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Abstract

The novel SARS-COV-2 has since been declared a pandemic
by the World Health Organization (WHO). The virus has spread
from Wuhan city in China in December 2019 to no fewer than 200
countries as at June 2020 and still counting. Nigeria is currently
experiencing a rapid spread of the virus amidst weak health system
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and more than 80% of population leaving on less than 1USD per
day. To help understand the behavior of the virus in resource lim-
ited settings, we modelled the outbreak of COVID-19 and effects
of control strategies in Bauchi state at north-eastern Nigeria. Using
the real data of Bauchi state COVID-19 project, this research work
extends the epidemic SEIR model by introducing new parameters
based on the transmission dynamics of the novel COVID-19 pan-
demic and preventive measures. The total population of Bauchi
State at the time of the study, given by is compartmentalized into
five (5) different compartments as follows: Susceptible (S),
Exposed (E), Infectious (/), Quarantined (Q) and Recovered (R).
The new model is SEIQR. N=S > E —>1— Q0 —R

Data was collected by accessing Bauchi state electronic data-
base of COVID-19 project to derive all the model parameters,
while analysis and model building was done using Maple software.
At the time of this study, it was found that the reproduction number
R, for COVID-19 in Bauchi state, is 2.6 x 10-. The reproduction
number R decreased due to the application of control measures.
The compartmental SEIRQ model in this study, which is a deter-
ministic system of linear differential equations, has a continuum of
disease-free equilibria, which is rigorously shown to be locally-
asymptotically stable as the epidemiological threshold, known as
the control reproduction number R= 0.0000026 is less than unity.
The implication of this study is that the COVID-19 pandemic can
be effectively controlled in Bauchi, since is R<1. Contact tracing
and isolation must be increased as the models shows, the rise in
infected class is a sign of high vulnerability of the population.
Unless control measures are stepped up, despite high rate of recov-
ery as shown by this study, infection rate will keep increasing as
currently there is a no vaccine for COVID-19.

Introduction

Evidence has shown that the “speed and scope of detection of
an infectious disease, in particular, timely identification and report-
ing of a new pathogen, is a major indicator of a country’s ability to
control infectious diseases. Furthermore, the Global Health
Security (GHS) index shows that only 19% of countries have the
ability to quickly detect and report epidemics of potential interna-
tional concern, and fewer than 5% of countries can rapidly respond
to and mitigate the spread of an epidemic, and no country is fully
prepared for epidemics or pandemics just as the coronavirus dis-
ease 2019 (COVID-19) seems to have confirmed”.! The COVID-
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19 caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which originated in Wuhan city, Hubei province,
in December, 2019,? has already been declared pandemic by the
World Health Organization (WHO) on 11" March 2020.3 The dis-
case has myriad of systemic and respiratory symptoms some cases,
deaths especially among elderly or co-morbid positive patients as
hallmarks.* The rapid spread of COVID-19 through respiratory
secretions aerosol, droplets on hands or airborne transmission per-
mits its ubiquity and made it the biggest global public health chal-
lenge since the plagues of 19 century.

As at 17™ May 2020, there are 4,756,426 confirmed cases
globally about 2,609,449 had their case outcomes closed. Of these,
313,940(15%) were deaths and 1,833,037(85%) recovered cases.
Nigeria accounts for 5,621 confirmed cases, 176 deaths and 1,472
recoveries of the global burden for the same duration.”

Bauchi state in Northern Nigeria, is a major agricultural hub of
the country. It plays unique and strategic roles in the socio-geopo-
litical affairs of the country’s Northeast region as well. About 222
confirmed cases, 5 deaths and 103 recoveries of COVID-19 have
already been documented.® Bauchi state, like other 36 Nigeria’s
states has implemented measures such as closing of schools and
universities, the shutdown sports centers, suspension of weekly
Mosques and Church services, cultural and social gatherings, clos-
ing of markets periodically, implementation of a curfew from 8PM
to 6AM seven days a week, the prohibition of public gatherings
containing more than 50 people, cutting down carder of public
workers reporting for work, closing of inter-state boarders and lim-
iting number of passengers allowable on commercial buses during
intra-state travels. To what extent, these measures are helping the
control of COVID-19 spread in the state is not precisely known.

“Driven by a disease’s intrinsic mechanism or fitted through
sufficient data, mathematical models have been used to simulate
scenarios and predict evolution of infectious diseases since the
early 20th century”.! Expectedly, models will serve as means to
provide quick insights of, and predictive power on, a new pathogen
in the early stages of an outbreak, which are seemingly contradic-
tory expectations though.! Regardless, models provide stakehold-
ers opportunity to plan resources for controlling outbreaks espe-
cially in resource limited settings. Our aim in this study is to sim-
ulate COVID-19 transmission dynamics in the population of
Bauchi state Nigeria and determine the effects of control measures
in slowing the rate of the transmission.

Materials and Methods

Model formulation

This research work extends the epidemic SEIR model by intro-
ducing new parameters based on the transmission dynamics of the
novel covid-19 pandemic and preventive measures.

The total population of Bauchi State at the time of the study,
given by N(?) is compartmentalized into five (5) different compart-
ments as follows: Susceptible (S), Exposed (E), Infectious (1),
Quarantined (Q) and Recovered (R). The new model is SEIQR
(Figure 1).

N=S—FE—->I—>0—R
Assumption

o = Rate of death cause by covid-19
¢ = rate of recovery
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y = rate of transmission

f = recruitment rate

d =Natural death

m = Rate of Quarantine

d = coronavirus incubation period
T = Treatment rate

¢ (t) = incidence rate

Assumptions:

I. It is assumed that with the interstate lockdown, Bauchi state
population remains constant throughout the time of this
research.

II. Infected class move into quarantined class and possibly
Recovered Class.

III. It is assumed that mobility from Susceptible population to
Exposed class occurs only when susceptible gets in contact
with infected population.

IV. It is assumed that every Exposed and infected class exhibits
Covid-19 symptoms within 14 days

V. Death due to covid-19 occurs at the rate o

VI. Recruitment from susceptible to infected is through contact.

The SEIQR model formulation and method

d5(8) o
dE(t)
LA 81— (@ +OE
dt & )
E{{£11=()'E—(.<2+1r+ca’)."
“ 3)
d—"ﬂ =J0E —(e+d)R
dt
4
49() =eR—(d +m)Q @)
dt
(5)
The force of infection in Bauchi State is given by the
fraction
+ R+
T il ©6)
N
Therefore

S=S@), E= E@®), I=I(t), 0= O), R= R(t) thus
N@) = S@)+ E@) + I(t) + O(1) + R()

G oo o o o)

Figure 1. The new SEIQR model.
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By differentiating N(7) with respect to time (¢), we obtain:

dN@) _dS()  dE@) dl(r) dO(1)  dR(t)
&t dt dt dt dr dt (7
%:ﬁ—ysf—af.S'+y5.f—(t;r+§)E+:E—(a+r+d).f+&.'—(s+d)R+.¢.‘R—(rI+m)Q ®)

%=/}—y$l—a$+;ﬁ’.’—aEf&E#&?faIfd—JI+&‘*&R*JR+&R—JQ—mQ

)
LEF)=-;S{+;6!—dE+dF—a‘?+£R—aS—aE—M—rI—dI+dF—dR—dQ—'"Q+13
aN(r)
) _ B oS~ af —al —dl —dl +8E—dR - dQ - mQ)
WO _ 5_ a5 - (a-SE-(a+r+d) ~dR~(d +m)Q
dt (11)

Treating the equation as a vector, each derivative can be nor-
malized as follows (Victor 2020):

s E. I R ©Q (12)
s=—,e=—,i=—r=—,g==
NN TN TN
(13)
ds =l[a‘5(r}_ : dN(r]]
& N a

Substituting equations (1) and (11) into (13) gives the following:

&
dt
ds
dt

=#L"")&f"ﬂs“-‘(ﬁ—ﬂﬂf'(ﬂ—ﬁli—ta+ r+d) —dR - (d +m)Q))]
=Llﬁ—}6.‘ —aS ~(-sf—osS - (sa —s)E - (sa+ st +.\'d].‘—.\'r.‘R—(.td+.mi:{H]

N ) (14)
=as’ —a:r—ﬁs’+ﬂ—%+{a—ﬁ}.\'e+{a+r+dlsi+dsr+(d+mlxq

Ty

In the same way,

de _ | [dE(@) _ dN()
dt N| dr dr

de
dt
de 1

?=F[;m'—(a+e§'l(‘—dﬂ—m—(a—5k—[a+r+d]i—dﬂ'—[d+m]q]]
it

=l,v[)5"—(0+5}E—r(,3—ﬂs—lﬂ—-’F]E—(a+r+d}!—dﬁ'—(:.‘+m:Q)]

(15)

§=|:[a—5]f: —la+§lf—ﬁ-+ase+%i+la+r+d'}(‘f+dre+[d+mlrﬂ‘}]
it

Again we have

g:#[&E‘—(a+r+d)l-i(,ﬁ'—as—(a-6)E—(a+r+d)l—d’R—(d+m)Q)]

%:I:(|1+r-{-d)iz +(a+r+d}f—ﬁi+d'e—%+(a—a)')ie+drf+(a’+m)qi)]

d_fzi[ﬂ,,w}
d  N| dr dt
dr
i
dr

;:n’rz —(£+d)r—[ir+c)'e+%+(a—a')re+{a+r+d)r£—(d+m)qr

(16)

%[&'—(z.‘+d)R—r(ﬂ—czS‘—(a—J)E—(ct+r+d)]—dR—(d+m)Q}]

)

Lastly, we can normalize the quarantined derivative
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j—‘:=#[eﬁ'—(d+m)Q—q(ﬂ—aS—(a—c‘F}E—(a+ r+d) —dR - (d + m)@)]

[a'—(dﬂn}q—ﬁq+%+(a—§}m +{a+r+d)ig+drg+(d +m)qz)]

=[[d+m)q: —{d+m]q—,8q+a'+%+{a—§)eq+(a+ r+d]fq+drq):| (18)

Most importantly
stetl+g+r=1 (19)

Data Source and Statistical Analysis

The below system of differential equation is the formulated
model which can be solved using Runge-Kutta method because of
its apparent complexity.® Each of the variable and parameter has its
meaning and values shall be assigned to each variable as it will be
obtained from the Bauchi state ministry of health and WHO.

The SEIQR mathematical model
E:m: —m—ﬂr+ﬁ—%+{a—5}re+{a+ T4 d)si +dsr+ (d +m)sqg
% = (@ -’ —{a+§]e—ﬁe+me+%i+((x+r+d}d+dm+(a‘+m}qe

%:(a+f+d)i"+(a+r+d}:‘—,&'+&—%+{a—b‘);’e+dw‘+{d+m)qi

%:dr: —(£+d]r—ﬁ'+&+%+[a—5}:‘e+[a+ T+ d)ri=(d + m)gr
t
%=(0‘+m]q3 ~(d+m)g-Pg+a+ a%ﬂa—&')eq +(a+71+d)ig+drg

Disease free equilibrium state of SEIQR model

At equilibrium state, every component of the SEIQR model is
set to zero. That is to say, s = e= i = g = r=0; also, the derivatives
of the disease component turn zero. By truncating equation (14)
based on the descending order of the compsonent susceptible class
(s), we get

(20)

=[5
.II
=

setting
we have as? - as-fs=0
this gives an equation in the form of ox? + bx + ¢ = 0 which is

quadratic.

where A = 0, B = -a; C = -f by quadratic formula, we obtain

_ at\a’ +4ap

2a

5

The solution of the quadratic equation above can never be
imaginary or negative. It will always be positive since the param-
eter ( Rate of death caused by covid-19) can only take zero when
no one dies. Same goes for (recruitment rate). i.e (s,, s,) = (0,=) or
(5,0, 5,>0). This solution holds good in as’ - as - fs = 0.
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Stability analysis of disease-free equilibrium state

It has been established that all components are zero at this state
ieE,= (S E LR Q)=(0,0,0,0,0) By linearizing the system of
differential equation, (proposed model), given by:

fo=as’ —as—fis+ - % +{a—d)se+ (a+rt+d)si+dsr+(d+m)sg
J.=(a -8’ —(a+6)e—ﬁe+me+%+(a + 1+ d)ei + dre+ (d + m)ge
1 =(@+7+d)i’ +(a+r +d}.-'—,&'+&'—%+(a—ﬁ}ie+dr.-‘+(d+m)qri

fo=dr’—(e+dw—fr+de+ $+((x‘—§)re+((z +r+dri—(d+mgr

8 =(d +m)g’ —(d+m)q—,&;+a'+%+(&—§}m +(a+ 1 +d)ig+drg

Differentiating each model partially gives

(ii:—(a+ﬁ) {?.‘—’=U,rii'.'=0 % . rf =0

Y | de ol ar G‘?
LAY (+o)a"’= Z=0Z:-0
as Je ar aq

o o o, of, df,
o _ 9. » _l= —=0
- 0, = &k % (+r+d)-p, - 0'6’{;
% 0% =52 Fii?(“‘”'ﬁ‘%f_r:o
& e i o

i af i )
i:{l.#—(),i l}.ﬂ—s -j——-{d'+m] -f
s de ai ar

This can be written in matrix form with Jacobian J thus

—(a+f) 0 0 0 i
0 —(@+d) 0 0 g
J= i} & (@+r+d)-F 0 0
0 .l 0 —-(e+d)-p
$ Y 9 J —d+m-p
Fa+py 0 0 0 9
0 —(a+d) 0 0 3
0 a (@+r+d)-f 0 0 =0
0 s 0 ~(s+8)-f
pen=0=| ° ¢ 9 £ —(d +m)-f

i.e Det(J) = 0 and the trace of J written as Trace(J) i.e the sum of

the elements in the leading diagonal given as:

Trace(N)=~(a + f)-(a+8) +(a+r+d)- f-(e+5)= f~(d+m)- f>0

Basic reproductive number of the model

The basic Reproductive Number denoted by R, is the number
of cases that are expected to occur on average in a homogeneous
population as a result of infection by a single individual, when the
population is susceptible at the beginning of an epidemic, before
widespread immunity starts to develop and before any attempt is

made at vaccination.!0 If
I R,>1 This means infection will spread exponentially

1I. R, <1 Infection will spread slowly and eventually die out

III. R, =1 Is the threshold number.

The values of R, will guide on prevention and control strate-

gies.
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The basic reproductive number R, can be obtained using next

generation method introduced by Paul.!!

as’ —ab'—ﬂf+ﬁ—%+[(x—5}-\'e+(6+r+(f].w'+(f.s'r+{d+m)s{f
(o —8)e’ —(a(+é']e—ﬁe+we+%+{a+r+d]eﬁ+(ﬁ'¢°+(d+m}qe

(o +1+d)i* +(a+r+d‘)1—,&1—tx'—%+(af dlie + dri + (d + m)gi

Kty
Il

dr? —(5‘+d)r—ﬂ‘+&+%’v+{a—§]w+(a +1+d)ri=(d + m)gr

(d +m)q” —(d +m)g— ,&;+a’+ + (2 = 8)eq + (a + v+ d)ig + drg

Let

r '(WJH#J
e

By linearization and obtaining of partial derivatives of V; at

disease free equilibrium (E)).

av, (r+a) 0
V=
[dr &, ]} [ 0 —{r+c()J

with / <, j > m, m is the number of the class of people infected

with Covid-19 in Bauchi State.

Suppose m = 2 then it suffices to say

(o d
F_[O w]
1 0 v, e
pio| (Tra) Fl’"=[¢ djl (r+a) _| r+e)
a LI 0 e 0 -
(r+a) {r+a) {r+a)

Now by obtaining the characteristics polynomial and solving

for the eigenvalues, we have

ie
-
(r+a) =) 10 -0
g o8 01
[Fy — =0, . (r+a)
s s S L 0
|FV'—»U[= (r+a) (A0 _| t+a
e 0 A 3 e
(r+a) (r+a)
-2 i 0
[ —atf=| D =0
0 T .
(r+a)
iy +( }){+[-——-——] =0

This is quadratic.

There are two eigenvalues A, A, corresponding to the roots of
the characteristic’s polynomial, the dominant eigenvalue is consid-
ered the basic reproductive number R,. So, we have from the solu-

tion that
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R =—(—Z<1
T+a

The Basic Reproductive Number R,. given by &, =—(£J <1

means there will be a decline in secondary infections in Bauchi
state if all precautionary measures( most especially quarantine) are
strictly adhered to in Bauchi. This is apparent since the ratio of
incidence rate to the infected class is negative.

Ethical considerations

In order to ensure strict compliance with the international stan-
dard for conduct of human research, this study was subjected to
and granted ethical approval by Bauchi state health ethics research
committee. Since the study used secondary data, we ensured strict
confidentiality by removing names and any identifier before data
analysis.

Results

At Diseases Free equilibrium, S= E= 1= Q= R=0, (that is
to say at time t = 0, the various population classes are zero.

R 0

B

r=te—— =,
N 7.468016

P AN N
"7 N 7468016
E, 0
¢ =N " 7468016 "’

S, 0

5, ==t se———— )
" N 7468016

and
showing s, = e, = i,=¢q,=r,=0

Data
Data are presented in Table 1.

Susceptible class model solution

%:m’ -a\'-ﬁv-ﬂ-ﬂ—z:'-\—;-+(a‘-(?).\‘{'-l-(a+r+d].!'f+d.\'r+(d+url\'q

I‘j:d! =f[a;u" —os— s+ fi- ':.' 4 (a = d)se+ (a+ 1+ d)si+dsr + (d + m)sqldr

s(1) = as’t = ast - fst + ft - %! + (@ = 8)set + (& + 1+ d)sit + dsit + (d + m)sqt + elr)

si=c=0=c=0
€2y

Equation (21) is the solution of the susceptible class model and
the values of all the variables are already known . What changes
however is time which runs from 0 to 14. i.e. (0 <¢<14). 14 is
not taken arbitrary as the upper boundary of the interval, it is taken
because the virus is said to manifest within 14 days. For every
value of 7, there is a corresponding value of s(z) (Figure 2).
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Exposed class model solution

%={a—z)')e: —(a +d8)e— fle+ ase + %+{a+r+d}d+drc+{n‘+m)qf

de

pid

I?n‘r=j|{a—r>'}a’ —m+5]e—ﬁc+a:se+%i+[u+r+d]e€+dra+{d+m)qe]dl
[t

elt)=(a —f)']p:.f — (@ + &)er — fiet + aset +ﬁf + (e + 1+ d)eit + dret + (d + m)get + k(1)

e(0) =k =0 at time t = 0|

Infected class model solution

di
dt

(22)

T=m+r+d}r‘1 +(a+r+d}f—,&'+&'—%+{a—§)ﬁr+n‘rﬁ+(n‘+m]qﬁ

%dt:j[(a+r+rf}f’ +[0‘+r+dlf—,&'+&—%‘:+{ﬂ—5!ff‘+dﬂ+(d+ﬂl]qu‘l

i(y=(a +1+d)i’t + (o +r+d)it - Sit + det — %: + (e —d)ier + drit + (d + m)git + u(r)
'y

i0)=0=ulo)=0.
Susceptible Population in Bawchi
0.0003
g 00002
000011 . e i

-

(23)

Figure 2. Graph of Susceptible population in Bauchi state.

Table 1. Derived model parameters.

o 0.000001133 BSMOH (2020)
Y 1.000000 Worked

® 0.00000187 Worked

) 14 days WHO (2020)
d 0.000929 NBS (2020)
N 7,468,016 NPC (2020)
3 0.631 Worked

q 0.000000536 Worked

m 414 BSMOH (2020)
B 0.1375x 10-5 Worked

S0 0 Worked

io 0 Worked

€0 0 Worked

) 0 Worked

qo 0 Worked

T 0.632 Worked
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This explains that at diseases free equilibrium, no one was
infected.

Recovered class model solution

%:d’r: —(£+d]i'—ﬂ'+¢i=—$+(a—6}1’e+(a+r+d]ri’—td+m}qr

f%n’::j[dr: -(s+d}r-,’}r+&-%§ + (@ = &yre+ (e + v +d)yri = (d + m)qrlde
'y
Pty =dr’t = (& +dYrt = frt + St - %-‘ + (@ = d)ret + (@ + v+ d)rit = (d + m)grt + y(r)

H0)=0=(0)=0

24

Quarantined class model solution

%=[a‘+m}q: —(d+qu—,‘3q+a?‘—%+(u—b‘}m+(a+ r+d)ig+drg
I%df=‘|.[(d’+m]q" —{d+m]q—ﬁq+a‘—%+(a—e§}eq+[a+ T +d Yig + drgJde
q{t:l=(f.'+m}q*.-—{d+m]q:—ﬁqr+m—9§£.-+[a—zi'lfq.-+(u+r+d)iq.-+rfnqr+“ﬂ]

q0)=0=w(0)=0
(25)

Discussion

From Figures 2 to 5 the graphical representation of every
model is shown. The values used in the models are provided in
Table 1. As seen in Figure 2 as soon as the disease was recorded in
Bauchi, the number of susceptible people increased rapidly as the
graph raises up away from the horizontal axis. Figure 4 shows the
infection is increasing exponentially, as reported in previous liter-
ature by Lian et al.!2

Again the models shows there is a high possibility of decline
in infection rate because the ratio between the incidence rate and
rate of population quarantined is

@
T+a

R, =0.0000026 <1 R, =(

)<1=26x10"<1.

The basic reproductive number R, = 0.0000026 < 1, which is
close to zero can be possibly made zero if quarantine regulations
are strictly adhered to. Studies have consistently found the major
determining factor in containing an out-break is the low reproduc-
tion number.'3

In Figure 6, which is apparently the most important graph of
our models, shows the relationship between infected and quaran-
tined class. As the graph presents, the dash line stands for quaran-
tined and the solid blue line represents infected class. Previous
studies have documented the effect of quarantine on the spread of
COID-19 infection.!* Until the quarantine regulations are taken
seriously to the point where the dash line moves upward to meet
the blue line, the infection will soar. The dash line is raising but not
as rapid as the infection rate. The rate of quarantine must be
increased.

Conclusions

Contact tracing must be taken seriously because the models
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elt) 0

[T
L=,

10

-0.0005 1

-0.00104

-0.0015-

Figure 3. Graph of exposed population in Bauchi state.

Bebavicr of the Infection class in Bauchi
0

0.02

alt)
0.01

0.0084

"
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=

Figure 4. Graph of infected class in Bauchi state.

Behavior of the Recovered class in Bauchi

002

001
0.008

0.006

o0 S

Figure 5. Graph of recovered population in Bauchi state.

Figure 6. Graph of effect of quarantine on infected population.
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show the rise in infected class is a sign of high vulnerability of the
population and lack of vaccine. Unless quarantine is done ade-
quately, despite high rate of recovery, the rate of infection will
keep increasing in the absence of the COVID-19 vaccine at the
moment.

Limitations of this study

The models we developed in this study are only true to the
extent of the validity of the information at our disposal at the time
of the study. However, the COVID-19 pandemic is still ongoing
and the infection matrix is still emerging. Mathematical models
depend heavily on the plausibility of their structure and simplify-
ing assumptions and on the availability of estimates for their
(main) parameters. The latter, in turn, limits model complexity as
a lack of suitable data argues for a coarser model”.!5
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