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Text S1. SARS-CoV-2 vaccine mathematical model

A. Model structure

We extended a recently-developed age-structured deterministic compartmental model
[1-9]. The model is illustrated in Figure S1. The model stratifies the unvaccinated and
vaccinated populations into compartments according to age group (0-9, 10-19, 20-29,...,
>80 years), infection status (uninfected, infected), infection stage (mild, severe, critical),
disease stage (severe, critical), and compartments for the gamma distribution (I'-

distribution) describing the waning of natural and vaccine immunity.

Transmission and disease progression dynamics in the vaccinated and unvaccinated
cohorts are described in the model using age-specific sets of nonlinear ordinary
differential equations, where each age group a (a=1,2,...9) refers to a 10-year age band
(0-9,10-19,..70-79) apart from the last group including all those aged >0 years. The model

is illustrated in Figure S1.



Figure S1. Schematic diagram describing the SARS-CoV-2 transmission dynamics model in presence of a vaccine that

reduces susceptibility to infection.
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B. Model equations

The definitions of population variables and symbols used in the equations are in Table

Slbelow.

Unvaccinated population:
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For k=2,..n
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Where n stands for the order of the gamma distribution (I'-distribution) describing

waning of natural or vaccine immunity.

Table S1. Definitions of population variables and symbols used in the model.

Symbol Definition

Transmission dynamics parameters

S(a) Unvaccinated susceptible population

E(a) Unvaccinated latently infected population

I, (a) Unvaccinated population with asymptomatic or mild
infection

I (a) Unvaccinated population with severe infection




Symbol

Definition

I.(a) Unvaccinated population with critical infection

Dy (a) Unvaccinated population with severe disease

D (a) Unvaccinated population with critical disease

R(a) i" compartment to generate the gamma distribution for the
waning of natural immunity among the unvaccinated
recovered population

Vi(a) i" compartment to generate the gamma distribution for the
waning of vaccine immunity among the vaccinated
susceptible population

E" (a) Vaccinated latently infected population

I, (a) Vaccinated population with asymptomatic or mild infection

I{ (a) Vaccinated population with severe infection

I7 (a) Vaccinated population with critical infection

D¢ (a) Vaccinated population with severe disease

D{ (a) Vaccinated population with critical disease

R (a) i" compartment to generate the gamma distribution for the
waning of natural immunity among the vaccinated
recovered population

N Total population size

Mg Number of age groups

n Order of the gamma distribution (I'-distribution) describing
waning of natural or vaccine immunity

&(a) Transition rate from one age group to the next age group

yij Opverall infectious contact rate

1/6 Duration of latent infection

1/n, Duration of asymptomatic or mild infection

1/ T Duration of severe infection infectiousness before isolation
and/or hospitalization

1/7q Duration of severe disease following onset of severe disease

1/ 15 Duration of critical infection infectiousness before isolation
and/or hospitalization _

/7, Duration of critical disease following onset of critical disease

1/m, Duration of natural immunity -

1/ u Natural death rate

o(a) Mortality rate in each age group

fu(a) Proportion of infections that will progress to be mild or
asymptomatic infections

fs(a) Proportion of infections that will progress to be severe
infections

Jfe(a) Proportion of infections that will progress to be critical

infections




Symbol Definition

q Proportion of infected people who do not develop natural
immunity and become again susceptible upon recovery

Key vaccine product characteristics
VE, Vaccine efficacy in reducing susceptibility

l/w Duration of vaccine protection

The force of infection (hazard rate of infection) experienced by the unvaccinated
susceptible populations S(a) is given by

A(a) = ﬂ""j 'y L&)+ I(a)+1(d)+ 1), (&) + 15 () + 1} (i/) ,
=l S(a")+E(a")+1,,(a)+1(a")+1(a")+Ds(a")+D.(a)+ D R (a)+

i=1

Zn:Vi(a') +E"(a)+ 1y (a)+ I (a) + 1 (a)+ Dy () + Di (a) + Zn:R,-V (@)

i=1 i=1
while that experienced by the vaccinated susceptible populations ¥V (a) is given by
A (a)=(1-VEs) A(a)
where f is the overall infectious contact rate, parametrized using a combination of

Wood-Saxon and logistic functions:

,B(l)= alz—l " aziz
1+ e[le] 1+ ei[%J

Wood -Saxon function  Logistic function

A temporal variation in the infectious contact rate was considered to accommodate the

time evolution of SARS-CoV-2 epidemic in Lebanon. Here a,, a,, b,, b,, ¢,, and c,are
fitting parameters.

The mixing among the different age groups is dictated by the mixing matrix J, .. This

matrix provides the probability that an individual in the a age group will mix with an



individual in thea' age group (regardless of vaccination status). The mixing matrix is
given by
S@)+E@)+1,(a)+14(a)+1.(a")+Dy(a’)+ D.(a")+ z R (a")+
i=1

D V@) +E" (@) + 1 () + I (@) + I () + Dy (a') + D (a) + D R (a)
‘%a,a' = eAgeé‘a,a' + (1 - eAge) = =
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Z i=1

Y @)+ E @)+ 1 (@) + 1L (@) + 1L (@) + D) () + DL (@) + 3 R! ()

Here, 0, , is the identity matrix. e, €[0,1] measures the degree of assortativeness in the
mixing. At the extreme e,, =0, the mixing is fully proportional. Meanwhile, at the other
extreme, e, = 1, the mixing is fully assortative, that is individuals mix only with

members in their own age group.
C. Parameter values
The input parameters of the model were chosen based on current empirical data for

SARS-CoV-2 natural history and epidemiology. The parameter values are listed in Table
S2.



Table S2. Model assumptions in terms of parameter values

Parameter Symbol Value Justification
Duration of latent 1/6 3.69 days Based on existing estimate [10] and
infection based on a median incubation
period of 5.1 days [11] adjusted by
observed viral load among infected
persons [12] and reported
transmission before onset of
symptoms [13]
Duration of 1/n,; 3.48 days Based on existing estimate [10] and
infectiousness 1/, based on observed time to recovery
1/ 7 among persons with mild infection
[10, 14] and observed viral load in
infected persons [12, 13, 15]
Duration of severe 1/, 28 days Observed duration from onset of
disease following severe disease to recovery [14]
onset of severe disease
Duration of 1/n. 42 days Observed duration from onset of
hospitalization for critical disease to recovery [14]
critical infection
Life expectancy 1/ u 79.10 years United Nations World Population
Prospects database [16]
Proportion of fu(a) Determined from Observed proportion of infections
infections that will fu (@)+ fs(a)+ f-(a)=1 that eventually develop mild or
progress to be mild or asymptomatic in France [14, 17, 18]
asymptomatic
infections
Proportion of fs(a) The distribution and age
infections that will dependence of asymptomatic/mild,
progress to be severe, or critical infections was
infections that require based on the modeled SARS-CoV-2
hospitalization in epidemic in France [19]
acute care beds
Age 0-19 years RRS1X f RRS1=0.1 Model-estimated relative risk of
severe infection based on the SARS-
CoV-2 epidemic in France [19]
Age 20-29 years RRS2x f RRS2 =05 Model-estimated relative risk of
severe infection based on the SARS-
CoV-2 epidemic in France [19]
Age 30-39 years fs Reference category Model-estimated based on fitting the
(fg =0.01) SARS-CoV-2 epidemic in France [19]
Age 40-49 years RRS3X f RRS3=1.2 Model-estimated relative risk of

severe infection based on the SARS-
CoV-2 epidemic in France [19]



Age 50-59 years

Age 60-69 years

Age 70-79 years

Age 80+ years

RRS4x f;

RRS5x f,

RRS6X f

RRSTX f,

RRS4=23

RRS5=4.5

RRS6=17.38

RRST7=27.6

Model-estimated relative risk of
severe infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
severe infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
severe infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
severe infection based on the SARS-
CoV-2 epidemic in France [19]

Proportion of
infections that will
progress to be critical
infections

Age 0-19 years

Age 20-29 years

Age 30-39 years

Age 40-49 years

Age 50-59 years

Age 50-59 years

Age 60-69 years

Age 70-79 years

Age 80+ years

Jela)

RRC1x f,

RRC2x f.

fe

RRC3x f,.

RRCA4X f,.

RRCA4X f,.

RRC5X f.

RRCO6X f,.

RRCTx f,

RRC1=0.21

RRC2 =033

Reference category

£, =0.0002
RRC3=183

RRC4=4.67

RRC4=4.67

RRC5=10.58

RRC6=13.61

RRCT7=28.67

The distribution and age
dependence of asymptomatic/mild,
severe, or critical infections was
based on the modeled SARS-CoV-2
epidemic in France [19]
Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated based on fitting the
SARS-CoV-2 epidemic in France [19]

Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]
Model-estimated relative risk of
critical infection based on the SARS-
CoV-2 epidemic in France [19]

Disease mortality rate
in each age group

a(a)

The distribution and age
dependence of COVID-19 mortality
was based on the modeled SARS-
CoV-2 epidemic in France [19]
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Age 0-19 years

Age 20-29 years

Age 30-39 years

Age 40-49 years

Age 50-59 years

Age 60-69 years

Age 70-79 years

Age 80+ years

RRDIx o

RRD2 X«

RRD3x«

RRD4X

RRDSx o

RRD6X

RRDT X«

RRD1=0.10

RRD2=0.40

Reference category
(0r=0.00096)

RRD3=3.00

RRD4 =10.00

RRD5 =45.00

RRD6=120.00

RRD7=1505.00

Model-estimated relative risk of
death based on the SARS-CoV-2
epidemic in France [19]
Model-estimated relative risk of
death based on the SARS-CoV-2
epidemic in France [19]

Model-estimated based on fitting the

number of SARS-CoV-2 deaths in

Lebanon [20]

Model-estimated relative risk of
death based on the SARS-CoV-2
epidemic in France [19]
Model-estimated relative risk of
death based on the SARS-CoV-2
epidemic in France [19]
Model-estimated relative risk of
death based on the SARS-CoV-2
epidemic in France [19]
Model-estimated relative risk of
death based on the SARS-CoV-2
epidemic in France [19]
Model-estimated relative risk of
death based on the SARS-CoV-2
epidemic in France [19]
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Figure S2. Analysis of the effect of uncertainty around the transmissibility (Ro) of the
new variants introduced on 15 April 2021. Mean over 500 runs and 95% uncertainty
intervals for (A) the peak daily number of new severe/disease cases and (B) the
cumulative number of averted severe/disease cases between 14 February 2020 (day of
vaccine introduction) and 31 December 2021, for the two scenarios of 40% and 80%
vaccine coverage by end of 2021.

12



No vaccination, with gradual easing of restrictions over four months

Vaccine coverage reaching 80% by end of August 2021, with gradual easing of restrictions over four months
*  Day of vaccine introduction
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Figure S3. Impact of SARS-CoV-2 vaccination on number of A) new infections, B) new severe
and critical disease cases, and C) new deaths in Lebanon. The vaccine is introduced on 14
February 2021 and vaccine coverage is scaled up to reach 80% (yellow curve) by 31 August
2021. The simulations assume Ro of 1.2 from 1 January 2021 to April 15 2021 when it starts to
increase with gradual easing of restrictions to reach 6.0 after four months.

13



References

1. Ayoub HH, Chemaitelly H, Mumtaz GR, Seedat S, Awad SF, Makhoul M, et al.
Characterizing key attributes of COVID-19 transmission dynamics in China's original
outbreak: Model-based estimations. Glob Epidemiol. 2020;2:100042. Epub 2020/11/26.
doi: 10.1016/j.gloepi.2020.100042. PubMed PMID: 33235991; PubMed Central PMCID:
PMCPMC7673212.

2. Ayoub HH, Chemaitelly H, Seedat S, Mumtaz GR, Makhoul M, Abu-Raddad LJ.
Age could be driving variable SARS-CoV-2 epidemic trajectories worldwide. PLoS One.
2020;15(8):€0237959. Epub 2020/08/21. doi: 10.1371/journal.pone.0237959. PubMed
PMID: 32817662.

3. Makhoul M, Abou-Hijleh F, Seedat S, Mumtaz GR, Chemaitelly H, Ayoub H, et
al. Analyzing inherent biases in SARS-CoV-2 PCR and serological epidemiologic
metrics. BMC- ID.Under review. doi: 10.1101/2020.08.30.20184705.

4. Makhoul M, Ayoub HH, Chemaitelly H, Seedat S, Mumtaz G, Al-Omari, et al.
Epidemiological Impact of SARS-CoV-2 Vaccination: Mathematical Modeling Analyses.
Vaccines. 2020;8:668.

5. Makhoul M, Chemaitelly H, Ayoub HH, Seedat S, Abu-Raddad LJ.
Epidemiological Differences in the Impact of COVID-19 Vaccination in the United
States and China. Vaccines. 2021;9(3):223. PubMed PMID: doi:10.3390/vaccines9030223.
6. Abu-Raddad L], Chemaitelly H, Ayoub HH, Al Kanaani Z, Al Khal A, Al Kuwari
E, et al. Characterizing the Qatar advanced-phase SARS-CoV-2 epidemic. Scientific
Reports. 2021;11(1):6233. doi: 10.1038/s41598-021-85428-7. Available also from:
https://www.medrxiv.org/content/10.1101/2020.07.16.20155317v2.

7. Ayoub HH, Chemaitelly H, Makhoul M, Al Kanaani Z, Al Kuwari E, Butt AA, et
al. Epidemiological impact of prioritising SARS-CoV-2 vaccination by antibody status:
mathematical modelling analyses. BM] Innovations. 2021;7(2).

8. Seedat S, Chemaitelly H, Ayoub H, Makhoul M, Mumtaz GR, Kanaani ZA, et al.
SARS-CoV-2 infection hospitalization, severity, criticality, and fatality rates. medRxiv.
2020:2020.11.29.20240416. doi: 10.1101/2020.11.29.20240416.

9. Ayoub HH, Chemaitelly H, Seedat S, Makhoul M, Al Kanaani Z, Al Khal A, et al.
Mathematical modeling of the SARS-CoV-2 epidemic in Qatar and its impact on the
national response to COVID-19. ] Glob Health. 2021;11:05005. Epub 2021/03/02. doi:
10.7189/jogh.11.05005. PubMed PMID: 33643638; PubMed Central PMCID:
PMCPMC7897910.

10. LiR, Pei S, Chen B, Song Y, Zhang T, Yang W, et al. Substantial undocumented
infection facilitates the rapid dissemination of novel coronavirus (SARS-CoV2). Science.
2020;368(6490):489-93. doi: 10.1126/science.abb3221. PubMed PMID: 32179701.

11. Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The
Incubation Period of Coronavirus Disease 2019 (COVID-19) From Publicly Reported

14



Confirmed Cases: Estimation and Application. Ann Intern Med. 2020;172(9):577-82. doi:
10.7326/M20-0504. PubMed PMID: 32150748.

12. Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 Viral
Load in Upper Respiratory Specimens of Infected Patients. N Engl ] Med.
2020;382(12):1177-9. doi: 10.1056/NEJMc2001737. PubMed PMID: 32074444.

13. Rothe C, Schunk M, Sothmann P, Bretzel G, Froeschl G, Wallrauch C, et al.
Transmission of 2019-nCoV Infection from an Asymptomatic Contact in Germany. N
Engl ] Med. 2020;382(10):970-1. doi: 10.1056/NEJMc2001468. PubMed PMID: 32003551.
14.  World Health Organization. Report of the WHO-China Joint Mission on
Coronavirus Disease 2019 (COVID-19). Available from
:https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-
covid-19-final-report.pdf. Accessed on March 10, 2020. 2020.

15. He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, et al. Temporal dynamics in viral
shedding and transmissibility of COVID-19. Nat Med. 2020;26(5):672-5. doi:
10.1038/s41591-020-0869-5. PubMed PMID: 32296168.

16.  United Nations Department of Economic and Social Affairs Population
Dynamics. The 2019 Revision of World Population Prospects. Available from
https://population.un.org/wpp/. Accessed on March 1st, 2020. 2020.

17. Guan WJ, Ni ZY, Hu Y, Liang WH, Ou CQ, He JX, et al. Clinical Characteristics
of Coronavirus Disease 2019 in China. N Engl ] Med. 2020. doi:
10.1056/NEJM0a2002032. PubMed PMID: 32109013.

18. Huang C, Wang Y, Li X, Ren L, Zhao ], Hu Y, et al. Clinical features of patients
infected with 2019 novel coronavirus in Wuhan, China. Lancet. 2020;395(10223):497-506.
doi: 10.1016/50140-6736(20)30183-5. PubMed PMID: 31986264.

19. Salje H, Tran Kiem C, Lefrancq N, Courtejoie N, Bosetti P, Paireau J, et al.
Estimating the burden of SARS-CoV-2 in France. Science. 2020:eabc3517. doi:
10.1126/science.abc3517. PubMed PMID: 32404476; PubMed Central PMCID:
PMCPMC7223792.

20.  Dashboard LC-. Key Indicators Based on Publicly Available Information.
Available at https://infogram.com/lebanon-covid-19-dashboard-1h7g6k3z3jpo2oy?live.
Accessed April 22, 2021.

15



