condition can be optimised by evaluating amount of the virus concentration and
residence time. However, the infection process in air way and vascular when these
airborne viruses from indoor air is inhaled has not been elucidated yet. In this research,
a couple analysis from nasal cavity to cerebral artery via organ is tried to be applied in
order to analyse the transport process of virus concentration from nasal cavity to
cerebral artery. In addition, the effect of breathing waveforms and virus proliferation
on the virus infection is evaluated. Regarding the methods, 3D CAD model of these
three parts is created. Continuity equation, Navier-Stokes equation and transport
equations of virus concentration was used as the governing equations. The transport
equations in the organ are modified with the virus proliferation. Inlet boundary
conditions in the nasal cavity are set up to be four types of breathing waveforms. A
boundary condition between the nasal cavity and the organ is continuity of virus
concentration at the contact surface. Similarly, the other boundary condition between
the organ and the cerebral artery is continuity of virus concentration. As results, it was
found that the virus concentration in the cerebral artery in case of sinusoidal breathing
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1. Introduction

When a person infected with the virus releases aerosol including the virus by sneezing or talking,
the virus stays in atmosphere for a long time [1-5]. If other people inhale the virus, the person maybe
infected [6-8]. The method of indoor ventilation for decreasing a number of people infected with the
virus has been researched [9-15]. In our previous researches [9,10], in order to decrease efficiently
the risk of infection, various indoor ventilation conditions have been evaluated by analyzing transport
process of the virus concentration using Computational Fluid Dynamics (CFD). From them, it was
found that indoor ventilation condition can be optimized by evaluating amount of the virus
concentration and residence time. On the other hands, in order to associate directly the effect of the
indoor ventilation with risk of infection to airway and vascular [16], unsteady concentration transport
within nasal cavity has been analyzed by CFD [16-24]. The analysis is considered with virus adhered
to the nasal cavity wall and pulsation due to breathing. Although this research evaluated the effects
of the adhesion and the pulsation on the risk of infection, the infection process in vascular when the
virus from indoor air adhered to the nasal cavity has not been elucidated yet. And also, since the virus
concentration has been only compared steady flow with type of one breathing waveform, the effect
of breathing waveform on the infection risk has not been sufficiently discussed.

If routes of the virus infection are assumed to be that the virus passes from the nasal cavity to
the cerebral artery, it can be predicted that the routes are most likely to be between sphenoid sinus
and internal carotid artery. Because the distance between the nasal cavity and the cerebral artery is
very close [25]. It is important to be tried to make an analysis of the infection process as shown above
and to investigate interrelationship of virus concentration between the airway and vascular. In
addition, it is necessary to assume to be that the virus proliferates within the tissues during
incubation time [26], and the proliferated virus reaches the cerebral artery.

In this research, a couple analysis from nasal cavity to cerebral artery via organ is tried to be
applied in order to analyze the transport process of them (Figure 1). In addition, the effect of
breathing waveforms and virus proliferation on the virus infection is evaluated. The breathing
waveforms in the nasal cavity is four types: steady flow for standards, simulated waveform combined
multiple sine function, two types of the simple sine functions changed periods of breathing. The
breathing waveforms which the virus concentration in the cerebral artery is the smallest, was
proposed. And also, the effect of the virus proliferations was evaluated by the ratio of virus
concentration in the nasal cavity to the cerebral artery.
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Fig. 1. Schematic diagram of a couple analysis from nasal cavity to cerebral artery via organ
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2. Methodology
2.1 Objective Geometries

In order to apply a coupled analysis from the nasal cavity to the cerebral artery, 3D CAD model of
these three parts are created: nasal cavity, organ and cerebral artery. In second steps, the transport
process of virus concentration from the nasal cavity to the cerebral artery via organ is analyzed by
CFD. Then, the effect of breathing waveform and the virus proliferation on the risk of infection is
investigated.

The models of the nasal cavity and the cerebral artery are created from medical images [27,28],
and the model of the organ is made by cutting out the created two models from the simple
rectangular geometry. Figure 2 shows the models of the nasal cavity, the organ, and the cerebral
artery. Figure 2(a) shows the nasal cavity, Figure 2(b) shows the organ, and Figure 2(c) shows the
cerebral artery. These models are created from medical image of patient 42 age. Figure 3 shows an
analytical model combined these models shown in Figure 2. A boundary condition between the nasal
cavity and the organ is continuity of virus concentration at the contact surface. Similarly, the other
boundary condition between the organ and the cerebral artery is continuity of virus concentration.

(a) (b)

Fig. 2. Objective geometries of (a) nasal cavity, (b) organ, and (c) cerebral artery
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Fig. 3. Coupled model of nasal cavity, organ and
cerebral artery

2.2 Governing Equations and Boundary Conditions
2.2.1 Nasal cavity

In this paper, the transport process of virus concentration from the nasal cavity to the cerebral
artery via organ is analyzed by CFD. Generally, the flow in nasal cavity is the complicated flow mixed
laminar and turbulent flow, and the flow is controlled by pulsating due to breathing. Regarding the
flow in the nasal cavity, it is assumed to be turbulent incompressible unsteady flow. The governing
equations is Continuity equation and Navier-Stokes equation,

V- Uy =0 (1)
6unas _ 1 2
T +V: (unasunas) - = E Vpnas + (Vnas + Vt,nas) v Unas (2)

where u,,s is velocity, p,qs is density, p,qs is pressure, vy,g is kinematic viscosity, Vi g5 is
coefficient of turbulence (= C, pnq5k?/€). Also, the turbulence model is k- emodel, and the coefficient
of turbulence in the Eq. (2) is calculated by using k and &. The governing equations for getting k and
€ are following equations,

dk v

5 T UnasVk = —UnaslnasVilnas + V {(;Lkas + v) Vk} (3)
0 Vtnas

a_i + Unas Ve = (_Celunasunas Vunas - Cezg) % +V {(tcr_s + V) V‘S} (4)

where Cu(= 0.09), oy, (= 1.0), C¢q (= 1.44), C., (= 1.92), 0, (= 1.3) are model coefficient. The virus
concentration in the nasal cavity is defined by following equation.

OCnas
T +V- (unascnas) - (Dm,nas + Dt)VZCnas =0 (5)
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where ¢, 45 is virus concentration, Dy, n4s is molecular diffusion coefficient [16], D, is turbulence
diffusion coefficient (= V¢ ,45/5¢t), Sc; is turbulence Schmidt number (= 1). As Viral aerosol diameter
assumed to be 1lum, the molecular diffusion coefficient was defined by using Stokes-Einstein
equation. The concentration of virus aerosol is defined 4.98x10'* mol/m?3. This value is that a mass
of virus included in droplet measured in previous research is divided by the volume gotten from the
assumed aerosol diameter (=1 um)[29,30].

The boundary condition in the nasal cavity is explained. Figure 4 shows the location of boundary
condition for the nasal cavity at inlet, outlet and wall. Inlet boundary condition is assumed to be that
the pressure gradient is 0, the velocity is defined types of four breathing waveforms, and the virus
concentration gradient is 0. Outlet boundary condition is assumed to be that the pressure is 0 Pa, the
velocity gradient is 0, and the virus concentration gradient is 0. Wall boundary condition is assumed
that the pressure gradient is 0, the velocity is 0 m/s, and the virus concentration is condition for virus
attachment to the wall. The condition is defined by following equations,

OCnas - _ ]
on Dmnas (6)
] = kcoffcnas (7)

where ] is virus concentration flux, k., is virus attachment coefficient. The virus concentration flux
is calculated by Eq. (7). This equation can be gotten by applying newton’s cooling law to the condition
of virus attachment. Wall boundary conditions for virus adhesion can be set up by substituting the
calculated virus concentration flux into Eq. (6). The virus attachment coefficient is defined by previous
research [31].
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Fig. 4. Location of the boundary
conditions for the nasal cavity at Inlet,
Outlet and Wall

2.2.2 Organ

The virus concentration in the organ is defined by the virus concentration transport equation
included time-derivative term and diffusion term,
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O¢corg

YO Dm,orgvzcorg =0 (8)

where ¢, is virus concentration, Dy, 4 is molecular diffusion coefficient. The virus concentration
transport equation considered with virus proliferation is defined by modifying Eq. (8) as shown in the
following equation.

d[f(t)corg]
ot < — Dm,org V2 [f(t)corg] =0
dcor
Tg — DinorgV?Corg = —@Corg )

The boundary condition in the organ is explained. Figure 5 shows the location of boundary
condition for the organ at inlet, outlet and wall. Inlet boundary condition is assumed to be that the
virus concentration is continuity of virus concentration at the contact surface. The boundary
condition of the virus concentration is defined by following equations,

Corg = Torgcnas (10)

where T, is the transmission rate of virus concentration between the nasal cavity and the organ.
Considering the transmittance rate from a biological perspective, ion channels open and close
depending on the ion state near nasal cavity wall. The ion channels assumed a porous layer. The
transmittance rate is defined the rate at which viruses pass through the nasal cavity wall assumed to
be the porous layer. Outlet and wall boundary condition is assumed to be that the virus concentration
gradient is 0.

Inlet

w Outlet

y

Fig. 5. Location of the boundary
conditions for the organ at Inlet, Outlet
and Wall

2.2.3 Cerebral artery
Generally, the flow in the cerebral artery is laminar flow, and pulsatile flow is with heart pulsation.

Regarding the flow in the cerebral artery, it is assumed to be laminar incompressible unsteady flow.
The governing equations is Continuity equation and Navier-Stokes equation,
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V'uart = 0 (11)

Ougre

1
+V- (uartuart) = - Vpart + Vart |72uart (12)

at Part
where U, is velocity, p,, is density, py,+ IS pressure, v, is kinematic viscosity.

The virus concentration in the cerebral artery is defined by following virus concentration
transport equation,

dcart
at

+V- (uartcart) - Dm,art Vzcart =0 (13)
where ¢, is virus concentration, Dy, 4.+ is molecular diffusion coefficient.

The boundary condition in the cerebral is explained. Figure 6 shows the location of boundary
condition for the cerebral artery at inlet, outlet and wall. Inlet boundary surfaces are four: LCA, RCA,
LVA and RVA. Inlet boundary condition is assumed to be that the pressure gradient is O, the velocity
is set up based on the velocity waveform of the carotid artery [32]. These waveforms are defined by
following equation,

Qure(®) = AgreB {ao + Xy a; cos (3t ) + by sin (5t} (14)
tgre(r,£) = 22220 (1 — (1)) (15)

where A, is area at Inlet in the cerebral artery, S is flow rate adjustment coefficient, a; and b; are
model coefficient. Table 1 shows the model coefficient in the Eq. (14). The amplitude of the velocity
waveform was adjusted so that the averaged velocity of LCA and RCA was 0.26 m/s. In addition, the
amplitude of the velocity waveform was adjusted by some method so that the average velocity of
LVA and RVA was 0.255 m/s. Inlet boundary condition is assumed to be that the virus concentration
gradient is 0. Outlet boundary condition is assumed to be that the pressure is 0 Pa, the velocity
gradient is 0, and virus concentration gradient is 0. Wall boundary condition is assumed that the
pressure gradient is 0, the velocity is Om/s, and the virus concentration is continuity of virus
concentration at the contact surface. The boundary condition of the virus concentration is defined
by following equations,

Cart = TartCorg (16)
where T, is the transmission rate of virus concentration between the organ and the cerebral artery.

In addition, wall boundary condition in the region where the organ and the cerebral artery are not
contact is that the virus concentration gradient is O.
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Fig. 6. Location of the boundary
conditions for the cerebral artery at
Inlet, Outlet and Wall

Table 1
Model coefficient of Eq. (14)
Agrt B Ao a a, as as by b, bs by
-5
%I e
’ 5 0.260 -0.100 -0.101 -0.031 -0.014 0.169 -0.002 -0.002 -0.002
LVA  1.79x10 3.77%10°
RVA 1.51x107° )

2.3 Initial Conditions and Other Conditions
2.3.1 Initial conditions

The initial conditions for the pressure, the velocity and the virus concentration are explained.
Regarding the nasal cavity and the cerebral artery, the pressure and the velocity fields need to be
calculated. The pressure and the velocity fields of the nasal cavity and the cerebral artery are
assumed to be 0 Pa and 0 m/s. The initial conditions of the virus concentration are explained. The
virus concentration in the nasal cavity had been researched by CFD in considering with breathing
waveform. As one period is a combination of exhalation and inhalation, it was found that the virus
concentration is filled into all sinus after 10 periods. Figure 7 shows the virus concentration
distribution in the nasal cavity, the organ and the cerebral artery after 10 periods. Initial virus
concentration condition in the nasal cavity is used the virus concentration distribution as shown in

Figure 7. Also, as initial virus concentration condition in the organ and cerebral artery is 0 mol/m3.
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Fig. 7. Initial condition of pressure, velocity and concentration distribution

2.3.2 Other conditions
2.3.2.1 Breathing waveform in nasal cavity

The changed parameter is two which are the breathing waveform and the virus proliferation
within the organ. Inlet velocity boundary in the nasal cavity is set up based on four types of the

breathing waveform including steady with following equations,

simulated waveform:

i .t b; . .t
Qnas(t) = AnasCo {1 + Zi7=1CC—OCOS (Zm ;) + o, Sin (27‘[1 F)} (17)
sine function:
_ s - .t
Qnas (t) = Anaslngs {1 + uﬁn;: sin (27” ;)} (18)
_ Qnas(t) _(r 2
s, 0) = 229 (1 - (1)) (19

where U, is averaged velocity, T is period, 4,45 isinletareain the nasal cavity, ¢; and d; are model
coefficient. Table 2 shows the model coefficient in the Eq. (17). Figure 8 shows the velocity breathing
waveform in the nasal cavity. Figure 8(a) is Simulated Waveform with T=5.1 s, Figure 8(b) is sine
function with T=5.1 s and Figure 8(c) is sine function with T=2.0 s. The averaged flow rate with each
type waveform is same. We perform is total four case analysis in the nasal cavity which are the flow
analysis based on these three types breathing waveforms and the steady flow analysis. Table 3 shows
the all boundary condition of the nasal cavity, the organ, and the cerebral artery. Figure 9 shows the
location relationships of boundary conditions between each model.

2.3.2.2 Virus proliferation in organ

Because the diffusion rate of virus concentration in the organ is generally slow, the virus
proliferation within the organ needs to be considered. In this study, the infection in the first stage is
assumed. Since the amount of virus proliferation is greater than the amount of virus killed by
immunity system at the initial stage of infection, the effect of killed factor on the simulation result is
small. Therefore, in the first stages of infection, the function for the amount of virus killed in the
organ is simplified. Proliferation rate in Eq. (9) is defied under culture experiments in previous
research by following equation,
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f©) =e* (20)

where a (=1.60x10) is proliferation rate [33,34]. Figure 10 shows the time history of the number of
virus within the organ.

Table 2
Model coefficient of Eq. (17)
Angs Co €1 C2 C3 Cq Cs Ce C7
1.597 -0.551 -0.523 -0.063 -0.036 -0.099 -0.018
1.31x10*  -0.080 d, d, ds d, ds dg d,
2.757 0.961 0.002 -0.108 0.064 -0.001 -0.031
4 4 4
— 2 — 2 —2
v w w
£0 / £0 £0
W (=] o
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(a) (b) (c)
Fig. 8. Breathing waveform of inlet boundary condition in the nasal cavity, (a) Simulated Waveform (T=5.1
s), (b) Sine Function (T=5.1s), (c) Sine Function (T=2.0 s)
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Fig. 9. Location relationships of boundary conditions between each
model
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Table 3
Boundary conditions at all geometries
Velocity, Flow Rate Pressure Concentration
Steady Qnas(t) = Apgslings = —5.37 X 107°
Qnas (t)

7
C; ot
Simulated = AnasCo [1 + Z C—l cos (2m 7)
e Co
Waveform i=1
(T=5.15)

+bi ) (2 .t
sin | 2mi

Co )}
a on=0 0 n=0
Model coefficients are shown in Table 2 Pnas/On Cnas/ O

Inlet BC

Sin
Function Qnas () ,
(T=5.15) = Angstings {1 + u_ 143 sin (27ri E)}
Sin nas T
Function WENAS — 57 47
(T=2.0'5) fnas
Steady
Simulated
Nasal Waveform
Cavity (T=5.15)
Outlet BC i:,lnnction U,y /0n =10 Pras = 0 dCpgs/0n =10
(T=5.15)
Sin
Function
(T=2.05)
Steady
Simulated
Waveform
(T=5.15)
Sin _ OPnas/N =0 0cpes/0n =
Wall B¢ Function Unas = 0 _kcoffcnas/Dm,n
(T=5.15)
Sin
Function
(T=2.0s)

Inlet BC Corg = Torgcnas

0 on=0
Organ Wall BC - - Corg/ M

a on=0
Outlet BC . i Corg/ M

Wall BC Uy =0 0Dare/0n =0 Cart = Tartcorg

Qart(t)
4
2mi . (2w
Cerebral Inlet BC = AgBiay + Z a; cos (T t) + b; sin (T t) OPart/ON =0 0cCore/On =0
Artery i=1
(T=0.85)
Model coefficients are shown in Table 1
OutletBC  dugy/On =0 Pare =0 9¢ar/9n =0
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Fig. 10. Time history of number of virus within the organ

3. Results and Discussions
3.1 Transport Route Based on Virus Concentration Distribution

The virus transport process from the nasal cavity to the cerebral artery is explained by the results
of steady analysis. The virus concentration in the nasal cavity and the organ is investigated. Figure 11
shows the virus concentration distribution in the nasal cavity and the organ at 20 s to 100 s.
Furthermore, the virus concentration distributions are dimensionless by using the standard virus
concentration (co = 4.98x101! mol/m3). Since the virus concentration is flowed the airways into the
sinus by breathing, the virus concentration in the sinus increases. However, diffusion rate of the virus
concentration in the organ is slower than in the nasal cavity. Generally, since the diffusion coefficient
in the organ is extremely small, it is necessary for the virus concentration transport in the organ to
be for several days. Figure 12 shows the virus concentration distribution in the organ. The virus
concentration flowed from the nasal cavity reach to the cerebral artery for 12 hours. Since general
incubation period of the virus is 3days, the virus concentration transport analysis in the organ is
calculated during 3 days. The virus concentration distributions in the cerebral artery after 3 days from
the virus inflow into the nasal cavity are investigated. Figure 13 shows the virus concentration
distribution in the cerebral artery. After the virus concentration stay in the contact surface between
the organ and the cerebral artery for few minutes, the virus concentration is transported to the
downstream of the cerebral artery for approximately four minutes. Figure 14 shows the virus
concentration distribution from the nasal cavity to the cerebral artery after 24 hours. Since the
geometries of the nasal cavity and the cerebral artery is asymmetrical with left and right, it is greatly
differed: the surface area in contact with the organ, and the distance between the nasal cavity and
the cerebral artery. In these geometries, since the left side sphenoid sinus is larger than right side
one, it has the characteristic that the virus concentration is likely to be flowed into the left side. In
addition, because the distance between left side sphenoid sinus and the cerebral artery is closed, it
can be seen that most of the virus concentration is transported to the cerebral artery via the left
sphenoid sinus. Furthermore, since the diameter of the left side cerebral artery is larger than right
side, the surface area in contact with the virus concentration at the left side cerebral artery is larger
than right side one. It was suggested that there is a bias of the virus concentration distribution results
in the cerebral arteries due to left-right asymmetry of the geometries.
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Fig. 12. Concentration distribution in the organ with Steady (Since time reached
to the organ t = 20s ~ 24h)
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Fig. 14. Concentration distribution from the nasal
cavity to the cerebral artery (Since time reached to the
organt=24h)

3.2 Comparison of Volume-Averaged Virus Concentration Due to Differences in Breathing Waveform

Effects of the virus concentration on the changes of the breathing waveform in the nasal cavity is
investigated. Firstly, the time history of the volume-averaged virus concentration in the nasal cavity
is compared with 3 types of the breathing waveform and steady flow. The volume-averaged virus
concentration in the sphenoid sinus is calculated. Figure 15 shows the region measured the time
history of the volume-averaged virus concentration in the nasal cavity, the organ and the cerebral
artery. The volume-averaged virus concentration is defined by following equation,

(c/co)i = ViifVi édVi (21)
where V is the volume in the measurement regions. Figure 16 shows the time history of the volume-
averaged virus concentration in the nasal cavity. It was seen the volume-averaged virus
concentration in the sphenoid sinus increases with all types of breathing waveform. First, the volume-
averaged virus concentration is compared the simulated waveform (T=5.1s) with the sine function
(T=5.1s). The difference of 2 types of breathing waveform is a ratio of inhalation time on exhalation
time. The averaged flow rate of both breathing waveforms is same. In comparison with both
breathing waveforms, it was found that the virus concentration with the sine function is more likely
to be stayed than with the simulated waveform. In other words, even if the averaged flow rate in one
period is same, it was found that the breathing waveform with a long exhalation time compared with
inhalation time causes the virus concentration to be not likely to stay in the sinuses. Second, the
effect of the volume-averaged virus concentration on the change of period is evaluated. In
comparison long period’s waveform with short period’s waveform, it was found that the virus
concentration with long period’s waveform is more likely to be stayed than with short period’s
waveform. Therefore, it was suggested that the risk of infection in the sinus decrease by speed up
the breathing period and lengthen the exhaust time of the breathing waveform.
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Fig. 16. Time history of volume-averaged virus
concentration in the nasal cavity (Since time
reached to the organ t=20s~ 100 s)

Figure 17 shows the time history of the volume-averaged virus concentration in the organ.
Although The volume-averaged virus concentration in nasal cavity with the sine function (T=5.1s) is
largest, the volume-averaged virus concentration in organ with the sine function (T=2.0s) is largest.
It can be expected that there is the difference between the virus concentration in the fluid and the
virus concentration near the wall. Figure 18 shows the difference of the virus concentration
distribution in the organ at t = 86120s. Figure 18(a) shows the difference between Simulated (T=5.1s)
and Steady. Figure 18(b) shows the difference between sine function (T=5.1s) and Steady. Figure
18(c) shows the difference between sine function (T=2.0s) and Steady. The difference in the virus
concentration distribution in the organ was calculated based on the steady calculation results. The
virus concentration distribution on the wall of the sphenoid sinus is changed in the difference of the
breathing waveform, and it can be seen that the virus concentration flowed into the organ from the
nasal cavity is larger in case of sine function (T=2.0s) than in case of sine function (T=5.1s). Figure 19
shows the time history of the volume-averaged virus concentration in the cerebral artery. As time
passes, the virus concentration in the carotid artery decreases. The reason is that the virus
concentration is transported downstream of the cerebral arteries and flows out into the cerebral
veins. Figure 20 shows the difference of the virus concentration distribution in the cerebral artery at
t = 86120s. Figure 20(a) shows the difference between Simulated (T=5.1s) and Steady. Figure 20(b)
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shows the difference between sine function (T=5.1s) and Steady. Figure 20(c) shows the difference
between sine function (T=2.0s) and Steady. The difference in the virus concentration distribution in
the cerebral artery was calculated based on the steady calculation results. The virus concentration
distribution on the wall of the cerebral artery is changed in the difference of the breathing waveform.
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In order to check tendencies of the region to be likely stay the virus concentration reached to the
cerebral artery, the cerebral artery is divided into 6parts, and the time history of the volume-
averaged virus concentration is compared with these parts. Figure 21 shows the schematic diagram
of cerebral artery divided into 6 parts. The virus concentration from the organ is flowed to LCA, RCA
and Front CBA. Figure 22 shows the time history of virus concentration each part at Steady. It was
found that the virus concentration at the Front CBA becomes to be largest. The reason is that the
location of Front CBA is the confluence part of virus concentration. It is suggested that the possible
of the inflammatory reactions in these parts is high. It can be seen that the virus concentration is
transported to LBA, RBA, and Back CBA as time passes. Figure 23 shows the time history of the ratio
of the virus concentration in each region to in the total region at Steady. Figure 24 shows the ratio of
the virus concentration in each region to in the total region at t = 300 s. It was found that the virus
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concentration at the Front CBA becomes to be largest. It was found that the bias of the ratio of virus

concentration in the cerebral arteries due to left-right asymmetry of the geometries.
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3.3 Comparison of Time-Volume-Averaged Virus Concentration Due to Differences in Breathing
Waveform and Proliferation

As shown in Figure 12, since the speed of the virus concentration diffusion in the organ is
extremely slow, there is generally a possibility that viruses proliferate during movement in the organ.
The effect of the proliferation or not on the virus concentration distribution in the organ and the
cerebral artery is investigated by using the virus concentration distribution, and they are compared
with the differences in the breathing waveform and the proliferation or not using time-volume-
averaged virus concentration.

Figure 25 shows the virus concentration distribution in the organ in consideration with
proliferation. When compared with no-proliferation in Figure 12, the virus concentration distribution
with proliferation is higher than the no- proliferation. Figure 26 shows the virus concentration
distribution in the cerebral artery in consideration with proliferation. The virus concentration in the
cerebral artery becomes to increase by considering with the proliferation. When considering the
proliferation of the virus, it can be seen that a high concentration of virus reaches the downstream
side of the cerebral artery. It was suggested that when the virus proliferates explosively within the
organ, the risk of virus infection is increased by spreading the virus concentration throughout the
cerebral artery.
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(b)
Fig. 26. Concentration distribution in the cerebral artery in consideration with proliferation
with Steady (Since time reached to the cerebral artery t = 0 s ~ 360 s) (a) Turn off the
proliferation using Eq. (8) (Figure 13), (b) Turn on the proliferation using Eq. (9)

In order to investigate the rate of the virus concentration reached to the cerebral artery on the
virus concentration flowed into the nasal cavity, the time-volume-averaged virus concentration is
calculated. The time-volume averaged virus concentration in each breathing waveform is normalized
by the value of the nasal cavity. The time-volume-averaged virus concentration is defined by
following equation.

(C/Co)time,i = lfoT (l fVi édVi) dt = %fOT(C/CO)idt (22)

T Vi

Figure 27 shows the time-volume-averaged virus concentration in the nasal cavity, the organ and
the cerebral artery with each breathing waveform. In case of the no-proliferation, as the virus
concentration in the nasal cavity is largest, the virus concentration in the organ and cerebral artery
decrease. It was found that the virus concentration reached to the cerebral artery is 10-8 times as
much as the virus concentration in the nasal cavity. In this research, it was assumed to be that all
transmission rate of virus concentration is 1. Therefore, since the transmission rate in vivo is smaller
than this analysis case, it was considered that the virus concentration reached to the cerebral artery
is smaller than this analysis case. In case of the proliferation, the virus concentration in the cerebral
artery is largest. It was found that the virus concentration reached to the cerebral artery is 2x104
times as much as the virus concentration in the nasal cavity.

In order to investigate the difference of the virus concentration each breathing waveform, the
ratio of the virus concentration reached to the cerebral artery to the virus concentration flowed into
the nasal cavity are evaluated. Figure 28 shows the ratio of the virus concentration in the cerebral
artery to the nasal cavity. Regardless of the proliferation or not, the ratio of the virus concentration
is largest in Steady, and the ratio of the virus concentration is smallest in sine function with long
period. In other words, the breathing methods which the effect of the virus concentration
proliferation or not is smallest, is sine function with long period. It was found that the risk of infection
in the sinus decrease by speed up the breathing period and lengthen the exhaust time of the
breathing waveform.
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4, Limitation

A method for simulating viral infection from the nasal cavity to the cerebral artery was proposed.
But this study has some limitation. This research is needed to be considered the parameter like
transmission rate on the boundary condition, virus proliferation rate within the tissues and the
clinical pressure waveforms and respiratory waveforms. This study proposed a method for simulating
the virus transport process from the nasal cavity to the cerebral arteries, and investigated the effects
of breathing waveforms and virus proliferation within the organ by using simplified parameters.

Therefore, in order to clarify the mechanism of virus infection in vivo, it is necessary to identify
parameters by comparing clinical data with simulation results. A lot of clinical data is required to
identify parameters. In this study, because there is not enough clinical data to identify parameters
such as transmission rate and breathing waveforms, the details of parameters have not been
analysed.

5. Conclusion

In this research, a couple analysis from nasal cavity to cerebral artery via organ was tried to be
applied in order to analyze the transport process of them. The effect of breathing waveforms and
virus proliferation on the virus infection is evaluated. The obtained conclusions are shown below.

i)  Thevirus concentration in the cerebral artery in case of sinusoidal breathing waveform with
long period is the smallest.
ii)  The virus concentration in the organ and the cerebral artery in case of proliferation within
the organ is higher than that has no proliferations.
iii)  The highest risk of the virus infection in the cerebral artery was the joint with the left and
right carotid arteries.

In the future, we will establish an optimal virus infection model by changing various parameters
such as transmittance and comparing with clinical data. In addition, in order to clarify the differences
in virus stayed positions due to differences of geometries, we plan to apply this method to different
geometries, and compare them.
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