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ABSTRACT

This study developed a seven-compartment COVID-19-pneumonia model This
study develops a seven-compartment COVID-19-pneumonia model to assess the
combined effects of pre-variant vaccination and antiviral therapy on transmission
and pneumonia progression. The basic reproduction number was derived using the
next-generation matrix, while equilibrium, stability, sensitivity, uncertainty, and
Laplace-Adomian analyses characterized the dynamics using initial conditions
from Osogbo, Nigeria. Vaccination and antiviral therapy jointly reduced infection
and pneumonia burden; 60% vaccine protection with 40% antiviral uptake
prevented more than 70% of projected pneumonia cases. Transmission, vaccine
protection, and antiviral suppression were the dominant parameters. Coordinated
deployment can therefore reduce severe disease and support COVID-19 control in
resource-constrained settings.

1. Introduction

The emergence of SARS-CoV-2 in December 2019 triggered a global health crisis. COVID-19 presents
with variable clinical outcomes ranging from asymptomatic or mild infection to severe viral pneumonia and
acute respiratory distress syndrome [1, 2]. Viral pneumonia, driven by viral replication and dysregulated
immune responses, remains a key contributor to morbidity and mortality, making it crucial to understand
its progression for clinical management and health-system preparedness. SARS-CoV-2 variants differ
clinically. Wuhan strains caused marked pulmonary disease [3, 4], Delta increased transmissibility and
pneumonia among unvaccinated individuals [5], while Omicron favoured upper-respiratory infection but
remained dangerous to older and immunocompromised people [6, 7, 8]. COVID-19 pneumonia results from
epithelial injury and excessive inflammation, causing hypoxemia and elevated CRP, ferritin, and D-dimer

[9, 10, 11].
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Severe outcomes are linked to age, comorbidities, high viral load, and delayed care [11, 12]. Vaccination reduces severe
disease, although immune-evasive variants weaken protection against infection [8].

Early antivirals may reduce viral load, corticosteroids improve survival, and remdesivir has variable efficacy [13, 14],
especially where intensive-care capacity is limited.

SEIR-type models have incorporated variant transmission, pneumonia, hospitalization, and recovery to estimate
reproduction numbers and key control parameters [15, 16]. LADM provides rapidly convergent series solutions for
nonlinear epidemic models [17, 18]. However, vaccination and antiviral therapy are rarely studied jointly [15, 16].
This study therefore models their separate and combined effects on infection and pneumonia, identifies influential
parameters, and determines thresholds for reducing pneumonia and protecting healthcare capacity.

2 Methods

2.1 Model Formulation

The model considers COVID-19 transmission and pneumonia under variant infection, partial vaccination, and antiviral

therapy. The population comprises susceptible (S), exposed (E), mildly infected (1), variant infected (I,),

pneumonia ( P ), treated (T ), and recovered ( R ) individuals. Vaccination reduces severe disease [19, 7], while antivirals
limit pneumonia progression. Individuals move through infection, progression, treatment, recovery, and death. The
antiviral suppression rate ¢ is therefore best interpreted as an effective, population-averaged parameter that already
combines clinical efficacy and treatment coverage/availability, rather than the efficacy of the drug under conditions of
universal access; this distinction is particularly relevant in low- and middle-income settings where antiviral supply is
constrained (see Section 4)Figure 1 shows the transitions, while Table 1 defines the variables and parameters.The
dynamics are governed by:

ds

— =A-p8S(_+1,)—usS,

ot BS(, +1,)—u

S =80, 1) -+ 0E,

dl

d: = opE —(y, + u+ o)l + pel,,
dl,

It =o(l-PE—-(r, + u+p)I,,
aP

o =pA-), = (s +u+5+n)P,
ar =wl,+nP —(u+7)T,

dt

ar =yl +7.l, +y,P+7T — uR.
dt 1)

subject to the initial conditions
S(0)=S,, E(O0)=E,, 1,0=1, 1,0=1, PO=F, T0O=T, R@O)=R,.
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Figure 1: Schematic representation of the model.

(1c)p

Table 1: Model nomenclature and parameter estimates.

Symbol Description Value/Estimate Source
S Susceptible individuals 201900 [20]
E Exposed individuals 36 [20]
I Mildly infected individuals 8 [20]
I, Variant infected individuals 4 [20]
P Pneumonia infected individuals 1 [20]
T Treated (hospitalized) individuals 1 [20]
R Recovered individuals 156 [20]
A Recruitment rate into the susceptible population 20 persons/day [20]
s Transmission rate of infection 0.38 day™ [20]
o Progression rate from exposed to infected 0.3571day™ [21]
¢ Fraction of exposed individuals progressing to mild 0.70 [7]
infection due to pre-variant vaccine protection
& Antiviral suppression rate (blocks pneumonia progression) | 0.66 [22]
P Progression rate from variant infection 0.34 [21]
A Recovery rate from mild infection 0.1day™ [23]
7, Recovery rate from variant infection 0.0714 day™ [23]
75 Recovery rate from pneumonia infection 0.0476 day™ [24]
Progression from mild infection to treatment 0.1day™ Assumed
n Progression from pneumonia to treatment 0.0476 day™ [23]
T Recovery rate from treatment 0.0714 day™ [23]
) Disease-induced death rate from pneumonia 0.004 [23]
H Natural mortality rate 0.000025 day ™ [20]

2.1.1. Initial Conditions and Parameter Values
No data fitting or parameter estimation was performed. Initial conditions were based on reported COVID-19 data for
Osogbo LGA during the Omicron period, January—March 2022, and literature values. From an estimated population of
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202,106 [20] and 12 daily cases, S(0) ~ 201,900 . Using a three-day incubation period, E(0) ~ 36 . With ¢ =0.70
, 1,(0)=8 and |,(0) = 4. For ¢ =0.66 [22], P(0) = (1-¢&)1,(0) =1, while T(0) =1. A 14 -day infectious period
[22] gives R(0) ~156. Table 1 presents the initial conditions and parameter values.

2.2. Positivity and Boundedness
Theorem 1. For non-negative initial conditions, solutions of system (1) remain non-negative forall t > 0.

Proof. On each boundary X, = 0, the corresponding derivative is non-negative. Hence, RI is positively invariant.

Theorem 2. Solutions of system (1) are bounded.

Proof.Let N=S+E+I1_+1 +P+T +R. ThenZ—T:A—yN—éPSA—yN. Thus,

t—ow

A . A

N (t) < N(0)e " + —(l— e ), and limsupN (t) < —. Therefore, the model solutions are bounded.
H H

2.3. Existence and Uniqueness of solution

Theorem 3: For any initial condition X (0) = X, € SR+7, there exists a unique solution X (t) of the initial value problem
defined for all t > 0.

Proof: Compute all partial derivatives. For each f, we list afilﬁxj for x; e{S,E,1,1,P,T,R}.

For f,=A-pS(1,+1,)-45:

iz_ﬂ(lm_'_lv)_lu’ @20, of, =0, of, =0, %20, ﬁz()’ @zo_ ........

0S oE ol al, oP oT oR

For f, =yl 47,0, + 7P+l =R || g (o) o (O o) oy oo
oS oE ol,, al, oP oT OR

Each f; is continuously differentiable in all variables; thus f is c*, hence locally Lipschitz on R”. By Picard-Lindelof,
a unique local solution exists for any X, eR".
2.4 Equilibrium Points and Basic Reproduction Number

2.4.1  Disease Free Equilibrium

The disease-free equilibrium (DFE) represents the state in which no infection persists in the population. This is achieved
by setting all infection related variables to zero: g —; _ — p —o. From the equation governing the susceptible class:

Therefore, the disease-free equilibrium point is given by:
(s°,E%1,°,1,0,P°,T%,R) = (A,o,o,o,o,o,oJ 2)
U

2.4.2  Endemic Equilibrium

For the system of differential equation in equation (1) the endemic equilibrium is obtained by setting all derivatives to
zero and solving for the steady state values with nonzero infection compartments. The Endemic Equilibrium values are:

s =N e AR-D AR -DA-9) - _ aA(RO—D{ +pe<1—¢>},P*:p(l—s>o(1—¢)A(Ro—1),

Ry~ (c+mR, ' blc+wR, " a(c+uR, b be(o + )R,
m(¢ +/)6(1—¢5)j L 100=9) rpll-goll-4)
1o AR-D {wa(%p£(1—¢)j+77p(1—8)0(1—¢)},R*_ AR,-) | a b b be 3)
lweoho+ Rl a 7 b be o+ 4R, wa[¢+pa(1—¢)]+np(1—e)o(1—¢)
a b be
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This equilibrium point exists provided that the basic reproduction number satisfiesR, >1.
2.4.3 Basic Reproduction Number

A

The disease-free equilibrium is & = [—,0,0,0,0,0,0). Using the infected states X = (E, | P,T)", the new-

m’lv’

Y7,

infection and transition matrices at 50 are

o £A LA 5 o a, ) ) 0o o @)
7 Y
“lo o o o ol _*(;‘é)a o 1a3 o
o o 0O o0 o o _(;‘g)p 84
o o 0o 0 o @ 7 3

(Note on notation: in the matrices above, denotes only the diagonal removal-rate coefficient of the pneumonia
compartment P in matrix V, and is distinct from the off-diagonal transfer coefficient p(1—¢), which represents the rate
of inflow into P from Iv.)
Here a =o+Lu, a, =pn+o+yu, a, =A-&)p+y,+u,

‘a, Sy, tn+o+u, A =t+u
The basic reproduction number is

R, = p(FV‘l) = &LﬂJrﬂj (5)
M3, \ & a4

Thus, infection declines when R, <1 and persists when R, >1. Each term in Equation (5) admits a clear biological

reading: the prefactor (ﬁA represents new infections generated per unit time at the disease-free equilibrium,
o+ p

discounted by the exposed-class removal rate; the bracketed sum decomposes this into a mild-infection route (weight o

over its effective removal rate a, =y, + w + x) and a variant-infection route (weight &(1— ¢) over its effective removal

rate a, =y, + p + u), With the latter further augmented by the factor (1+ Pe j reflecting the additional transmission
aZ

contributed by variant-infected individuals who are subsequently redirected into the mild-infection compartment via
antiviral suppression (see Section 2.5).

2.5 Sensitivity analysis of ‘R,

_ORy p

The normalized sensitivity index y 0 = ——=—— was used, and the results are presented in Table 2. The reproduction

op R,
number increases with , A, and o, but decreases with x .
The vaccine-protection fraction ¢ has a small negative effect, whereas & has a positive index because it redirects

variant infections to the mild class. Increasing 7, or y, shortens infectious periods and reduces Ry, .The positive

ua | a, a,

a, =y, +p+u.Thus, IRy & o for positive parameter values. At the Table 1 values, the normalized index is
oe R,

sensitivity of & follows from R, = ﬂ/\[0'¢+0'(1—¢)[1+ pg]], where a =o+u, &, =y, +@w+ u, and

0.16209, agreeing with Table 2. In system (1), the term pgl, transfers variant-infected individuals to |, while
p(1—¢)l, moves the remainder to P . Since |, and |, transmit infection but P does not, increasing & retains
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more individuals in a transmitting class. It may therefore increase R, while reducing pneumonia, since K, measures

transmission rather than severity.
Table 2: Sensitivity indices of R, parameters

Parameter Sensitiv ity Index
A 1000000
g I.000000
=4 000007
i S1odaias
@ -00219117
1) -0 27705
2 -0 05204
P -0 i2E]
£ QIe2090
aaf 0427705

2.6 Local and Global Stability Analysis
2.6.1 Theorem 4: The disease-free state of the model is Locally Asymptotically Stable if the basic reproduction number
R, <1 and unstable if R, >1.

Proof: The disease-free equilibrium is obtained as the Jacobian matrix of the system of (1) is obtained and evaluated at
the disease-free state using the linearization method.

The corresponding Jacobian matrix with respect to system (1) is given by (6)

T 0 0 o
0 —(o+u) i ik 0 0 0 (6)
0 of -(nt+to+u pE 0 0 0
Joe=| 0 o(l-9) 0 = +p+u) 0 0 0
0 0 0 pll-¢) —(pa+n++u) 0 0
0 0 Vé 72 73 —(r+p) 0
0 0 ® 0 n T -u

The characteristics polynomial of the Jacobian matrix of Disease Free Equilibrium is given by

Det (Jore - AI) where A is the eigen value and | is the identity matrix

- u-4, 0 -p -p 0 0 0 |
0 -(o+u)-4 iy s 0 0 0
‘]DFE—M = 0 op -(n+o+u)-A PE 0 0 0 (7
0 ol-g) 0 ()~ 0 0 0
0 0 0 pl-¢) —(ra+n+0+u)—4, 0 0
0 0 n 72 e —(t+u)-4 0
| 0 0 o 0 n T —u=A]

Simplifying and solving for the eigen values in (7)we have A4 =-u AL =—(t+u), L=-4
A, = —(y5 +n+ 6+ 1) < 0. Consequently, the stability of the DFE depends on the remaining 3x3 subsystem[E, I 1 ],
described by

_(O'+ﬂ)_/17 ik il
ap ~(r + o+ )~ A pe (8)
o(l-4) 0 (7, tptu)—4s
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using Routh-Hurwitz Analysis for Local Stability Consider the 3x3 infected subsystem the characteristic polynomial is
A +al+a,d+a,=0. The coefficientsa, a,, and @, are given BY: a = (o + )+, + @+ )+ (7, + p+ 12),
a, = (0 + @)+ o+ )+ (o + 1)y, + o+ )+ (1 + @+ 1)y, + p+ ) —odB° —o(1-¢) 55°,

8, = (o + )y, + 0+ )7, + p+ ) = (0 + 1) pefS’ —g(y, + p+ 1) i5° = (1= 4)(y, + w+ 1) fS°. For our model, the

DFE is locally asymptotically stable if all roots of the infected subsystem’s characteristic polynomial have negative real
parts. Applying the Routh-Hurwitz criterion, this requires a, >0, a,>0, aa, >a,.

All model parameters are positive, so a, > o is automatically satisfied. The conditions a; > 0 and a,a, > a, yield explicit

inequalities defining the DFE’s stability region.

2.6.2 Uncertainty Quantification

Theorem 2 Let the uncertain parameter vector be @ = (B,0,¢,&, 0,71,V Vs @, 1, 7,0).

Under independent uniform variations 6 ~U (0.96°,1.14°), a 1000-point Latin-hypercube sample gives the uncertainty

intervals and partial rank correlation coefficients (PRCC) reported in Table 2.
Proof- For each sampled vector, the model was solved on 0<t <10 days and the outputs

P =MaxP(t),  Po=P(10),  Co(10)= [ p(1-)l, (O, 1., = max{l, )+ 1, (D} were calculated. The  95%

uncertainty interval was obtained from the 2.5 th and 97.5th percentiles, while

CV = standarddeviation . PRCCs were computed from the correlations between the residual parameter ranks and residual
mean

output ranks after controlling for the remaining parameters. The results show that ¢ and & dominate pneumonia
uncertainty. The large value of R, is produced by the unnormalised incidence AS(I_+1,) with 8 =0.38day™" and is

therefore unit-sensitive.
Table 3: Uncertainty propagation and dominant PRCCs.

Output | Baseline Median 95% interval cv Dominant PRCCs
Ry 1.534109x10° | 1.532003x10° 0.0691| 3:0.991, y,: -0.947,
[1.351244,1.738456]x1Q° w:—0.946

P.ax 9279.01 9190.04 [6359.88,12740.98] ¢:.-0.985, £:-0.977,
0.1809 | p:0.565

Po 8918.75 8817.74 [6134.10,12200.28] ¢:-0.985, £:-0.978,
0.1804 | 7:-0.520

C-(10) |15219.80 15112.93 [10520.03,20852.22] | 0.1805| ¢:—0.984, £:-0.976,

£:0.560

(. 97153.04 97077.22 [92153.42,102116.50] 0:0.987, »:-0.914,

0.0272 | 5,:-0.911

2.6.3  Global Stability of the Disease-Free Equilibrium

Theorem 5. The disease-free equilibrium & = (A/ 1,0,0,0,0,0,0) is globally asymptotically stable in
Q={X eR’:N <A/ u}if R, <1, and unstable if R, >1.
Proof. Since N < A — uN , then N(t) <A/ and S(t) <S° = A/ 1 in Q. Define
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pS° C = pS° (8, + pe)
a2 ’ ’ a2a3
solutions, L< AS°(1_+1,)-&E +C,(ogE —a,l_+ pel ) +C,[o(1-$)E-a,l,].

Using $S° —C,a, =0 and S° +C,pe —C,a, =0 gives L <a, (R, —1)E <0,

L=E+C,I, +C,l,, C,= , where &, =y, + @+ and &, =y, + p+ 1. Along

S° 1- :

where R, = ﬂ—{6—¢ + M(H EH.The largest  invariant set in  {L =0}  satisfies
& | & & a,

E=1,=1,=P=T=R=0and S =A/ u.Hence, LaSalle’s principle gives convergence to & when R, <1.For

R, >1, local instability follows from Theorem 4. Thus, elimination requires R, <1; global stability of the endemic

equilibrium remains open for future work.
2.7 Model Solution via the Laplace-Adomian Decomposition Method

Because the governing system is a nonlinear autonomous ODE system with no general closed-form solution, LADM
was used to obtain a semi-analytical solution. The method applies the Laplace transform to the linear part of each
equation, represents the nonlinear force-of-infection term as a series of Adomian polynomials, and recovers each
successive solution term by inverse Laplace transformation.

L_‘l—f} LIA=8(1, +1,) - 48]

L ‘fﬂ LIAS (L, +1,)— (o + )E]

L:ddlt }: L[odE — (7, + g+ @)1, + pel, ] )
G |= e pE- G o]

L:‘Zﬂ: Llp(@-&)l, — (s + u+35+1)P]

L:‘ZH L[wl,, + 5P —(z + )T ]

L:C:ﬂ = L[yl + 751, + 75P + 7T — 1R]

Simplifying yields a recurrence relation, which at n=0 yields

5,00 =L ( [-s30,-uEs. D
E()=L (iL —(aw);EoD,

I () = [I’ I— G¢ZE -(n +ﬂ+a))ilmo +pgilv0:|} (10)
21,0 L{iL -9, (n+y+p)ilvoD,

R(M)=L" (iL p(-2)300 - (72 +u+5+n)iPoD,
T, (t) = 1(:: L a)ilmo +niP0 —(T+ﬂ)iToD,
R, (t) = L-l(l [hilmo +y22|vo +73ZP +TZT0 ,uZR D

Also the recursive relation at n=1 gives
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r n=0 n=0
EJU=U1i{ﬂ§pr%G+MEFJ}
I () =1 ' L|:O'¢ZE (71+ﬂ+w)ilm1+pgilv1:|} (11)

SIS YRR > —<r+u>an,
n=0
41 z
R,(t)=L l[ [7’12|m1 +722'v1 +7/3ZP +TZTl /“ZR D
The approximate solution is obtained using the formula

5O=35,0.  EO=3E0O.  L,0=D0,,0.  L0=31,0.
PO=3PO.  TO=DT,0.  RO=DRO

(12)

The simulations use fifth-order truncated LADM series, which converge rapidly. Equation (12) was evaluated with

Table 1 values to obtain practical numerical predictions under real conditions.

S(t) =201900-3.806069275x10°t +1.921270024 x10°t? — 7.184059978x10°t*
—7.116681157 x10*t* —1.410139905t°,

E(t) =36+3.806090235x10°t —2.600847437 x10°t* +7.184369571x10°t°
+7.116708711x10%*t* +1.410139905t°, (13)

I.(t) =8+8.296320t +4.756983712x10°t* —2.331790900x10*t> —0.2336530657t*,

I,(t) =4+2.210980t +2.038686752x10"t* —1.208351526 x10*t> —0.1519016774t*,

P(t) =1+0.363175t+0.1097766243t* +785.5703288t> + 0.01945562221t*,

T(t) =1+1.061775t+0.4731164763t> +2.070857625x10°t* +0.05128699483t*,

R(t) =156+0.915100t +0.4613534938t* +1.585673613t> +0.03927037033t".

3. Results
3.1. Convergence Analysis

w© M
Theorem 1 Let X (t) = ZXn (1), XMty = an(t), be the LADM solution and its M th-order truncation. If the model
n= n=0

vector field f is Lipschitz continuous on a bounded invariant region Q with constant L, then the LADM series

converges uniformly on [0,T] whenever q = LT <1. Moreover, if || X

n+lHoo 0 Hoo .

< X, [ then |x - x| sff:,, X

Proof ~ The integral form of the model is TX(®)=X(O)+[f(X()ds. For  XYeQ,
| ZX =Y ||, <LT || X =Y |,=q| X =Y ||, . Hence, T is contractive for q<1, and the LADM series converges to the

unique solution. This follows the convergence arguments used by [27-29].

X[M]t_xRK45
Let &, (T) = maxmax 20

Ol . The decreasing errors in Table 1 establish local convergence since &,, <1.
0<t<T 1<j<7 1+| X ?K% (t) |
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Table 4: Convergence of the LADM solution on [0,10] days.
Order M Scaled maximum error &,,

1.1629x10”
2.3282x10°°
2.0480x10™*
9.4082x10°*
1.1770x107*
10 6.0775x10™*

o N BN O

3.2 Numerical Simulation Results
Numerical simulations were conducted to analyze the time-dependent evolution of the model compartments, capture the

impact of Omicron progression to pneumonia, and evaluate the effect of antiviral suppression in reducing severe
outcomes, using data representative of Osogbo LGA, Nigeria.

Figure 2: Effect of pre-variant vaccine protection (¢) Figure 3: Effect of pre-variant vaccine protection

on the mildly infected population () on the variant infected population
Figure 4: Effect of antiviral suppression rate (€) on Figure 5: Effect of antiviral suppression  rate
the pneumonia population (e) on the mildly infected population
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Figure 6: Combined effect of vaccination and antivirals on pneumonia burden

Higher vaccine protection reduced variant infections, while greater antiviral suppression lowered pneumonia
and shifted infections toward the milder class (Figures 2-5). The combined intervention produced the largest
reduction (Figure 6); about 60% vaccine protection with 40% antiviral uptake prevented more than 70% of
projected pneumonia cases

4. Discussion

The model links COVID-19 transmission, pneumonia progression, vaccination, and antiviral therapy. The
threshold and stability results show that transmission control depends mainly on  and the durations of mild
and variant infection, whereas vaccine protection and antiviral suppression chiefly alter the distribution of
clinical outcomes. Vaccination reduced variant infection and antiviral therapy reduced pneumonia, although
routing treated variant infections into the mild class can retain some transmission potential. This distinction
explains why an intervention may reduce severity without producing an equal reduction in Ro.

Combined coverage performed better than either intervention alone. The practical benefit was greatest when
moderate-to-high vaccine protection was accompanied by accessible antiviral treatment, supporting
coordinated delivery in settings with limited hospital capacity. LADM produced rapidly convergent
approximations and retained explicit parameter dependence, complementing the threshold, sensitivity, and
uncertainty analyses.

Future work should extend the model with cost-effectiveness analysis, age-structured dynamics, a formal
global stability analysis (which was not established here), and an explicit multi-strain extension in which
transmission and severity parameters vary by variant, since the present model is calibrated to a single Omicron-
predominant window and does not itself incorporate variant-specific parameter values.

5. Conclusion

This study formulated and analysed a COVID-19-pneumonia model incorporating partial vaccine protection
and antiviral therapy. The model established positivity, boundedness, existence, threshold behaviour, and
disease-free stability, while sensitivity and uncertainty analyses identified the parameters that most strongly
influence transmission and pneumonia burden.

The principal contribution is the joint representation of vaccination and antiviral therapy, which separates
effects on transmission from effects on severity. Numerical results show that coordinated intervention
substantially lowers pneumonia burden and hospitalization demand.
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A combined level of about 60% vaccine protection and 40% antiviral uptake prevented more than 70% of
projected pneumonia cases. Control programmes should therefore pair vaccination with timely antiviral
access, especially where hospital capacity is limited.
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