Original Research Article

MATHEMATICAL MODELLING OF EFFECTS OF NON-CLINICAL
STRATEGIES IN COMBATING TRANSMISSION OF SOMB-183-SARS-COV-2 IN

KENYA

Abstract
Cevid-19-SARS-CoV-2is a serious problem in Kenya today. It has put an unprecedented

burden on worldwide economy and public health. The rapid spread of covid-19-SARS-CoV-
2has been driven predominantly by aerosol transmissions., The objectives of this study were
to formulate mathematical models on the spread of coronavirus-disease 2019- SARS —CoV-
2 and incorporating the effects of nonclinical strategies like screening, facemask usage,
hand washing and social distancing, determine well posedness of the model, validate the
developed model and finally predict the effects of nonclinical strategies on the dynamics of
the spread of covid-19-SARS-CoV-2in Kenya. The mathematical model was based on SIRS
epidemiological classical model. In developing the model, the population was divided into six
human compartments; susceptible;. exposed, infected, isolated in hospital, at home and
recovered. The basic reproduction. number,was determined using next generation method.
The model was analyzed through ‘the determination of the model steady states. The
Jacobi matrix evaluatedqat steady state, Lyapnov criteria, centre manifold theorem, Metzler
matrix and Routh-Hurwitz. - Numerical simulations were carried out using MATLAB inbuilt
ode solver based on Runge Kutta method. Sensitivity analysis of the model parameters was
carried out using:partial differentiation of the reproduction number and also using normalized
sensitivity analysis.

From this analysis, findings showed that adherence to the containment measures and
contact tracing had the greatest negative impact on the reproduction number. It was found
through simulation that adherence to the cevid-19-SARS-CoV-2containment measures by
the population would reduce the reproduction number to below 1 hence containing the
pandemic. The findings of this study show the extent to which the nonclinical can be used to
contain the spread of eovid-19-SARS-CoV-2in Kenya. We recommended strict adherence to

containment
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{atredetionintroduction

The coronavirus disease of 2019 (covid-19) pandemic reached Kenya in march 2020 with
the initial cases reported in Nairobi and Mombasa cities according to thesministry:-of health,
Kenya. It started at Wuhan in China in December 2019. The world health organization
(wheWHO) declared_ coronavirus disease a pandemic on Mmarch:11,2020. It belongs to the
family of viruses that cause viral pneumonia and the symptoms include fever, breathing
difficulties, sore throat and lung infection etc. Zhang et al (2020).

This trend of eevid-19-SARS-CoV-2 transmission had is posing a'hig threat to global public
health. Understanding the transmission dynamics of this infection and evaluating the
effectiveness of control measures like wearing facemasks, screening, social distancing in
public places and regular hand washing is essential in‘containing the spread of the disease.
Who (2020).

Mathematical modeling is the process of describing a system using language and concepts
of mathematics. Our deterministic model took the formof differential equations with six
variables. Analysis of the model included finding the reproduction_(RO) which is the number
of secondary infections caused by a single'infected person.

Zhang et al (2020). Wang et al. (2020), brooks-et al (2021) and he et al (2020). Matuschec
et al 2020) Mbogo and Orwa (2021), Oliva et al (2020) Anthony et al (2021), bai et al (2021),
Nyamu et al (2020), Kimathi et al (2020), Katembo et al (2021) and Panovska et al
(2021),Basavarajaiah DM et al (2022) among other modeling scholars developed model for
a single intervention feaving a'gap for combined intervention measures. There was scanty
information about mathematical models, which have been developed to show the combined
effects of non-clinical strategies like facemask, screening, hand washing and social
distancing,in controlling eevid-19-SARS-CoV-2 transmission in Kenya. This study intended to
develop and analyze mathematical models to explain the extent to which the spread of
covid-19-SARS-CoV-2 is mitigated by the combined use of non-clinical strategies like mass
usage of facemask, screening, hands washing and social distancing compared to effects of
a single containment measure in Kenya. This is the knowledge gap we intended to fill.

Materialand-Mmethods

Model -BESCRIPTIONFormulation

There whole population was divided into six human compartments. These six compartments
are; S- Susceptible, E-Exposed, I-Infected, Is —Isolated at home (asymptomatic), I, — isolated
on hospital (symptomatic), R- recovered. The rate of recruitment into the population (S) is
given by []. People are exposed due to the contact rate of A, and then those infected are
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traced at the rate of y. The infected people die at the rate of (1, before testing or isolation is
done. Asymptomatic people who test positive are isolated in homecare at the rate of 6, while
symptomatic are isolated in hospital at the rate of 6;. Some people isolated in hospital die at
the rate of 1, while others isolated in homecare die at the rate of [13. People who have
recovered after treatment can become susceptible and fall sick again at the rate of © if they
are exposed to the virus. The people isolated in the homecare are taken to the hospital at
the rate of L} incase their condition worsens. The rate of recovery for those isolated in
hospital is [1; while the rate of recovery for those isolated at home care is [1,. A person who
recovers from the virus becomes susceptible at the rate of 8 and can get the disease again if
exposed. The natural death rate is p.

Assumptions of the model «

In this research, it is assumed that all people in the country are susceptible since COVID 19
is spread to all parts of the country. After recovery, people can get the disease again if
exposed and no heard immunity. There is a constant interaction of people in the community
and people who are exposed to the virus cannot transmit it unless.incubation period is over.
It is also assumed that some exposed people do not show any symptom even after the
incubation period is over and some can show later. The infected individuals after testing
positive are put into isolation in the hospital or home care hence not interacting with the
community. The other assumption is that not all individuals who are infected are identified
during contact tracing; the untraced infected people are taken to the hospital when they
develop symptoms. It is also assumed that @, a,, a; and: a, interact linearly and cannot
reduce the transmission 100%.
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Figure 1: The flow chart of the model
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Model equations
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% =Talg +Tzl; — 6F — pR
Force of infection 4 = (1 —AJA[ E+ 1 +n:ly + 7315) .79
(1.8)

Where A —{a + a; + a3 + )
NiD = 301 + E{L) + N +Ig ) +I:0) —R{D

Where N is the total population and ‘B ' is the transmissibility parameter which is a function
of ay, a,, az and a4 which are proportions of people screened, adhering to wearing
facemasks, hand-washing and social distancing respectively.

BOUNDEDNESS AND POSITIVITY OF THE MODEL
We state and proof the theorem below;

Theorem 1. The region Q given by
% = oyl + Uy (y —p+al (1.9)

is positive and invariant with respect to equations 1-6
Proof: let S(t), E(t), I(t), ln(t), Is(t) and R(t) be any solution of the system with zero or
positive initial conditions S (0) =0, E(0) = 0, 1(0)'z.0, 14(0).= 0,15(0) = 0, R(0) = 0

Using comparison theorem, we solve the equations (1) to (6) to get:

E - I.[ + HE - {!‘l _{l_ "I1.JI ﬁ' E - r..I'J.J' +?]: “H o 3315}}5 (1_10)
Since parameter [] and 6R arepositive,
S (- A6 B L Pl +13ls)) S (L.11)
Dividing both sides by S and integrating with respect to t yields
In% == ,r,;'::!l +(-DF(E+ 9T +02T; + 5575 ))dr
Substituting the initial condition S (0) yields:
S = Sfoje (PTA-DLTTIaulingdy Tnglshe = (1.12)
The same process is done to the equations 2,3,4,5, and 6 respectively to get:
Z = Wy + EEEN 2 E(0)o-Tv iz (1.13)
— 2o (u+a 48 +6,)LI(0) 2 1{0)e (WAHIR @ 20 (1.14)
T2 (e S+ T Il () 215 (0 2 (I8 2 0 (L15)
B (T w0, T () > I ()R > (L16)
ff = (p 810 ,R(t) = RD)e(ntEE = @ (L.17)




Taking the time derivative of N along its solution path yields;
:iN_d.:T_I_d_";‘_'_df_l_dFH_'_d}_q dR
de - dt o dt o dL dl o dl L

In absence of mortality rate due to COVHB-19-SARS-COV-2infection,

e m- uN (1.18)

dr

Solving the differential equation yield,

%-N > ”'L—” J— (1.19)

As—+ = .the population size N — I
n

This implies that:
litae e N(£] < T” (1.20)

And since the population must be greater than zero,
0 =Nt (1.21)

The feasible set of solutions of the system equations enters and.is confined into the region
Q for all the future time t. This proves the positivity and boundedness of the solution
Therefore the model is well posed. The dynamics of the model can be studied in Q

DESEASE FREE EQUILIBRIUM POINT
This is the point where there is no disease in the population. At this point,
E=1l=1y=1;, = K= 0andS= 0. From the differential equations 1 to 6, DFE is

n
represented by E® = {S®E?,[%ig 10 :R% = {E, 0,0,0,0,0

[

1.22)
BASIC REPRODUCTION NUMBER
We use next generation matrix method to compute the basic reproduction number denoted

by Ry as described by ©. Diekmann, J. Heesterbeek, and J.A. Metz (1990). Matrix F
denoting the new infection while V denoting the transfer of infection between compartments.

sy ":J- AVE{ E+ml+a 0y = qalc 180
0 _ 0l
F—( o = 0 (1.23) And
w0 s 0 fl
[ maE
—F¥E+P; 1
ve| _ e (1.24)

D'il_j.i‘E + ].'.ig.r_;
\—oz 1+ pyls— Lly/

Wherepy — u + v+ Clpa — (u+9. + 6 + 82 02 — {n +¢; +11 + Tyhand

Pe — (Tz—H+ezdh w5 — (F+ 1)



The Jacobian F and V are computed to yield

BL—A) Cry{1—A) PBya(1-A) PrylLl— AN

- C 0 0 0
= 1.25
d n 0 0 0 (1.25)
C 0 0 0

po |V P2 DO (1.26)

[ = 0o o ¢
_t L 0 0
-1 EiPz Ez
Vo= e = oy 1 o (L27)
PibaPgPa Paollg Ba
AP +UYFL AFL n 1

b PiEuPsla PuFaFa  PuaFfs Pa’

The largest Eigenvalue of F.V*is the basic Reproduction number which is given by

Ro = [ L= ER Y0Pt Pe(UBa o H{ B Rag + 8 2: )04l TY1ENa BN 04 1ay)
PiPuPule

F ,IHI+ [ oY |'1:|;|__.1".'+ [Hmnn Hl;l;.-1,1+ TR ufEngdn. Bng¥m  EnedVey n RV, ufngAVim,
PL  PL FiPz PiPz PiPs PiPs Pilapy PiPsly  PlPoPs EiPzly PLP-PePs  PLPiPaPs

(28)

ENDERMIC EQUILIBRIUM POINT (EEP)

Endemic equilibrium exists whenever Ry > 1 and it is asymptomatically stable, Heesterbeek
(1991 ) and Watmough (2002).To determine existence EEP, the model differential
equations 140 6 are equated to zero and solved in terms of force of infection at steady

state A* where 4% =" (1= AJF(E + my1 =maly + 7315) to yield:
Takingmp={w Il ¥ lghpr =0 I | & 18:), pa=(u 1 @3 101T]
Ps — Wz —n+é:) ps — (8+ p)

and A = [uy +uy — ug + ugd

0=J[+68R-—(u+ (1-ME(E+ 9 I +nlg + 53305 (29 1099
N={1-A10 E+9T1+9:7: + 07515 —4F (1.30)
0 =5E—p.1

(L.31)



U=>51+pk—pily
(1.32) 0 = 6,0 + Iy —pasls
(1.33)

0 =TTy + Tl —n:R
(1.34)

If we consider the infectious classes E, I, I, and Is to be positive,
From equations 30, 31, 32, 33, we have

1= [ E+n, n I}
E e (1-) B E+nl4n-19 +malg ) (1.35)
Pe

] <
Pz
(1.36)
L ougl¥pE
]].[ o —ub

(L.37)

lg =
(1.38)

oI+ UIg
Pa

Substituting equations 36 into 37 and 38 we get

Ip o< —B— (1.39)

o S THH (1.40)

Substituting 39 into 40.yields

I; < (6,2 + 122~ 0F) —ps (1.41)
p: By

Substituting<equations 36,39 and 41 into 35 yie

E<{{l-aAl Ml m:—f — N4 ;IpE +(ne ﬁ:;—lf +Llﬁ;—lp[i} + i d+pl  (L42)

On simplifying equation 42 and factoring out E, we get

E<

[i _ E n Bg.¥ _ |'-€:l;|-_-’|"|"_ [Fmgp _ [Hmadn n ufing o _ LFEngAr n Hnaim _ 4 A, n LREng¥ery _
FL FL Fips Fipa FiPa FiPa FilFEMs  MLPEMs MipaPs PiFods Hilapaps

uflg Yoy

PPl oPs

‘ E (1.43)
Dividing both sides by E yields

1<
£_ El_i_ Eng¥  faud¥ + Brop _ fuzde + ungp _ ufngds  fng¥ey  frod¥ey + alngiey  uflngd¥oy
P Py Eafln Pyl Eilg Eilg PalaPy Ealgl, Pilaby Palady PiaEaPa PilaEaPa
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T.herefore from equation (44), Ro> 1

This shows that the endemic exist and is positive.

LOCAL STABILITY OF DISEASE FREE EQILIBRIM (DFE)
Local stability of the model is investigated using the theorem by Carlos (2001)

Theorem: The DFE (E”) is locally asymptotically stable if Ro< 1 and unstable if Ry > 1

Proof. To prove the theorem, we obtain the Jacobian matrix of the system of equations 1 to 6
as to get:

(_!J (1—A0 (l—Any (1—An, (1-Afny @ \
0 1 A p (L B (1 Alfmy (1 Az 0
— 0 }’ _P: C a 0
Je = 0 " iy —jr 0 4] (1.45)
K 0 0 B2 I Pa 0
u 0 0 1o 12 _}-".=.’H
One of the eigenvalues is —u.
The other matrix becomes:
M1 A ey (1 Afm (1 Ay (1 AEny  C \I
¥ Pz u J L
‘ f fiy —m 0 f | (1.46)
C B2 i) S C
\ U i Ty T —ps_fl

The characteristic equation was obtained from (46), based on parameter » and the resulting
polynomial is;

(=2 —po ) ((—s — ) (l—20 — puN—fFec +2e® + Bud — xp) — fo, + upy + BAp, +pyps —
Byny + Bydn ) = F{L—A)(pa + plpt ppzing) — B(1 — A)(Lpx + Uy6, +yx6; + Uep; +
¥Oapainia)

=0 (L.47)

Equation 51 can be:written as

U pedilom woed (U 2 o) {Kx? | B | E3) =10 (1.48)
Where K, =1

Wo = (—=fF+ A+ + po+ fO — Ajp — G0 — AT + yhg )i

I-‘l.rg =

(—fp, + BAp, + oo — By + 6 )+ 8 (1 — A8, + ppa ) )— G(1 —A) (L5, +
Upp, + yo:p3) 173)

_ PaPatapy (—ootdpatoopa -y by Hll-dlglap o dyey) —(1-4) :‘i'a_'-:U-‘:‘P:.+u]"5'_+]"P55:::| R

K - -
8 (L—iypaparatuaipa(mytpgal trengity(mynotenghe]




(1.49)

From the expression (49), we apply Routh - Hurwitz Criteria where the solution of [J should
have negative real root iff

Ki>0,K; > 0,K; >0and K; K, > K;. In our case K; is positive because it is a positive
constant. K, > 0 because only —f is negative and (54 +py +p; + f{1 —dAip) >

A1 — AY{(Llp + ¥ G2). The product of K; K, > 0 since both are positive and if we choose R <
1, then K; K; > Kj3. For K to be positive, 1-R, must be positive. This means that Ry < 1
hence DFE point E° is locally asymptotically stable.

GLOBAL STABILITY OF DFE

Global stability of the model is investigated using the theorem by Carlos (2004).

Theorem: The fixed point Uy = (X*,0) = (ﬂ, 0,0, 0, 0, 0) is globally asymptotically stable, if

n

Ro < 1 is locally asymptotically stable and assumptions (H1) and.(H2) are satisfied.

PROOF: The equations (1-6) are written in % =G (X,2), E =.F(X,2) , where X represent

the disease free class R while Z = ( S,E,l ,l4 ,Is) represents the disease infected classes.

G(X,0) = 0. Up= (X*,0) = (E ,0,0.0,0,0) denotes the disease free equilibrium (DFE) point
1

of the model. The conditions (H1) and (H2) are:

(H1) for E = F(X,0), X is globally asymptotically stable. (H2), G (X, Z) = AZ - G(X, 2),

G(X,Z) 2 0 for (X,Z) € R% where A = D; G(X,0).is an M-matrix (the off diagonal element of A
are nonnegative) and R®, is the region where the model makes biological sense.

In our case, F (X,0) =([1-uR),X=(R)and Z=(S, E, I, Iy, Is)
w1 A8 el AN (1 AlBnn (1 A)Bay

¢ A-DE—py L-A)fn (1-A)fn. (1-4)f0,
A= ‘ C ¥ B, C ] | (1.50) Az
C Iy 0 —¥3 0
\ ¢ 0 B I pe !
/—Hu5 + {1 —dIFE+{1 <A Sl + (2 — Afnaly, ~ (1— A)fnalsy
[ (1 =1 =ptE+ {1 — DL+ (1 — A)@nady + (1 — Dfyade
= yE—p.l (L.51)
PE+ BT —p:1y
b Gal+ gy — pads /
S+ (1L —DFE+ (1 — DR+ (1 — Dy + (L — A)Ensls
(L—AF —pE+ (L—A)Fn I+ (L — A)Fn Iy + (1 — A)Fnal;s
G(X,2) = yF—p:l (1.52)
pE &l paly
v Bl + Ulg —pyls s

G(LI) = AZ G(%Z
(1.53)

|
=



Since X <N, i;_s 1, then G (X, Z) = 0. This implies that the second condition of H2 is

satisfied. Thus, (X*= [, 0, 0, 0, 0,) is globally asymptotically stable equilibrium of
K

22 = F (X,0) when Ro< 1

At

GLOBAL STABILITY OF ENDEMIC EQUILIBRIUM
For the system of equations (1-6) we propose the following Lyapnov function K(S, E, I, I, Is,
R) =
S-S 4 v (F—F —F'm=) <y —1" —1"In2) + (0, -1 —1;m2) +
g E I II‘I

Yalls I —I’éln:—;.} + 7R R -R'In>)

Where: yi1, Y2, Vs, Y4 and ys are constants to be determined.
The Lyapnov function K(S,E,l I,1s,R) satisfy the conditions
K& E*r I Ie,kR* ) =0 and

K{S,FILI;. Iz, R) = 0OHence its positive definite for

AN HLIHISH)

— -(1.54)
To be negative definite, it must satisfy w =0 (1.55)
And  SREETIRLRY (1.56)

di

The EEP (E*} — (5*,E* I',1;, .1, R"* ifor the system satisfy
I — {p+ A5 —oR
AT = oy T
YE* =pol
paly =07 | pE
Pl = o, "0+ LI
P ™ [+l
dki8,E,1.T;; .1 . R) =

£ A% o . dlg

. &S L opq B R L. I dr P . _I5Alg
-7l +tnll- o +wmil- )+ sl rHJ' o Tl . o) T
¥o

(1.57)

Substituting for =, £E 4t i 25

=1 LI
=, —, : and — into 6, to get
de’ dt dt’ &¢ dr de



(- ['[+|4R—(|J+il}|"+).l{1——:l{i’i'—;|1 |+_1{1——H}fF'—
R f,:':f‘a - %} BU + pE—psid) -y (1- ,—} (02l —py i5) + y5(1—
B 5

T.‘. (TUH | T2IS pl)
(58)

Let (1 -A) =M, The force of infection
A= ME(E+m!+g.dy + 5.l =MZE+MEn! +MEn 1y + MGl

And when we let

B o= —MBE + y; MBE
= —-MBg I +y, M3n.1

Igy= MEnlyg | vaMEnaly (1:99)
Ig = —M3n3l; — v MEn1;

dK

(S,E LIy .Ic R)= uf* | A5* | gR® { MBE by MBEIA MEnr ! |
vaMBmI-TMEnaly +raMAn - —MEnl: + 0 MBn 1)+ 9B — pS +
= ps —5—15”—:—t?R”+:—ER—5?LL+j—AS+1-‘L AS- . pE —y 0 25 +

o
g RLE_} }”f’ —¥ipPz —}__r}’f’ +}"_P [ +yg0:d —y; p & _} Palg—

iy Iy
wE gl v EpE v Epl, tue Lo —ve Tl +ys 2 ple +
¥a " ) '}1 F" .np"" v Gl W paly 4“,0' }4 P Paly
] e
v Talp + }"5'[::7; - ¥R —aoy ?'[:'.Lfif +

o o+
Ys—0 Tals- Yo mR
(60)

From (60) we determine the values of y;, y» Vs, Y4 and ys and separate positive from
negative partsto yield;

P o= S AT RBRE 1 BR T w RS 3 A8 1y o mE |y vE |
a IT-.I-':] =gyt vy pE 4+ vg I.% valy twmuvad +1y Ilir vl +xeTily +2eTals +

¥s g wz's
(1.61)
g — —0F — pns — :L.!'-'—— .'5-”‘ - — 1.5'“——1?1?“—}1;11}:—11 ..15' -

e
¥ ]”’ r- J"’_ VR —yapaly — g f_; "-‘_1.F —¥a I__Iﬂ‘ F—yynglsg — I_.s' gl - ¥ PR —

R
,5 I Life =75 ) PsH
(62)



The % =0 holds onlywhen (S=S,E=E’, I=I, ly- I4* Is=Is* R = R*) so that maximum

compact invariant setin (S; E; 1) £J1 : % =0is a singleton E- " using Lasalle’s invariant

AL (SIAN

principle < 0if and only if P > Q (Mukandavire eta al 2010). This results shows that

COVB-19-SARS-COV-2 would persist whenever P > 0 irrespective of the initial conditions.
And if Q > P, the disease will die out irrespective of initial conditions.

BIFURCATION ANALYSIS OF THE MODEL
The Centre Manifold Theorem by Carlos (2001) is used to investigate the nature of the
bifurcation of the model. Let S=x; E =X, | = X3 It = X4, It = X5 R = X,

Then N = X1 + X2 + X3 + X4 +X5 + Xg. (1.63)

The model can be written as

? =F (X) With F = (f,f, fs f4 fs, f5) and

i x- ) Y

Tll =f=]l-%xb—{u+ {1 MF{x +ax +0xaF Haa)la
el

Az, ) . . :

T o=l AF{xy +mpxg ey +na6)x Py

8 e o v —a

P =Jz= Viz —bai; (L.64)
daa

o =f = @r; + pyy —pyyy

dxg g

T fo —oaxg —parg

dxy

—fo—Tixy +Taxg=ps xc
By choosing 3 = B* as the bifureation parameter and investigating the case when the basic
reproduction number Ro=-1, itiyields

R _ = fpgpet By enpenat U incr et Poenone b g Ve En Ve 1
o =
FLFIVIFG

B=- : FiPapsdy (1.65)
(L=dAlnmaen-dn ppapdn Vrapadppapatrnio dn: Ve, —

To investigate the stability of the model we use the following model of Castillo -Chavez and
Song (2004):

We consider the general systems of ordinary differential equation according to Chavez et al
{2001} with parameter 3

2 —f(x, ), R"xR — Rand f € C? (R" xR),

ar

Where 0 is the equilibrium point of the system (that is, f (x, B) = 0 for all ) and assume that;



[
o

Al: A=Dxf(0,0,0,0) = (:—; (0,0,0,0)) is the linearization matrix of the system of equations

(1)to (6) around the equilibrium 0 with B evaluated at 0. Zero is a simple eigenvalue of A and
other eigenvalues of A contain negative real parts:

A2: Matrix a has a nonnegative right eigenvector w and a left eigenvector v corresponding to
t he zero eigenvalue. Let f, be the k™ component of f and

S
carpeda

p— i
&= gyt Vs Wi Wy

(0.0,0,0) (1.66)

Iy

= (0.0.0.0) (167)

b= ;:,-=L{:n4n-ﬂ4ﬂ}”k wr;

[
dxpd

The local dynamics of the system around O is totally determined by the signs of.-a and b
obtained above.

Eigenvectors of Je = Jg. The Jacobian of the model at 3 denoted by, Jg has a right
eigenvector denoted by w = (wy, Wa, W3, Wy, Ws, We )T given by:

‘]B:

fn (1—A)F ':;| —A)iy (1 —Ajfne (1-A)fgy .6 '\I'I ny \I 70
¢ (A-MAf-p A—-AFm A-Afnx A=Ay 0 ( wa 0
C ¥ P 1] 0 a W _|l 0
U P By —P; U U we | T LD
0 0 fia 1 —Ta 0 Wy, 0

\ o 0 a e T, _pg_(?l \ W N/

(68)

From the equations of 68, we get the nonnegative eigenvector w as shown below;

1—A)gw, + (1 —AFg . +(1 = AIEnw,+ (1 — A)Fg; ws + 5wy

Wy —
B
{1 —Mfgwet (2 —AdFnaug + (1 — Al Fiyguwg
Wa = - T =0
-t
-
Wg = _P % ol
B
Wi, — 7,
w, = PR =Yy g
E
gawg + Lw,
Wy — ;L‘i e
Dy
Towy + Taw
e — = 3 T Taws _—
¥e

The Jacobian matrix also has a left eigenvector denoted by v and is given by v = (v, V2, V3 Va,
T
Vs, Ve)



" 0 D0
(1-Ag (U-ANE-p v p 2
(1-Mfq (A-Adfp  —p2 & € D vy i
(1 g, (1 Afn, D B3
(1-Mfqs  (1-Alfys L 0

l\ g 0 0 0

Solution of equation (69) yields;
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The signs of a and b is found as follows:

a

o -1
Vi W -4-}' ax 'L.".'X'_J
fork=2; i, ,j=1,2,4, (1.70)

The summation of the set.of equations (70) gives the value of a which is given by;
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Finding the value of b according to Theorem 3 of Chavez et al {2001}, we letk=2,i=2, 3,
4,

d° fe

For Vi w; w;
dary dar

to generate the set of equations which are added to get the expression of

b which is:
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Therefore, from theorem 3 item iv, 3 changes from negative to positive. 0 changes its
stability from stable to unstable. There is a corresponding change of stability from a negative
unstable equilibrium to a positive and locally asymptotically stable equilibrium.

SENSITIVITY ANALYSIS OF THE MODEL

Normalized Sensitivity analysis of some parameter was done using normalized:sensitivity by
Chitnis et al (2008) to determine the one with greatest impact on-the reproduction number.
The values in table 2 are used to generate sensitivity indices by substituting.them in the
partial derivatives obtained from Normalized sensitivity analysis.

Table 1 : SENSITIVITY ANALYSIS

parameter description sensitivity.index e { Formatted Table

(o2} Rate of isolation of infected
people (symptomatic) into

hospital 000429

Rate of isolation of infected
Oy, people (Asymptomatic) into

the homecare 0.02431

Ta Rate of recovery of infected

eople isolated in hospital
PEURIg g P -0.0115868

T2 Rate of recovery of infected

le isolated in homecare
NP -0.0081

(S) Rate of reinfection after
recovery

Percentage of people adhering
A to COVID-19-SARS-COV-

. -2.4519042
2containment measures

Y Rate at which exposed
individuals who get infected

are traced. -0.6636.




Numerical Simulations

Table 2: value of parameters and their source references

parameter | value Reference

M 0.026#8 KNBS(2020)

U 0.00509 KNBS(2021)

Y 0.75 Ministry of health, Japan (2021)

S] 0.067 Maria et al (2022)

8, 0.001 Mbogo et al (2021)

. 0 Kimathi et al (2020)

i3 0.032827283 Mbogo et al (2021)
Sickbert et al.(2005)

& 0.15 Silverstein et.al (2020)
Chen etal (2020)
Silverstein et al (2020)

o, 0.85
Chen et al (2020)

0.2 Assumed

U 05 Assumed

TL 0.698 Kimathi et al (2020)

T 1.0 Kimathi et al (2020)

B 0.0000598 Estimated

ny 0.019958 Ngari et al (2020)

N 0.0562 Sebastian et al (2021

s 0.075% Assumed

%y 0.25 Assumed

e 0.25 Assumed

{ Formatted Table




iz 0.25 Assumed

s 0.25 Assumed

TABLE 3: INITIAL CONDITIONS IN EACH COMPARTMENT

S 47,564,296 KNBS (2021)

E 21,879,576 KEMRI (20200) October brief

| 2,844 Ministry of health, 215" December 2021
[y | 426 Silverstein et al (2020)

Chen et al (2020)

2,844 Silverstein et al (2020)
Chen et al (2020)

R |159 Ministry of health, 2137 December 2021

FIGURE 2: SUSCEPTIBLE POPULATION AGAINST TIME (IN DAYS)
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The susceptible population will decrease sharply and within a very short moment due to the
effects of the containment measures. This is exhibited by the curve which has a negative
gradient.

FIGURE 3: THE EXPOSED POPULATION AGAIST TIME (IN DAYS)
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The rate of exposure will gradually decrease as shown by the negative curvature of the
graph. As more people continue to adhere to these COVB-19-SARS-COV-2containment
measures, the disease will be suppressed and it will die off.

FIGURE 4: DAILY €OMB-19-SARS-COV-2INFECTIONS AGAINST TIME (IN DAYS)
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The number of infected decrease sharply due to adherence of the COVID-19-SARS-COV-
2measures among the population. This is exhibited by the negative curvature of the graph.

FIGURE 5: DAILY HOSPITALISED COVID 19 CASES AGAINST TIME (IN DAYS)
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The change of the gradient of the curvature of the graph from positive to negative after the
maxima shows that there would be increase in the number of people who will be taken to
hospital for treatment since the disease is still persistence in the population but once the
containment measures are adhered to by the people, the number of people taken to hospital
will start decreasing since the transmission will be contained.

FIGURE 6: DAILY HOMECARE ISOLATION CASES AGAINST TIME (IN DAYS)
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There is decrease in the number of homecare isolation with time. People without symptoms
will not need to go for home isolation since they cannet transmit the disease if they are
strictly following these measures meant to contain the pandemic.

FIGURE 7: DAILY RECOVERED COWR-19- SARS-COV-2CASES AGAINST
TIME (IN DAYS)
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The graph shows that there is increase in the number of recovered patients since those who
are in hospital treatment or home treatment will continue to recover and once the infection is
suppressed, the number of the daily recoveries will also reduce consequently.



SIMULATION RESULTS SHOWING EFFECTS OF NON-CLINICAL STRATEGIES

INFECTED CLASS:
~10° With no containment measures in place
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Figure 8: infected class with no containment measures

There is increase in reported infected individuals with time due to lack of containment

measures.
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Figure 9: daily eowvtd-19-SARS-CoV-2infections with containment measures in place
The number of infected decrease sharply due to adherence of the COV4B-19-SARS-COV-

2measures among the population. This is exhibited by the negative curvature of the graph.
Exposure is due to the contact between people who are infected and those who are not. This
contact is reduced when people start adhering to social distancing, facemask wearing,

screening and hand washing.



HOSPITAL ISOLATION:

6 ~« 108 With no containment measures in place
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Figure 10: hospital isolation with no containment measures in.place

Symptomatic COVID-19-SARS-COV-2cases will continue pilling up with time in the hospital.

This is due to continuous increase in infection in the population.
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Figure'11: daily-covid-19-SARS-CoV-2hospital isolation with containment measures in place

The change.of the gradient of the curvature of the graph from positive to negative after the
maxima shows that there would be increase in the number of people who will be taken to
hospital for treatment since the disease is still persistence in the population but once the
containment measures are adhered to by the people, the number of people taken to hospital

will start decreasing since the transmission will be contained.



HOME ISOLATION CLASS:
=10 With no containment measures in place
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Figure 12: home isolation with no containment measures

| There is increase in the number of COVID-19-SARS-COV-2cases with time among the
asymptomatic individuals. This is due to increasing number of infected peaple in the
population.
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Figure 13: daily homecare isolation with containment measures in place

Home treatment was for people with mild symptoms. The graph has a curve with continuous
negative gradient showing that the people isolated at home decreases since those were
there:have ‘recovered. There is no increase in the number of people in the compartment
since those'who are recovering are more than those who are getting the infection. People
without symptoms will not need to go for home isolation since they cannot transmit the
disease if they are strictly following these measures meant to contain the pandemic.
Continuous adherent to these COVAB-19-SARS-COV-2containment measures suppresses

the disease completely.



Recovered Class:
~107 with no containment measures in place

16
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Figure 14: recovered compartment with no containment measures in.place

| There is continuous increase in COVID-19-SARS-COV-2recovery cases with time. This is as
a result of more infected people recovering from the disease in the hospital and home
isolation on daily basis as a result of treatment.
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| Figure 15: daily recovered eevid-19-SARS-CoV-2cases with containment measures in
place

The graph shows a curve that is having a positive gradient, proceeds to maxima and later
the gradients is negative all through. This shows that there is increase in the number of
recovered patients since those who are in hospital treatment or home treatment will continue
to recover and once the infection is suppressed, the number of the daily recoveries will also

reduce consequently.

EFFECTS OF EACH CONTAINEMENT MEASURES ON EXPOSSED CLASS



| The four COVID-19-SARS-COV-2containment measures (screening, social distancing,
hand-washing and facemask wearing) were meant to reduce the contact rate between the
infectious people and those who are not affected. This effectively reduces the rate of

| exposure. The four COWB-19-SARS-COV-2containment measures were simulated to
investigate their individual effects on the exposed class compared to their total contribution
when they are combined together (A). It was assumed that they had equal contribution in
reducing exposure to the disease hence each was given a reduction rate of 1+ 4 — 0.25.
The combined contribution for the four is 1.
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Fig 16b: Effects of hand washing vs

Figure 16a: Effects of facemask vs effects
effects of A On Exposed class
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Fig 16d: Effects of screening vs

Fig 16¢: Effects of social distancing vs
Effects of A on Exposed

Effects of A on Exposed class
class

The simulation result shows that each containment measure causes reduction in the
exposure to the disease but none can contain the pandemic alone. The graph shows that no

individual measure is reducing the exposure to zero.

The combination of all four measures has an effect of reducing the exposure to zero. This is
exhibited by the graph in red color on all the four Cartesian planes.



Results and discussion .

The model was found to be well possed and stabilities existed. In absence of the use of
these preventive measures, the basic reproduction number was found to be 4.0682. This
means that COMIB-19-SARS-COV-2will persist in the community. Isolation is not enough to
stop the spread. In order to decrease the basic reproduction number to below 1 hence
suppressing the disease, it can be calculated from the Reproduction number equation that at
least 75.42% of the population must adhere to these measures which are meant to curtail
transmission. From table 1, it was found that A has the greatest negative impact to the
reproduction number (-3.251) followed by y (-0.8848). This shows the need to emphasize on
adherence to the containment measures in addition to contact tracing.

Each variable you should elaborate the result part and describe the salient findings of
formulated model.

{ Formatted: Left

Conclussion < { Formatted: Left

Our task was to develop a mathematical deterministic model:of the effects of screening and
non-clinical strategies like social distancing, hand washing and use of facemask on the
transmission of COVB-19-SARS-COV-2in Kenya. Figure one shows the flow chart of the
model detailing the six human compartments that makes up the whole population. The
progression from one compartment to another is shown.- Boundedness and positivity of the
model was done successfully. We determined theitwo equilibrium points; Disease free
Equilibrium and Endemic Equilibrium Points of the system. The basic reproduction number
was determined using Next Generation Method. The model was analyzed through the
determination of the model steady states. The stabilities of steady states analyzed based on
reproduction number using: signsof Jacobi Matrix evaluated at steady state, Lyapnov
Criteria, Centre Manifold theorem, Metzler. matrix and Routh-Hurwitz. The stabilities
analyzed were; local stability of the DFE, Global stability of DFE and Global stability of
Endemic Equilibrium. Bifurcation analysis was carried out using Centre Manifold Theorem by
Carlos Castillo-Chavez Z. F..(2001). Numerical simulations were carried out using MATLAB
inbuilt ODE solver based on Runge Kutta Method. Sensitivity analysis of the model
parameters was carried out using partial differentiation of the reproduction number and also
using Normalized, sensitivity-analysis. From this analysis, findings showed that adherence to
the containment measures and contact tracing had the greatest negative impact on the
reproduction number. Erom simulations, it was found that the rate of infection is highly
reduced as a result of adherence to the combined containment measures (A\). No single
intervention it was found through simulation that adherence to the combined eevid-13-SARS-
CoV-2containment measures by the population would reduce the reproduction number
hence containing the pandemic.
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