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Abstract: Long COVID, a long-lasting disorder following an acute infection of COVID-19, represents
a significant public health burden at present. In this paper, we propose a new mechanistic model
based on differential equations to investigate the population dynamics of long COVID. By connecting
long COVID with acute infection at the population level, our modeling framework emphasizes the
interplay between COVID-19 transmission, vaccination, and long COVID dynamics. We conducted a
detailed mathematical analysis of the model. We also validated the model using numerical simulation
with real data from the US state of Tennessee and the UK.
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1. Introduction

A serious consequence following infection with SARS-CoV-2 is the potential occur-
rence of a long-lasting disorder known as post-acute sequelae of COVID-19 (or, long
COVID) [1,2]. The cause of long COVID is unclear at present, but possible contributors
include persistent reservoirs of SARS-CoV-2 in certain tissues and their continued interac-
tions with host microbiome communities, injuries to one or more organs from the acute
infection, ongoing activities of primed immune cells and other immune dysregulations,
clotting /coagulation issues, and dysfunctional vagus nerve signals [3-5].

A number of studies have highlighted the persistence and complications of the long
COVID syndrome. For example, a cohort study followed 147 Italian patients who were
hospitalized for COVID-19 and found that 87% still had symptoms 60 days after they were
discharged from the hospital [6]. Another study [7] found that 76% of hospitalized COVID-
19 patients (or, 1265 out of 1655) in Wuhan, China, were still experiencing symptoms
6 months after their infection. In the United States, CDC estimated that up to a third of
COVID-19 cases may result in long-term symptoms [8], indicating that tens of millions of
Americans diagnosed with COVID-19 may endure long-lasting consequences of the illness.
The situation is further complicated by the fact that individuals who are infected with
only mild symptoms, and those who are fully vaccinated but later develop breakthrough
infections, can become COVID long-haulers [9-11].

In order to assess the impact of long COVID on the healthcare system and to design
effective strategies for resource distribution, it is critical to quantify and predict the burden
of long COVID at the population level. However, several systematic reviews and meta-
analyses found that COVID long-haulers exhibited a wide variety of symptoms and that
the long COVID rates are highly heterogeneous across different populations, ranging from
10% to 67% [11-15]. Such a heterogeneous pattern indicates that no single formula can be
applied to every population to quantify the burden of long COVID. Instead, the evaluation
and prediction of long COVID prevalence have to take into account the specific population
characteristics and the epidemic/pandemic trends.
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Mathematical models can overcome such challenges and help us to better quantify
the population dynamics associated with long COVID. However, in contrast to the large
number of mathematical, statistical, and computational models already published for
COVID-19 transmission and spread (see reviews in [16-19]), very few modeling studies
have been devoted to long COVID. The currently available models for long COVID are
mainly based on machine learning and statistical techniques, with a focus on identifying
individuals at risk of long COVID [20-25]. Their findings, though very useful, do not
improve the understanding of the population dynamics of long COVID. Moreover, none of
these studies have employed mechanistic models.

In this work, we propose a novel mechanistic model based on differential equations to
investigate the dynamics of long COVID and its population-level prevalence. Since long
COVID stems from acute infection, we will link the population dynamics of long COVID
with the transmission dynamics of COVID-19. In addition, since COVID-19 vaccines have
played an important role in fighting the virus, we will also incorporate the impact of
vaccination in our model. Our goal is to accurately predict the prevalence of long COVID
in a given population with the available data. We will implement the model in real-world
applications using data from both the US and the UK.

The remainder of this paper is organized as follows. We present the formulation of our
mechanistic model in Section 2 and perform a detailed mathematical analysis in Section 3.
We then present data fitting and numerical simulation in Section 4. Finally, we conclude
our paper with some discussion in Section 5.

2. Model Formulation

We used differential equations to construct our mathematical model and investi-
gated the population dynamics of long COVID. We considered a model that involves
five compartments representing the number of the following individuals: the susceptible
individuals (denoted by S), the vaccinated individuals (denoted by V), the infected and
infectious individuals with short-term symptoms (denoted by I), the individuals with
long-term symptoms; i.e., COVID long-haulers (denoted by L), and the recovered individ-
uals (denoted by R). Based on numerous clinical studies, the duration of infectiousness
of SARS-CoV-2 is always limited to a relatively short period [26]. We, thus, assume that
individuals with long COVID are not contagious.

The model is described by the following differential equations:

ds

E:A—ﬁsz—(gbﬂl)s,

v

dl

b =BI(S+0V) — (v +w+pu)l, 1
dL

i yol — (yL +wi + )L,

dR

7r =7 =p) I+ 7L —pR.

A flow chart for this model is shown in Figure 1. The parameter A is the population influx
rate, B is the transmission rate, y is the natural death rate for the human hosts, and ¢
is the vaccination rate. Susceptible individuals become infected by contacting infectious
individuals. In addition, susceptible individuals are vaccinated at the rate ¢. We assume
that a portion of § (0 < 6 < 1) in vaccinated individuals are at risk for breakthrough
infections, that is, the degree of protection for the vaccines is 1 — 6. Infected individuals
exit the acute infection period at the rate ; among these, a portion p will develop long
COVID and enter the L compartment, whereas the other portion 1 — p will truly recover
from the disease and enter the R compartment. Since we are concerned with a relatively
long time period, individuals in all these compartments are subject to natural mortality
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at an average rate y. In addition, the parameter 7 is the rate of recovery for COVID
long-haulers, and w and wy, are the disease-induced death rates in the acute infection and
long COVID states, respectively.

/45 ﬂwL +u)L

¢S

SI
- @+pt/ 1

0BV I y(1—p)I

v \pR

Figure 1. A flow chart showing movement between the compartments of the system (1).

3. Mathematical Analysis

System (1) has a feasible domain

A PA A
Q={(V,LLR)>0|S<-—"— V< "2 _ S4+V4+I+L+R<=}L. (2
{( ) ¢+ we+mp) V}

It can be easily verified that () is positively invariant for the vector field of (1). It is

also straightforward to obtain the following result:

Theorem 1. System (1) has a unique disease-free equilibrium (DFE) in the domain ()

A PA
¢+p pp+p)
The basic reproduction number of our model can be derived by the standard next-

generation matrix technique [27], with the new infection matrix F and the transition matrix
V computed as

BA(p+¢0)
Fe | werm 9] V_[7+”+” 0 }
0 0 =P YL+ wr+p

Xo = (S0, Vo, o, Lo, Ro) = ( 0,0, 0>~ 3)

The spectral radius of the next-generation matrix FV ! then gives the basic reproduction
number of system (1):
g = BAG A+ ¢6)
0= .
ulp+p)(y +w+p)
Note that the term related to ¢0 in Equation (4) represents the risk associated with the
breakthrough infection.

4)

Theorem 2. System (1) has a positive endemic equilibrium

RPN

X=(5V,ILR) (5)

in Q) if and only if Zo > 1. The endemic equilibrium is unique when it exists.



Mathematics 2023, 11, 4541 40of 16
Proof. At a nontrivial equilibrium of system (1), we have
0=A—-BSI—(p+u)S, (6)
0=¢S—0BVI—uV, ?)
0=PBIS+0BVI— (y+w+n)l, (8)
0=pl — (yo+wL+u)L, 9
0=7(1-p)I+7.L—uR (10)
Now, we write each equation as a function of I. From (6)—(8), we obtain
A
S=———, 11
BI+¢+p (n
¢S
= (12)
(0BI+ 1)
and
po '
respectively. Substituting (11) into (12), we obtain
PA
V() = ) (14)
W= @ o
Similarly, substitution of (11) into (13) yields
Y+w+u A
V() = — . (15)
D=0 “aprien
Equating (14) and (15), we obtain an equation in terms of a single variable I:
_y+wp
where the function f is defined as
A A
£ = ¢ ? a7

GBI (BI+g+p) OB+ +a)

The function f(I) is strictly decreasing for I > 0, and f(I) — 0 when I — co. Hence,
Equation (16) has a positive solution at I = [ > 0 if and only if

Y+w+u
>7ﬁ9 .

Through simple algebraic manipulation, it can be easily seen that Equation (18) is equivalent
to %y > 1. Clearly, the positive solution [ is unique when %y > 1, due to the monotonicity
of the function f.

Consequently, S, V, L, and R at the positive equilibrium can all be uniquely determined
from [ based on the equations presented above, and this positive equilibrium clearly belongs
to Q). Hence, there is a unique endemic equilibrium X = (§, vV, I L, ﬁ) for system (1) if and
onlyif %y > 1. O

f(0) (18)

From [27], we know that the DFE Xj is locally asymptotically stable when %y < 1
and unstable when %, > 1. The result below establishes the local stability for the
endemic equilibrium.

Theorem 3. When %y > 1, the endemic equilibrium X is locally asymptotically stable.
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We provide the proof of Theorem 3 in Appendix A. In what follows, we focus on the
global stability properties of the DFE and the endemic equilibrium.

Theorem 4. When %y < 1, the DFE X, is globally asymptotically stable in (). When %y > 1,
the endemic equilibrium X is globally asymptotically stable in Q).

Proof. We first consider the case %y > 1, where the endemic equilibrium X = (§, v,I L, R)
exists and is unique. We aim to establish that all the orbits of (S, V, I) approach I
To that end, we introduce the following Lyapunov function [28]:

L(S,V,I)=(S—5InS)+ (V—-VInV)+ (I—IInI). (19)

Taking the derivative of £ along the solution of system (1) gives us

T A ()

where the dot notation is used for the time derivatives of S, V, and I. We will show that

% < 0. To do so, we will manipulate the three parts in Equation (20) separately. For

convenience, we will denote these terms by (21)—(23). Our first term is equal to

(1—) (681 BST— (¢ + 1)(5 — 9)

. R .
:ﬁ<§f—51—551+§1>+¢§<2—;—§>+y§<2—2—2>. (21)

Similarly, the second term in (20) is

N

<1 - V) (¢S — 0BV — uV — S + 0BV + V]

A~

:<1¥)[( 8) + BOVI—VI) + u(V — V)]

s - R
:¢<s-§ 7‘/ SX) Vf 9V1—9LVI 6VI)+]/£V(2—¥—¥>. (22)

Now, the last term of (20) is

<1—A)[ﬁ1(5+9V)—1(v+w+ﬂ)—ﬁf(5+9‘7)+f(v+w+u)]

~

= <1§>[/5(SI+9VISIGV D+ (y+w+u)(I-1)

e e s . SI2 gviz . I I
:[3<SI+9VI—SI—6VI Si— GVH—SI—i-I>+(’y+w+y)1(2—j—1). (23)

From here, we will begin the process of canceling out many terms and showing that
all that remains are nonpositive terms. We can rewrite the following terms as
(y+w+pui=pIS+6V)

from (8). Therefore,
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Si2 eviz
I I

(23) = B(SI+6VI — §1 — 6V1) _5<51+9V1__

e I I R I I
+ﬁ51(2—f—1)+ﬁ(9v1(2—f—1>.

Similarly, from (7), the terms in (22) can be rewritten as

giving us

Note that in all of the terms of (21)—(23), there are common factors of §, u, ¢. We will
simplify 4& % by first summing all of the terms from (21)—(23) that share one of these common
factors before combining what we have left afterwards. Starting with j,

s . .. V21 vV v
ﬁl51—51—5+51+9w 9VI—V+9VI—9VI< V_V>

72 72 7
+51+9v1—51—9v1—51—9w+5—1+QVI éf( ;—D

1 1
+er(2_{_1>].
I 1

Many terms can immediately be canceled. Doing so gives

Si2 evi?
+ -

I

5 _sfzf ov2f ( vV v

[——— +0VI—0Vi(2— ~— - ) —Si—ovi+
5t v ' % v> 5

R I I . I 1
+SI(2—f—I) +9V1(2—i—1)]

S2f ov2] vV v Siz2 gvi?
=B - =— 1—7 OVI—o0Vi(2— —~— =) —Sl—ovi+— 4+ ——
=B S +8 7+ ( v> S +T+

FUUA 6 12 2

+281 81 —ST+29\/1—(9VI—9VT
—ﬁ-—ﬁ—@—eﬁ 2—K—K —SI—ovI+251+20V]
- S 1% vV Vv
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For terms that share a common factor of ¢,

<<

<l <
|

This leaves us with one remaining term with a common factor of p:

yﬁ(Z—é—i) <0.

Now, by combining all of the three terms, we are left with

L A s S an s S A S Vv sV
= S<2_§_s>+5SI<2_§_5>+¢S<3_s_17_§v>’ (24)

all of which are nonpositive terms since the arithmetic mean is greater than or equal to the
geometric mean. Hence, % < 0 and the equality holds if and only if (S, V,I) = (§, v, i ),
which shows that (S,V,I) — (§, v, ) for all the solution orbits. Consequently, letting
I — I, we immediately obtain L — L and R — R from the last two equations of system (1).
This establishes the global asymptotic stability of the endemic equilibrium X when %, > 1.

When % < 1, the DFE X, = (So, Vo, Io, Lo, Ro) is the only equilibrium of system (1).
We consider the Lyapunov function

W(S,V,I) = (S—SoInS) + (V- VoInV) +1, (25)
which yields
aw . 1S . vy .
= ($=s0g) + (V-voyy) +1 (26)

along the solution of system (1). It can be easily observed that the algebraic manipula-
tions we performed previously for (é, v, ) will still hold for (Sp, Vp,0) and all the terms
associated with [ will disappear. We thus obtain

aw _ _ 5 % S V. SW
dt‘”s(’(Z 5 s>+"’50<3 S W SV @7

With similar arguments as before, we can establish the global asymptotic stability of the
DFE Xg when %y < 1. O

These theoretical results concerning the different types of equilibria and their stability
properties, with a sharp threshold at Zy = 1, are common in many epidemiological
models [27,29]. Nevertheless, an important message from Theorems 2—4 is that long
COVID may persist in the host population in the long run, unless COVID-19 is completely
eradicated. In the next section, we will utilize a numerical simulation to implement our
model for real-world applications. We fitted and simulated the model using reported data
from relatively short time periods to gain insights for the population-level progression of
long COVID.

4. Numerical Simulation

We conducted numerical simulation with real data to validate our model. In contrast
to the large amount of surveillance data for COVID-19, time series data for long COVID
at the population level are very rare at present. We performed two simulation studies.
The first one was for the state of Tennessee in the US, where detailed data for COVID-19
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cases, deaths, and vaccination coverage are available [30], but there are no population-level
data available for long COVID. The second study was concerned with the UK which, as
an exception, published monthly data for long COVID prevalence in the UK population
through its Office for National Statistics (ONS) [31].

4.1. Simulation for the Tennessee State in the US

We first applied our model to the COVID-19 data for the US state of Tennessee for
the 4-month period between 31 August 2021 and 30 December 2021. An estimation given
by the US Census Bureau of the total population in Tennessee on 1 July 2021 gave us a
value of N =6,975,218 [32]. Our time period was relatively short, so we assumed that
immigration and emigration were equal, and that the natural birth rate was equal to the
natural death rate, 4. We defined the natural death rate as the inverse of the life expectancy,
which in 2019, before COVID-19 started in Tennessee, was 75.6 years [33]. We were then
able to define the population influx rate as the product of the natural birth rate and the total
population: A = uN. We defined vy as the recovery rate for acute infections, calculated as
the reciprocal of the acute infection period reported in [34]. For w, i.e., the disease-induced
death rate for acute infections, we used the estimate provided in [35]. The breakthrough
infection ratio, 0, ranged from 1% to 20% in the US [36], and we took an average 6 = 10%
in this study. The values for these parameters can be found in Table 1.

Table 1. Parameter values for the simulation of the Tennessee data.

Parameter Definition Value Source

A Population influx rate 252.780 persons per day  [32,33]

U Natural death rate 3.624 x 10~ per day [33]

0 Breakthrough infection ratio 10% [36]

y1 Acute infection recovery period 9.5 days [34]

w Death rate for acute infection 0.012 per day [35]

B Transmission rate Found via data fitting -

¢ Vaccination rate Found via data fitting -

0 Proportion of long COVID cases  Varied -

7{1 Long COVID recovery period 90 days Assumed
wr, Death rate for long COVID 0.0012 per day Assumed

In our model, the susceptible, vaccinated, and infected compartments form a system
that is not dependent on long COVID cases or the recovered compartment. So next, we
estimated the transmission rate f and the vaccination rate ¢ by fitting a simplified model
consisting of only the S, V, and I compartments to the COVID-19 infection and vaccination
data reported on a daily basis by the Tennessee Department of Health [30]. The initial
condition for this simulation was set as (S(0), V(0), 1(0)) = (3,023,763, 2,888,057, 46,260),
based on the reported data for the number of fully vaccinated individuals and infected
individuals in Tennessee on 31 August 2021. The fitted parameter values are given in
Table 2 and the result of the data fitting for the number of cumulative cases is shown
graphically in Figure 2.

Table 2. Parameter estimates found by fitting the Tennessee data.

Parameter Value 95% Confidence Interval

B 4.046 x 1078 /person/day (3.969 x 1078, 4.123 x 1078)
¢ 0.00474 /day (0.00326, 0.00622)
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Figure 2. Fitting result for the number of cumulative COVID-19 cases in the US state of Ten-
nessee beginning from 31 August 2021. The horizontal axis represents the number of days since
31 August 2021, and the vertical axis represents the number of cumulative cases.

Based on our data fitting results, which included the number of active infections I in
particular, we proceeded to conduct a numerical simulation for the possible prevalence
levels of long COVID in Tennessee using the equation for the L compartment in system (1).
We assumed that the mortality rate caused by long COVID was much lower than that
caused by the acute infection, with wy, = 0.1 w, and that the average recovery period for
long COVID was 90 days, with ¢, = 1/90 per day. We then picked three different values
for p, i.e., the portion of infected individuals who went on to develop long COVID, with
p = 10%, 20%, and 30%. Figure 3 displays the simulation curves for the number of active
long COVID cases with the three values of p. The highest and lowest points on each curve
are marked by a square and a circle, respectively. We observed that the peak of L ranged
from about 2.5 x 10* (when p = 10%) to almost 8 x 10* (when p = 30%). Even with the
minimal estimate of p = 10%, the lowest point on the simulation curve was L ~ 1.5 X 104,
indicating a substantial public health burden caused by long COVID.

Because long COVID data are not available for the Tennessee population, we were not
able to fit the parameters relevant to long COVID dynamics and predict the progression of
long COVID in Tennessee. Nevertheless, our simulation results provide possible ranges for
the prevalence of long COVID in this population, which could inform the public health
administration in their design of control and intervention strategies.

<104

0

‘
LR
hn
000
WN =

‘

#of Active Long-Covid Cases

2’0 46 6‘0 8‘0 1 CI)O 120

Days Since 8/31/2021
Figure 3. Simulation results for the number of active long COVID cases in Tennessee using different
values of p. The horizontal axis represents the number of days since 31 August 2021, and the vertical
axis represents the number of active long COVID cases. On each simulation curve, the square marks
the peak and the circle marks the lowest point of the curve.

4.2. Simulation for the UK

In addition to the regular, daily reported data for COVID-19 infections, the UK Office
for National Statistics (ONS) has published survey data for the prevalence of long COVID
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in the UK population on a monthly basis [31]. The time period covered by the long COVID
data starts from 6 February 2021. The ONS data allowed us to fit our model to the number
of long COVID cases. We focused our attention on fitting the L compartment in system (1),
where the variable I involved in the L equation was determined by the reported number of
active COVID-19 cases. We set the time from 6 February 2021 to 4 July 2022, a period about
17 months, for model fitting, and the time from 5 July 2022 to 6 December 2022, a period
about 5 months, for model testing.

The values of the parameters for the UK simulation study are listed in Table 3. There
were five parameters, i.e., ¥, p, v, wi, and y, that were involved in the L equation in
system (1). We also conducted a sensitivity analysis for these five parameters in terms
of the variable L, using the method from [37] for computing relative sensitivities. The
results are presented in Figure 4. We observed that p, 91, and v were the three most
sensitive parameters, while w; and y had very low sensitivities. This indicates that y and
wr, would have very little impact on the long COVID prevalence L. We calculated the
natural death rate u from the demographic information of the UK population [38]. We took
the long COVID-induced death rate w; = 0.0012 per day, i.e., the same value used in the
Tennessee simulation. We additionally noted that the recovery rate v was determined by
the characteristics of the acute infection. We thus set the (average) recovery period from the
acute infection as 7 ~! = 10 days, based on reported values for COVID-19 in the UK [39].

We proceeded to use data fitting to estimate the two key parameters p and -y associ-
ated with the long COVID prevalence. Specifically, we fitted the L equation in our model
to the monthly reported long COVID data over the 17-month fitting period. Next, we
conducted a numerical simulation to generate a prediction for the 5-month testing period
using the parameter values estimated from the fitting period.

Table 3. Parameter values for the simulation of the UK long COVID data.

Parameter Definition Value Source

U Natural death rate 3.91 x 1075 per day [38]

A1 Acute infection recovery period 10 days [39]

wy, Death rate for long COVID 0.0012 per day Assumed
’ygl Long COVID recovery period Found via data fitting -

0 Proportion of long COVID cases  Found via data fitting -

Relative Sensitivity

¥ P Y @ 'z

Parameter
Figure 4. Relative sensitivities for the five parameters <, p, v, wr, and p that are related to the long
COVID compartment L.

Table 4 lists the fitted parameter values. Figure 5 displays the fitting and prediction
curves for the number of active long COVID cases in the UK, compared with the ONS data.
The vertical dashed line in the figure separates the fitting and prediction periods.

Our fitting result for p shows that about 31.6% of the infected individuals in the UK
went on to develop long COVID. The fitted value for the recovery rate of long COVID was
71 =~ 0.0112 per day, indicating that long COVID would last about 1/, ~ 89.3 days on
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average in the UK population. This is indeed very close to the assumed value of 90 days in
our simulation study for the Tennessee data. These numbers, together with the predictive
capability of the model, can provide useful quantitative information to assess the burden of
long COVID in the UK and to guide relevant policy developments and resource allocation.

Table 4. Parameter estimates found by fitting the UK long COVID data.

Parameter Value 95% Confidence Interval
L 0.0112 per day (0.00, 0.169)
0 0.316 (0.280, 1.00)

Fitting

J

mh
a
T

a
0

Long COVID Cases
0

0.5

2022104104
2022/06/08
2022108107
2022/09/04 -
2022112106

— o o= —
= s 3 =
N S 9 =
S S N S
= S =S =
S| S S IS5

2021102106
2021104104
2021105109
2021/06/06
2021107104
2021/08/08
202110904
20211003
20111109
202112106
0 202201104

=)
=
IS =
I N
= =
S S
e

Figure 5. Fitting and prediction results for the long COVID cases in the UK from 6 February 2021 to
6 December 2022. The vertical dashed line in purple separates the fitting and prediction periods. The
red circles represent the reported data. The blue solid line represents the fitting result and the green
solid line represents the prediction result.

5. Discussion

As stated in a recent review article, “measuring COVID-19 morbidity is an immediate
priority in this pandemic” [40]. Long COVID contributes substantially to the overall
COVID-19 morbidity, and quantifying the burden of long COVID at the population level is
important for public health planning and policy making. In this pilot study, we present
a new mechanistic model based on differential equations to investigate the population
dynamics of long COVID. Our model emphasizes the interaction between COVID-19
transmission, vaccination, and long COVID dynamics. A detailed mathematical analysis
was conducted and the main dynamical properties of the model were completely resolved.
Furthermore, numerical simulation was carried out with real data from the US state of
Tennessee and the UK to validate this modeling framework.

The two simulation studies demonstrate the utility of our modeling framework. For a
place such as the US state of Tennessee, where long COVID data are not currently available,
our model was able to generate useful information for the range of the long COVID
prevalence at the population level. For a place such as the UK, which has published long
COVID data, our model can be used to fit the prevalence and predict the future progression
of long COVID. It is our hope that more population-level long COVID data will be reported
in the near future, which will enable wider applications of our mechanistic model.

This work contributes to the quantitative and predictive studies of long COVID,
which are emerging but still in the initial stage at present. Our findings add quantitative
knowledge for the transmission of COVID-19, the progression from acute infection to
long-lasting disorder, and the population-level prevalence and burden of long COVID.
These results can be used to provide helpful guidelines for the public health administration
to engage in science-based long COVID management and resource allocation, and for
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healthcare providers to target early intervention strategies and facilitate the timely recovery
of long COVID patients.

The current model can be extended in several directions. For example, we may refine
the model structure by adding another compartment to represent hospitalized COVID-19
patients who typically exhibit severe illness from acute infection and who are more likely to
develop long COVID [6,7]. In addition, there are a number of other factors associated with
COVID-19 patients that have been linked to an increased risk of long COVID, including
the presence of underlying health conditions, the occurrence of multiple acute infection
symptoms, old age, and a high body mass index [5,25,41]. Such factors and related clinical
data may be used to improve our modeling framework.

Finally, the model proposed in this paper was built on a deterministic system of
ordinary differential equations. Several other mechanistic modeling approaches, such as
difference equations [42], partial differential equations [43,44], and stochastic differential
equations [45,46], have been used in epidemic forecasting. These modeling techniques may
also be extended to investigate the population dynamics of long COVID. It is expected that
more mechanistic studies for long COVID will be generated in the near future, and it is yet
to be seen which modeling technique will achieve the best performance.
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Appendix A

Proof of Theorem 3. The Jacobian matrix of system (1) at the endemic equilibrium X is
given by

—Bl—¢—n 0 —BS 0 0

¢ —0BI — —0pV 0 0

] = Bl 0l BSHOV)—qy—w—p 0 0
0 0 P —yL—wr—pu 0

0 0 71 -p) L —

We now use the characteristic equation, det(AIs — J), to find the eigenvalues of | where I5
is the 5 x 5 identity matrix. From elementary concepts of linear algebra, we quickly see
that det(Al; — ) is

A4Bl+¢+u 0 S
(AL +wr +p)(A+p) —¢ A+6BI+u v |
— Bl 081 Ady+w+pu—pS+06V)

Now, for the sake of clarity, let us define a, ,; to be the corresponding matrix entry excluding
any A. Then, we have
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A+ a1 0 a3
det()\Ig, — ]) I()\ +9L twr + ‘M)()L + ,’l/l) a1 A+ a2 a3
31 a3y A+azs

= A+ +wr +u)A+pu) A3+ A%x + Ay +2),

for
X:i=a11 +a2+a33,
Y i=a2a33 + a1,1422 +a1,1433 — 42,332 — 41,3431,
Z 1= a1,1022033 + 13021432 — (1,302,203, — 41,142,343 2.

We know that both (A + v + wy + u) and (A + u) have negative eigenvalues. Therefore,
to ensure asymptotic stability, we only need to prove x,y,z > 0 and xy > z to satisfy the
Routh-Hurwitz criteria.

We first seek to show that x > 0.

X=a,+ax+as3
=Bl+¢+0BI+v+w+3u—PBS+0V).

This is surely positive except, potentially, for the last term. However, since we are observing
this at the endemic equilibrium point X, (6)—(10) still hold true. Thus, we quickly see

from (8) that

TTOTE

S = ov.
p

Therefore,
BI+¢+60BI+v+w+3u—B(S+06V)

Yt+w+u

:ﬁf—|—¢+9ﬁf—|—’y+w+3y—ﬁ< B

o4 9\7)
=Bl +¢+06pI+2p,
which is positive. Hence, we have that, not only is x > 0, but from our last steps, we see
that az3 = 0.
Next, we work towards proving that y > 0 while noting a3 3 = 0.
Y =a2a33+a11422 +a11433 — 42,3032 — 13431

=a1,14a22 —4a2,3432 — 1,331

= (Bl + ¢+ ) (01 + ) — (6pV)(—6p1) — (BS)(—pI)

Thus, clearly y > 0.
Similarly, to show that z > 0, we see that
Z = 1,142,203 3 + 413021432 — (1,302,203 — A1,142,3432
= a1,302,1432 — 41,342,243,1 — 41,142,3432
= (BS)(—¢)(—0pI) — (BS)(6BI + u)(—BI) — (BI + ¢ + 1) (6pV) (—0BI)
= (BS)(@)(6BI) + (BS)(0BI + ) (BI) + (BI + ¢ + 1) (6BV) (8BI),

which is also clearly greater than 0.
Lastly, we show that xy > z. Note that
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xy = (a11 + azp)(a1,1a20 — Ax3a37 — A130371)
2 2
= (a11)%az2 + a1,1(a22)" — a1141,3031 — 41,182,303 — (13022031 — 42202303 2.

Here, we can note that xy and z share common terms: —a; 3452431, —a1,142,343,2; SO to prove
xy > z, it suffices to show that

2 2
(a1,1)"a20 + a11(a22)” — a1,1a13a31 — A20023a3) > (130,143). (A1)

Let us analyze these terms more closely. First of all, we can see that the term on the
right-hand side of (A1) is
a1302,1032 = (BS)(—¢) (BI) = p*15¢.

Moreover, we see that one of the terms on the left-hand side of (A1) is

—apa13a31 = — (BT + ¢ + 1) (BS)(—BI)
= 3125 4 iS¢ + p2iSu.

Therefore, we have a term that is strictly greater than what we need to prove that (A1)
is true as long as none of the other terms on the left-hand side subtract away more than
,83 S+ ﬁz is u. We will see, however, that this is not a problem, and in fact, the rest of the
terms will be positive additions to the left-hand side of (A1). It is easy to see that both
(a1,1)2a2,2 and a1 (a3)? are positive values, ensuring that our inequality is true. We now
look at the last value of (A1).

—a20m2303, = —(0B1 + 1) (6pV) (—0BV)
= 0B IPV + 621V,
which is another positive term. Hence, our inequality (A1) is true, proving that xy > z,.

Therefore, using the Routh-Hurwitz criteria, the endemic equilibrium is locally asymptoti-
cally stable when %y > 1. O
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