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delaying the importation of infectious diseases, they also have a significant economic
impact by stopping the flow of people and goods. The arrival time of infectious diseases is
often used to assess quarantine effectiveness. Although the arrival time is highly depen-
dent on the number of infected cases in the endemic country, direct comparisons have not
yet been made. Therefore, this study derives an explicit relationship between the number

;-:(Si/c‘{‘ggiiz.model of infected cases and arrival time. Transmission behavior is stochastic, and deterministic
Arrival time models are not always realistic. In this study, random differential equations, which are
Health countermeasures differential equations with stochastic processes, were used to describe the dynamics of
Quarantine infection in an endemic country. Furthermore, the flow of travelers from the endemic
Random ODE country was described in terms of survival time, and the arrival time in each country was

calculated. A scenario in which PCR kits were distributed between endemic and disease-
free countries was also considered, and the impact of different distribution rates on
arrival time was evaluated. The simulation results showed that increasing the distribution
of PCR kits in the endemic country was more effective in delaying arrival times than using
PCR kits in quarantine in disease-free countries. It was also found that increasing the
proportion of identified infected persons in the endemic country, leading to isolation, was
more important and effective in delaying arrival times than increasing the number of PCR
tests.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of airline networks has led to an increase in travel. While the economy has been boosted by active logistics
and people, the movement of unwanted goods, such as infectious diseases, has also increased. Since 2000, there have been
global outbreaks of infectious diseases, such as Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory Syndrome
(MERS), Influenza A (H1N1), and COVID-19. Once an infectious disease is introduced across national borders, it can spread
throughout the community and may take a long time to be eradicated. The economic impact is also significant. For example, the
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COVID-19 epidemic, which began in December 2019, infected 754,018,841 people worldwide and caused 6,817,478 deaths as of
February 3, 2023, (World Health Organization Coronavirus, 2023). After three years, the epidemic is still not under control, but
life is returning to the way it was before COVID-19 because of new knowledge and data, the development and introduction of
new drugs and vaccines, and measures such as the introduction of PCR testing and physical distancing.

Public health measures against infectious diseases include personal protective measures at the individual level, such as
hand hygiene and use of masks; social measures, such as physical distancing; population-based measures, such as home and
school closures, vaccination, and large-scale PCR testing; and city- and country-level measures, such as lockdowns, travel
restrictions, and enhanced quarantine (Briimmer et al., 2021; Chu et al., 2020; Mina & Andersen, 2021; Rosella et al., 2022;
Talic et al,, 2021). Among these, quarantine is one of the measures implemented to prevent the introduction of infectious
diseases into a country and to safeguard humans as well as animals and plants. On the other hand, the existence of
asymptomatic cases and incubation periods prevent quarantine from being 100% effective in preventing the introduction of
infectious diseases. Therefore, even if quarantines are strengthened, the possibility of the infection spreading in the city
through asymptomatic cases, and escaping quarantine, cannot be ruled out. Nonetheless, quarantines are expected to have a
delaying effect on the importation of the disease. Quarantine is used in many countries during epidemics, as it is expected to
have the secondary effect of buying time until infectious diseases are imported, and during this time, the medical system can
be improved to prepare for the epidemic (Hossain et al., 2020).

A stronger policy is the sealing of borders to interfere with the movement of people. Blockades eliminate the possibility of
importing infectious diseases, but the economic damage is very high because logistics are disrupted. This could also lead to a
shortage of resources and vaccines needed for treatment and diagnosis in endemic countries. Indeed, when the omicron
strain of COVID-19 was confirmed in South Africa, several countries closed their borders, and the countries were evacuated.

The geographical spread of infectious diseases associated with human migration has been discussed since the plague
epidemics of the 14th century (Murray, 2003). Many studies have been conducted on the geographical spread of rabies in
Europe and the USA (Bacon, 1985). In the above studies, the geographical spread was mainly based on diffusion; however, in
modern times, airplanes are mainly used to travel between large cities. Therefore, attention has been drawn to spread based
on airline networks, using the time of arrival, that is, the time from the start of an epidemic to the arrival of the infectious
disease in each country, as an indicator (Colizza, Barrat, Barthélemy, & Vespignani, 2005; Gautreau, Barrat, & Barthélemy,
2007; Hwang et al., 2012). Brockmann & Helbing and Kuo & Chiu used the effective distance, a metric based on the flow
of people, to assess arrival time (Brockmann & Helbing, 2013; Kuo & Chiu, 2021). Similarly, Jamieson-Lane & Brasius used a
branching process to describe the transmission process of infectious diseases and computed arrival time (Jamieson-Lane &
Blasius, 2020). Although it has been suggested that the increase in the number of infected cases in an endemic country is
closely related to the arrival time (Poletto et al., 2014; Tomba & Wallinga, 2008), the impact of implementing health policies in
endemic countries and strengthening quarantine in disease-free countries has not been directly compared because of the
different objectives of the interventions.

In this study, we constructed a hybrid model that describes the dynamics of infection in an endemic country using differ-
ential equations and the movement of people using stochastic processes. The model thus constructed is then used to compare
the effects of how aid to the endemic country affects arrival time and how quarantine delays arrival time, based on simulations.

The remainder of this paper is organized as follows. The Materials and Methods section introduces the SIR and SEIR models
using deterministic ordinary differential equations (ODEs) and their implementation in a health policy model. In general, the
transmission of infectious diseases exhibits stochastic behavior. To implement this randomness, we introduce a model based on
random ordinary differential equations (RODEs), which are differential equations with stochastic processes in their vector field
functions. Furthermore, a survival time function for human migration is introduced to calculate the arrival time. In the Results
section, an analytical description of the arrival time based on the SIR model is provided. The impact of a decrease in the
transmission rate on arrival time is also assessed. The second example simulates the SEIR model to investigate the relationship
between medical interventions and the arrival time of infected cases. In the third example, the SEIR model described by RODEs is
used to investigate the effect of medical intervention in an endemic country and the strengthening of quarantine on arrival time,
to estimate the number of infected cases in the endemic country. In the Discussion section, based on the results of the above
simulations, we summarize the results of interventions for different targets, namely, testing and isolation in endemic countries
and quarantine in disease-free countries, along with a discussion on the desired medical policy and interventions in the future.

2. Material and methods
2.1. SIR model

The SIR model introduced by Kermack and McKendrick in 1927 describes the transmission of infectious diseases (Kermack
& MacKendrick, 1927). The model describes the interaction of three compartments: susceptible, infected, and recovered/
removed, and is expressed in the following form:

ds
a— PN10 (1)
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where ( is the transmission rate; vy is the recovery rate; and N = S + I + R. Measures, such as wearing masks and physical
distancing, are assumed to reduce the transmission rate. If the effect of the measures is ¢ € [0, 1], the transmission rate can be
described as (1 — ¢) x § to obtain the dynamics of infectious diseases when physical distancing is increased.

2.2. SEIR model

Infectious diseases, including COVID-19, have an incubation period. The SEIR model is implemented in the SIR model by
assuming that cases are exposed during the incubation period (Diekmann, Heesterbeek, & Britton, 2013; Vynnycky & White,
2010). Assuming an incubation period of 1/, the SEIR model is given by
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where N =S + E + I + R. Consider a scenario in which an infected person is diagnosed by PCR testing and placed in isolation. If
the sensitivities of the PCR test are pr and p; for exposed and infected individuals, respectively, the flow from infection to
recovery/isolation can be described as shown in the following diagram (Fig. 1).
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Fig. 1. Local dynamics in an outbreak country Cy described by the SEIR model with an isolation effect.

It is impractical to perform PCR testing on all individuals. Therefore, in practice, PCR testing is recommended in cases of
suspected infection through contact tracing, etc., and if the test is positive, the patient is placed in isolation. Assuming the
proportion of identified exposed and infected individuals by 7¢ and 7}, respectively, the model with targeted PCR testing can
be described using the following equations:

- 2y (®)
% = ﬁ%l(t) — oE(t) — ppTeE(t) )
% = gE(t) — yI(t) — pyriI(t) (10)
% = yI(t) + pgTeE(t) + pymil(t). (11)

605



Y. Asai Infectious Disease Modelling 8 (2023) 603—616

2.3. Modeling by RODEs

The SIR and SEIR models are deterministic, and parameters such as 3, ¢, and vy are assumed to be constant. Although
deterministic models are useful, including their application in dynamical systems, the spread of infection shows stochastic
behavior and the epidemic curve alone shows more complex behavior in practice. Therefore, stochastic processes,
continuous-time Markov chain models, and stochastic differential equations (SDEs) have been introduced and studied (Allen,
2017; Bailey, 1964; Capasso & Bakstein, 2015; Daley & Gani, 1999). Allen also included the interactions of individual com-
partments and introduced uncertainty into the model (Allen, 2007).

SDEs are well-known for their use in fields such as economics, finance, biology, medicine, and engineering (Capasso &
Bakstein, 2015; Caraballo & Han, 2016; Gerstner & Kloeden, 2012). SDEs are useful; however, undesirable phenomena,
such as negative parameters or diffuse values can occur in the simulations. Furthermore, cases in which the noise process is
not normally distributed have been observed (d’Onofrio, 2013). Therefore, in this study, modeling using RODE:s is considered.

RODE:s are differential equations with stochastic processes in their vector-field functions. RODEs are considered pathwise
as ODEs and have been used in various fields, such as biology, medicine, and population dynamics (Bunke, 1972; Han &
Kloeden, 2017; Neckel & Rupp, 2013). They also play an important role in random dynamical systems (Arnold, 1997) but
have long been overshadowed by SDEs. In general, RODEs can be described as follows:

dx
a :f(x7 Zf)7

where Z; denotes a stochastic process. Regular noise can be implemented in RODE, including continuous noise processes, such
as Brownian motion and fractional Brownian motion as well as processes with jumps, such as the Poisson process and
compound Poisson process. The SEIR model was described and simulated in this study using RODE.

If we include the effect of migration in the SEIR model, we obtain the following equation:

B — N — 82D 1(t) — st (12)
%:ﬁ%l(t) — oE(t) — uE(t) (13)
% = gE(t) — yI(t) — ul(t) (14)
%zyl(t) — uR(t), (15)

where u is a parameter corresponding to people's movement. It is known that the number of people leaving the country is
generally not the same as the number of people entering it and that the number of people traveling decreases during in-
fectious disease outbreaks due to travel restrictions and self-restraint. Although implementing a reduction in human mobility
would be more realistic, it is difficult to predict changes in human movements, and this study did not assume a reduction in
the number of travelers. On the other hand, it is not realistic to set u as a constant, so it is described as a stochastic process
using (16) below. In addition, the transmission rate is strongly influenced by policies, such as teleworking and school closures.
Therefore, ( is also described by a stochastic process (17):

w(Ze) Lo <1 - 2% arctan Zt> : (16)

B(Z)

Bo (1 - 2y(,1 fz%)' (17)

Using the above equations (16) and (17), u € [uo(1 — vy), uo(1 + vp)] and 8 € [Bo(1 — vg), Bo(1 + vg)], if we set ug(1 — v,) and
Bo(1 — vg) > 0, stochastic processes with non-negative finite width can be generated.

Because RODEs include stochastic processes, the numerical methods for deterministic models do not maintain the same
order of convergence. Therefore, numerical methods for RODEs have been developed in recent years. For more details on
RODEs and the numerical methods for RODEs, see (Asai, Cheng, & Han, 2023; Asai & Kloeden, 2013, 2019; Han & Kloeden,
2017) and the references therein.
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2.4. Migration and arrival time

To model the movement of people in a day, we consider the number of infected individuals I, on day n as a discrete value
instead of a continuous value I(t). For simplicity, consider the movement of people between two countries: the endemic
country Cp and the disease-free country G;.

If M; people move from Cy to C; per day, the probability u; that each person moves from Cy to G; is given by u; = M;j/N, where
N is the population of Cy. Define Surv(n — 1) as the probability that no infected person reaches C; on day (n — 1). Then, Surv(n),
the probability of not reaching day n, is given by

Surv(n) = Surv(n — 1) x (1 — ;).

This implies that the probability that no infected person reaches C; by day n from the start of the epidemic is:
I I L
Surv(n) = (1 — )" > - x (1= )" =] (1 = )b (18)
j=1

Suppose that the day n* satisfies Surv(n*) = 1/2. Then, the probability that at least one infected individual arrives at C; be-
comes 1 — Surv(n) > 1/2 for n > n*, i.e., the probability of importation, is 1/2 or more after the day n*. Using this relationship,
the number of infected people in the endemic country, infection-related parameters, human flow u;, and arrival time n can be
described using a single equation. If the expression for I,,- is complex, as in this study, an analytical expression for n* cannot be
obtained and must be computed numerically.

An alternative idea for estimating the arrival time is to use a geometric distribution. The geometric distribution is given by
the probability of first success on the (n + 1)-th attempt after n attempts and is a useful probability distribution for
considering the arrival of infected cases. The geometric distribution and the cumulative number of infected cases in the
epidemic country Cp can be used to calculate the expected value of the number of cases that will arrive. The geometric
distribution might be suitable in small epidemics. This study, however, focuses on the arrival time, i.e., the days when an
infectious disease is expected to be imported, and the model was formulated using a form of survival time.

In the next section, the SIR, SEIR, and RODE models are used to estimate the number of infected cases in the endemic
country Cp and to obtain the arrival time. In general, the probability of migration is expected to be different for susceptible and
infected populations, but in this study, it is assumed that all individuals have the same y; probability of migration.

The same reasoning can be applied to cases in which there are multiple destinations. Suppose that there is a movement of
people from Cp to m countries and p = 3"i", u; (Fig. 2). Then, in the scenario of migration to G, the total number of people
migrating from Cy is calculated, and u; x N is subsequently extracted. The extracted numbers E and I are the numbers of
exposed and infected individuals migrating from Cy to C;.

Assuming that the quarantine measure is a PCR test, it is conceivable that the effectiveness of quarantine depends on pg
and p; introduced in Section 2.2. Indeed, if u; x E and y; x I have moved from Cy to G;, the PCR test is positive with probabilities
of pg and pj, respectively. Conversely, it will be negative with probabilities (1 — pg) and (1 — p;) for movement in the opposite
direction (Fig. 3). The higher the sensitivity of the PCR test, the higher the probability of catching an infected person in
quarantine. On the other hand, if p¢ and p; are low, more infected people are allowed to enter C;, which may lead to the spread
of infection within G;.

In general, arrival time refers to the time between the outbreak of an epidemic in Cy and the arrival of infected cases in a
disease-free country G, and cases stopped at airport quarantine are also counted as imported cases. Conversely, a major

\W\ -
@@

Fig. 2. Migration from an outbreak country Cp to disease-free countries Ci(i = 1, ..., m).
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Fig. 3. Effect of quarantine measure at disease-free country G;.

concern in disease-free countries is that imported cases may lead to community-acquired infections and increase the number
of infected cases in their countries. In this study, arrival was defined as a situation in which a case slips through quarantine
and leads to community-acquired infection or an epidemic in disease-free countries.

This study used hypothetical data for a movement of people u;, but in practice, human flows are estimated from airline
network data (Brockmann & Helbing, 2013; Colizza et al., 2005; Kuo & Chiu, 2021). The International Air Transport Associ-
ation (The International Air Transport Association, 2023) provides a complete data set of the world's airline network, and the
structure and topology of the network have been intensively studied in recent years (Barrat, Barthélemy, Pastor-Satorras, &
Vespignani, 2004). The IATA data can be applied to more practical problems, such as the impact of the changing network
structure on the global spread of infectious diseases. Visualization of the airline networks and the spread of infectious dis-
eases can be found on the website by Brockmann (Brockmann Lab, 2023).

3. Results
3.1. SIR model

During the early stages of an epidemic, it can be assumed that S = N. Then, Equation (2) becomes

&= 10 110,

and I(t) = Ioe¥-7%, where 1(0) = Iy is the initial value. Because this study assumes a scenario in which the infection spreads,
6 > v. The above equation is substituted into (18) to calculate the arrival time n*, which is the threshold for importation with
1/2 possibility. By solving this equation with respect to n*, we obtain

1
log =
1
o= log|l1+(1-e M) "2

B=7) & ( )m%a—m

1
logj
Tolog(T — )

)

1
_ _ o Y(Ro—1)
™ 071)log l+(l e )

where Z}”;lew‘w = (e -7 —-1)/(1 —e~6=7)) and Ry is the basic reproduction number given by §/y.

Wearing a mask and physical distancing can reduce human contact. Assuming that the effectis ¢ € [0, 1], the transmission
rate is reduced to (1 — €) x (3, as described in Section 2.1. By substituting this into (19), the arrival time under the health policy
can be calculated. When (§ — v) is large, e (-1 approaches zero, and thus, 1/(8 — v) is used to determine n*. If this term is
given by 1/((1 — &) x 8 — v), then n* becomes larger, implying that the arrival time is delayed.

Fig. 4 shows the results of the simulation with the ¢ effect of the health policy set to 0.1 and 0.2. In this simulation, the
initial value was Iy = 1 and the parameters were set to § = 0.2, y = 0.07, N =1 x 107 and 10'/N < x < 10%/N.

608



Y. Asai Infectious Disease Modelling 8 (2023) 603—616

Simulations using the SIR model confirmed that the values obtained with (19) and the results obtained with 1,000 simu-
lations were in good agreement. It was also confirmed that lowering the transmission rate to 8 x 0.9 and § x 0.8 reduced the
number of infected individuals within Cp, resulting in a slower arrival time. In fact, the arrival time for a country with 100
travelers from Cp per day was 33 days when the transmission rate was ( but 44 days when (¢ x 0.8, indicating that a 20%
reduction in the number of new infections leads to an 11-day delay. Similarly, a reduction in the number of people traveling to
the country led to a corresponding delay in arrival time. When the transmission rate was g, it was found that in countries with
100 travelers per day, the arrival time was 33 days, while in countries with 10 travelers per day, the delay was 50 days (Table 1).

80
—e— Calculated
O Simulated
260 1 4 Bx08
) = Bx0.9
z
[ S B
g 40
®
2
O el
T I I I
10* 10° 10? 10°

Number of travelers from C, per day

Fig. 4. Estimated arrival time from Cp based on SIR model.

Table 1
Transmission rate and arrival time calculated by (19) and by simulation.
Transmission rate Number of travelers from Cy per day
1,000 100 10
Calc. Sim. Calc. Sim. Calc. Sim.
8 17 17 34 33 52 50
8 x 09 19 19 39 38 60 59
6 x 0.8 22 22 46 44 71 69

3.2. SEIR model

Similar to Section 3.1, we assume S = N and ( > «. Then, (9) and (10) become:

dE
-
il

g = OE© = 1(6) = pyril(0).

Analytical solutions to this set of differential equations were obtained using the Laplace transformation (Schiff, 1999).

BI(t) — oE(t) — pp7eE(t)

<5 + (U_—;'OETE) S+ (7_46- PITI)) <§((55))> B (i? >

This leads
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E(s) = (s + (v + pi71))Eo + Blo
(8 + (7 + peTe)) (S + (v + py71) — Bo
i(s) = 0Eo + (s + (0 + peTE))lo
(S + (0 + pgTe)) (S + (v + py71) — B’

where (s + (¢ + peTg))(s + (v + pi)71) — Bo = 0.
The inverse Laplace transformation yields:

E(t) = % {\/KEocosh VAt+ (610 +% (Y - a’)Eo> sinh VAt }e‘%“’/”')t
I(t) = 1 {\/Elocosh VAt+ (an +1(0’ - 7’)IO> sinh VAt }e‘%“””’)t.
VA 2
For simplicity, we have set ¢/ = ¢ + pgrg, ¥ = v + prrpand A = (o' + /)% /4 — of — o'y'.

Unlike in the case of the SIR model, E(t) and I(t) have a complex form and cannot be solved explicitly for n*, as in (19).
Therefore, I(t) obtained above was substituted for J; in (18) to obtain the value of n* numerically. A simulation was also
performed to determine the relationship between the effect of the intervention and arrival time. In this simulation, the initial
values were Ey = 1 and Iy = 3, and the parameters were set to § = 0.6, ¢ = 0.08, v = 0.15, p; = 0.8, and N=1 x 10” and 10!/N <
1 < 103/N. In addition, pr was set to zero, and a scenario was assumed in which only infected individuals underwent PCR
testing and were isolated if they tested positive. Specifically, two effects were assumed: a case with 7; = 0.05 as weak
intervention and 7; = 0.1 as strong intervention, i.e., the scenarios in which 5% and 10% of infected individuals were identified,
respectively, and the arrival time was calculated (Fig. 5).

Similarly, simulations using the SEIR model showed that the numerically obtained n* values were in agreement with the
actual simulation results. It was also confirmed that the intervention of isolation by PCR testing reduced the number of in-
fections and consequently delayed the time of arrival. In fact, if 100 travelers were expected per day, without PCR testing,
infections would be imported within 35 days. On the other hand, with strong intervention, it was found to be 48 days, with an
expected delay of 13 days. The relationship between the number of travelers and arrival time is similar to that of the SIR
model, with a decrease in the number of travelers leading to a delay in arrival time. For example, in a country with 1,000
travelers per day, infectious diseases are imported in 22 days; in a country with 100 travelers, 48 days; and in a country with
10 travelers, 77 days, that is, a delay of at least 30 days can be expected if the number of travelers is reduced by 1/10 (Table 2).

In the country, where 100 travelers are expected per day from Cp, the arrival time of the infected individual is calculated to
be on day 36. Conversely, the arrival time of the exposed individuals was calculated to be 26 days, meaning that they had

80
—o— Calculated
O Simulated

* 1 with p7=0.08
A | with pr=0.04
Ll
o E

[
o
|

Arrival time (days)
iy
o
|

20

T T T T
10* 10° 10? 10'
Number of travelers from C, per day

Fig. 5. Estimated arrival time from Co based on SEIR model.

Table 2
Transmission rate and arrival time simulated by SEIR model.
Arrived individuals Number of travelers from Cp per day
1,000 100 10
Calc. Sim. Calc. Sim. Calc. Sim.
E 9 10 26 26 47 46
I 16 16 36 35 58 57
I with pyr; = 0.04 18 19 42 11 67 65
I with pyr; = 0.08 21 22 49 48 79 77
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already entered the country C; 10 days earlier. For the country with 1,000 expected travelers, the arrival time was calculated to
be nine days, compared to 16 days for the infected individuals.

3.3. Simulation by RODE

Here, we describe the epidemic of infectious diseases in an endemic country Cp using the model introduced in Section 2.3.
The flow of people from the endemic country to disease-free countries was simulated, and the arrival time was calculated.
To generate ((Z;) and u(Z;), first it is necessary to generate Z. In this study, the Ornstein-Uhlenbeck process was used for Z;:

dz; = (01 — 0,Zr)dt + 03dW,

where 6, is non-negative and 6, and 65 are positive constants. Substituting Z; into (16) and (17) provides stochastic processes
with finite widths. In fact, for 8(Z)) with ; =2,65,=1,65 =5, 8o = 4 x 10~ 8 and vg = 0.5, the following example path is obtained
as in Panel A of Fig. 6. It is observed that §(Z;) has many values around 8o(1 — vg) and 8o(1 + vg). Panel B of Fig. 6 confirms that
the switching effect is realized.

For u(Z;), assuming 61 =1,60, = 3,03 =7, uo =1 x 10~%and v, = 0.5, the sample path was generated as in Panel A of Fig. 7.
As with ((Z;), it was confirmed that a finite-width stochastic process can be generated.

In the following simulation, PCR testing and isolation were assumed as the medical policies. Currently, apps with Bluetooth
functionality are used to inform users of contact with an infected person (Min-Allah et al., 2021). Contact tracing by health
centers uses interventions, such as identifying potentially infected individuals and encouraging them to undergo PCR testing.
However, not all infected individuals are necessarily identified, and there may be infected individuals who do not undergo
PCR testing. Therefore, two types of PCR testing were considered: random and targeted. In targeted testing, it is assumed that
some of the exposed and infected individuals are identified through contact tracing, and PCR is performed on these in-
dividuals, with positive results leading to isolation.

In the following simulation, the parameters and initial values were set to g = 0.3, y = 0.15, pp = 0.6, py= 0.8, pg = 2 x 1074,
v, =05,00=7x 1078, vg=05,Ey=51Ip=1Ry=0,5=N—Ey—Ip—Rp,and N=1 x 107, respectively. The results of the
simulation using the RODE model are shown in Fig. 8. In particular, the proportion of target cases 7 = 7 = 7y was set to 0 ~ 35%
and the number of infected and recovered cases in the endemic country Cy was plotted. A targeted proportion of 0%, that is,
random testing, peaked at around 60 days, resulting in 8 x 10° and 80% of the population being infected by day 100.

600 M
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Fig. 6. A sample path of switching noise §(t).
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Fig. 8. Number of infected individuals and recovered individuals under different identification rates.

Furthermore, almost the entire population was infected by day 120. The peak in the number of infected people decreased as
the proportion of targeted individuals increased, and a rightward shift in the peak was observed. In the scenario where 35% of
the infected individuals could be identified, the peak number of infected individuals was 6 x 10° and the total number of
infected individuals on day 100 was less than 1 x 10°.

PCR tests are widely used but are limited in number and expensive. In this study, the number of available kits per day was
setto N x ug x 2 =4 x 103, which is twice the number of travelers per day. Two scenarios were then considered: one in which
all the kits were used in the endemic country Cp, and the other in which the disease-free countries C; used some of them to
quarantine travelers from Cp. The number of travelers to disease-free countries per day was 2 x 10%, and if a kit of 2 x 10> was
used in Co, PCR tests were performed on all travelers in quarantine. If a kit of 3 x 10% was used in Gy, the scenario corresponded
to PCR testing of not all travelers but of 1 x 10> travelers, that is, half of them. In many cases, the epidemic is not widely
recognized in its early stages. Therefore, the following simulation assumes that PCR testing begins when I(t) exceeds 100.

Panel A of Fig. 9 shows the relationship between the number of daily travelers from Cp and arrival time. Here, the number
of PCR kits used in Cy and the number of PCR kits used for those quarantined in C; were both set to 2 x 10° and it was assumed
that PCR tests are performed on all travelers. Similar to the results from the SIR and SEIR models, it was confirmed that a
reduction in the number of travelers leads to a delay in the arrival time. The slope of the arrival time with respect to the
number of travelers was gentler when the proportion of identified infections was 0, that is, when PCR testing was performed
on randomly selected individuals. However, as the identification rate increased, the slope increased, which had a greater
effect on delaying the arrival time. Panel B of Fig. 9 evaluates the effect of the number of kits used in Cg as well as the effect of
the identified proportion of infected persons on the arrival time, for countries with 100 travelers from Cp. The results indicate
that a delay of 10 days could not be expected when the identified proportion was less than 10%, regardless of whether the
number of PCR kits was high or low. However, a delay of more than 60 days could be expected if 30% could be identified. It was
also found that increasing the number of PCR kits used in Cp led to a delay in the arrival time, but not necessarily to a sig-
nificant effect.

Fig. 10 Panel A shows the cumulative number of infected patients at Cyp on days 60, 80, and 120, and panel B shows the
cumulative number of infected patients on day 200. Random testing confirmed that the cumulative number of infected
people exceeded 1 x 10° on day 60. This trend was also evident on days 80 and 120, when the number of infected individuals
exceeded 5 x 10° and 9 x 105, respectively. On the other hand, when more than 20% of the infections were identified, the
number of infections was as low as 1.0 ~ 1.5 x 10> on day 60, which was also the case on day 80. However, by day 120, the
number of infected persons exceeded 6 x 10°, and, as shown in panel B, by day 200, the number of infections exceeded
8 x 108. New infections were significantly suppressed when the specified proportion exceeded 30%, and even on day 80, the
number of new infections was 2 ~ 5 x 10°. As shown in panel B, if 35% of infected persons could be identified, the number of
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Fig. 9. Relationship between arrival time and the number of travelers from Cp and the delay of arrival time based on the percentage of the identified exposed and
infected individuals and the number of available PCR Kkits in Co.
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Fig. 10. Cumulative number of cases in Co based on the percentage of the identified exposed and infected individuals and the number of available PCR kits in Co.

infected persons would be approximately 6 x 10° on day 200, and if the number of PCR kits available at Cy exceeded 2.8 x 103,
the simulation results showed that the number of infected persons would be less than 6 x 10°.

3.4. Simulation algorithm

In this section, we present a simulation algorithm for the RODE model. The notation in Section 3.3 was used for the pa-
rameters. In addition, 7¢ and 7; denote the proportion of identified exposed and infected individuals, respectively, and Npcg
denotes the number of available PCR Kkits per day.

1. Specify parameter values and initial values at t = ty. Set calculation point t, and the number of steps n with a step size A; =
(tn — to)/n.
2. Setj=0.
3. Loop whilej <n
3-1. Generate stochastic processes $(Z;) and u(Z;) at t = t.
3-2. Simulate the RODE model and compute the numbers at t = t; + A
3-3. Select u; x N travelers from the entire population without replacement.
3-3-1. Count the number of E and I among selected travelers and apply the binomial distribution to each of them
with pg and pj, respectively.
- E and I individuals who happen to have a negative result enter C; (Arrived).
- E and I with a positive result remain in quarantine (Not arrived).
3-4. Select (7gE + 7I) individuals for PCR testing, without replacement.
3-4-1. Count the number of E and I chosen and apply the binomial distribution to each one with pg and pj,
respectively.
« E and I individuals who happen to have a negative result return to compartments E and I, respectively.
- E and I that are positive move to compartment R (Isolation).
3-5.j=j+1
4. Stop

Repeat steps 3-3 for i = 1, ..., m. In steps 3—4, if (7gE + 7/) is greater than the number of assigned PCR kits Npcg, apply the
binomial distribution Npcg times and release the remaining individuals.

4. Discussion

In this study, a hybrid model integrating the SIR, SEIR, and RODE models with human migration was constructed. The
constructed model was used to investigate the effect of an increase in the number of infected people in the endemic country
Co on the arrival time in disease-free countries C;. We also examined the effect of measures to reduce the transmission rate,
such as the use of masks and physical distancing as well as the effect of health policies, such as the promotion of isolation by
PCR testing, on the arrival time.

In the analysis using the SIR model, arrival time n* is given by § and v, the parameters that determine the infection
dynamics, and y;, the proportion of travelers from Cy to C;. The number of infected individuals among travelers was counted by
random sampling from Cp, and it was confirmed that the theoretical solution was consistent with the simulation results
(Fig. 4, Table 1). Unlike in the SIR model, no analytical expression for n* could be derived from the SEIR model. However, it was
confirmed that the value of n* obtained numerically was consistent with the simulation results.

As we observed, there is a difference between the arrival time of infected and exposed individuals (Fig. 5). In fact, the
arrival time of the exposed individuals was more than seven days earlier than that of infected individuals (Table 2). Exposed

613



Y. Asai Infectious Disease Modelling 8 (2023) 603—616

individuals, cases during the incubation period, are often asymptomatic and less likely to be detected in quarantine than
infected individuals. When the mutation to the Omicron strain was announced in South Africa, several countries imposed
travel restrictions on South Africa. However, some countries that imposed restrictions had already imported Omicron strains
before the mutant strain was announced. We believe that the model developed in this study can be used in a real-world
setting to discuss how many cases may already be in the country and to quantitatively assess the rationale for imposing or
not imposing travel restrictions.

A stochastic process was implemented in the RODE model and was simulated using the SEIR model. In the event of an
international epidemic of an infectious disease, strong measures are sometimes taken, such as closing borders to protect one's
own country. Although the possibility of importing infectious diseases is greatly reduced, the economic impact of closing
borders can lead to problems, such as the depletion of necessary medical resources as well as other problems (Emeto, Alele, &
[lesanmi, 2021; COVID-19 and international mobility and trade, 1060; Timur & Xie, 2021; Wilson, Baker, Blakely, & Eichner,
2021). Therefore, this study considered a scenario in which a limited number of PCR kits are distributed between endemic and
disease-free countries. The effectiveness of a scenario in which a large number of PCR kits are distributed to the endemic
country for cooperation in infectious disease control was compared with that of a scenario in which PCR testing is expanded
in the home country.

The results showed that the greater the number of PCR kits used in Cy, the longer the delay in arrival time, and the lower
the cumulative number of infections. This suggests that a longer delay effect can be expected in C; by distributing more kits to
Co than quarantining in G;. Furthermore, the trend of using all PCR kits at Cy is more effective than distributing them, which
becomes more pronounced as the proportion of identified infected individuals increases. However, if the number of infected
individuals is difficult to identify and the proportion is 0%, then PCR testing is not expected to be effective for the population in
Co. If a delay of 30 days is required, then an identified proportion of 20% and a PCR kit of at least 2.4 x 10° or an identified
proportion of at least 25% would be required. Assistance from disease-free countries could reduce the increase in the number
of new infections; however, this alone may not be sufficient to control infections and cannot be expected to provide a suf-
ficient delay. Identifying 25% of cases and encouraging them for testing might be difficult; however, a study by Smith et al.
found that 10.9% of individuals who had closed contacts with infected cases would be isolated for the recommended period
(Smith et al., 2021). In addition to Bluetooth devices, many contact investigations are carried out by public health de-
partments. Furthermore, people who are not identified as closed contacts but have symptoms may lead to voluntary testing
and self-isolation (Centers for Disease Control and, 2019). The performance of smartphones and smartwatches in recent years
has been remarkable, and a higher identification rate can be achieved in the future, given the future development of mobile
health.

Several studies are underway, including the identification of infected persons through contact tracing (Min-Allah et al.,
2021; Vogt, Haire, Selvey, Katelaris, & Kaldor, 2022). Some studies have suggested that more emphasis should be placed
on testing capacity and surveillance activities rather than border controls (Emeto et al., 2021). A system for investigating foci
of infection using data from self-reporting systems has also been studied and is known to lead to timely self-isolation and
emergency testing (Canas et al., 2021). In the present study, simulations were performed assuming PCR testing, but it is also
known that increased test sensitivity does not have a significant impact on the control of new infections but depends largely
on the frequency of testing and the speed of reporting (Larremore et al., 2021). The development and improvement of
technology in health-related infrastructure, including the above-mentioned digital health, is considered important in curbing
the international epidemic of infectious diseases.

The SIR and SEIR models were used in this study to describe the transmission dynamics within the epidemic country. They
are simple and useful; however, as human contacts are known to follow a contact matrix (Mossong et al., 2008), the age-
structured model, which incorporates the population structure, is probably more appropriate. Indeed, when considering
human mobility, it is assumed that young and middle-aged people are more mobile than children and the elderly, and that
this group has more opportunities to meet others, which may contribute to the transmission of infectious diseases. In
addition, staying at home and self-isolation are non-pharmaceutical interventions and are known to control epidemics
effectively (Zhang, Wang, Lv, & Pei, 2022). Furthermore, quarantine periods of 10—14 days can prevent the further spread of
infectious diseases (Ashcroft, Lehtinen, Angst, Low, & Banhoeffer, 2021; Hossain et al., 2020; Patel, Patel, Fulzele, Mohod, &
Chhabra, 2020). More realistic predictions can be achieved by adding models with suitable structures and various medical
interventions to the hybrid model framework established in this study.

This study has several limitations. First, the assumption of S = N in the SIR and SEIR models is so strong that the impact of
this assumption needs to be assessed when making long-term projections. Second, the issue of the distribution of PCR kits
was considered, but there are various other medical interventions, such as vaccination campaigns and voluntary curfews, and
even PCR testing requires a lot of manpower. In addition, many countries have a quarantine policy of isolating people in hotels
for two weeks after they arrive in the country; therefore, it is necessary to compare quarantine measures other than PCR
testing. Although the time of arrival and the cumulative number of infected persons were used as outcome measures in this
study, it is necessary to determine the medical policy, including economic costs. Third, this study considered a scenario in
which there is only one endemic country, and the infection spreads from there. However, community-acquired infections
may occur in the country of entry, thereby spreading to other countries. It may be necessary to consider building a more
realistic model, for example, by running simulations based on actual data to obtain the parameter values.
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5. Conclusions

This study found that if the border is not sealed and the flow of people is maintained, a delay in arrival time can be ex-
pected by providing more support to the endemic country and controlling new infections rather than by strengthening
quarantine. In contrast, it has also been confirmed that random testing does not lead to the suppression of new infections and
cannot be expected to significantly delay arrival time. Techniques are being developed to identify individuals with potential
infections through contact tracing and Bluetooth devices. Global cooperation in the use of medical resources and the
improvement of digital health infrastructure, including medical care, are factors in the containment of international infectious
disease epidemics, and further cooperation and development are expected in the future.
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