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a b s t r a c t 

Objective: The SARS-CoV-2 Omicron (B.1.1.529) variant has caused global concern. Previous studies have 

shown that the variant has enhanced immune evasion ability and transmissibility and reduced severity. 

Methods: In this study, we developed a mathematical model with time-varying transmission rate, vacci- 

nation, and immune evasion. We fit the model to reported case and death data up to February 6, 2022 

to estimate the transmissibility and infection fatality ratio of the Omicron variant in South Africa. 

Results: We found that the high relative transmissibility of the Omicron variant was mainly due to its 

immune evasion ability, whereas its infection fatality rate substantially decreased by approximately 78.7% 

(95% confidence interval: 66.9%, 85.0%) with respect to previous variants. 

Conclusion: On the basis of data from South Africa and mathematical modeling, we found that the Omi- 

cron variant is highly transmissible but with significantly lower infection fatality rates than those of pre- 

vious variants of SARS-CoV-2. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction 

The COVID-19 pandemic has been in effect for nearly two years 

ince 2019. According to the World Health Organization (WHO), 

here have been over 260 million cases including more than 5 mil- 

ion deaths reported ( https://www.who.int/emergencies/diseases/ 

ovel-coronavirus-2019 2021 ). The SARS-CoV-2 virus, first iden- 

ified in late 2019, has mutated multiple times, and its vari- 

nts have been classified by the WHO into three categories: vari- 

nts of concern (VOC), variants of interest, and variants under 

onitoring. Four VOC—Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1) 

nd Delta (B.1.617.2)—have been responsible for a large num- 

er of infections and deaths worldwide. On November 26, 2021, 

he Omicron (B.1.1.529) variant was designated as the fifth VOC 

 He et al., 2021 ). 

Before the emergence of the Omicron variant, three waves of 

nfections and deaths by three distinct variants had occurred in 

outh Africa, with nearly 3 million confirmed cases. The first in- 
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ections occurred in March 2020, peaked in July and ended in 

eptember 2020 ( Pulliam et al., 2021 ). The second wave of the epi-

emic, with the Beta variant, began in October 2020 with progres- 

ively higher levels of infections in Nelson Mandela Bay, followed 

y that in Eastern Cape, Western Cape and KwaZulu-Natal by early 

ecember 2020 ( Tegally et al., 2021 ). In May 2021, the emergence 

f the Delta variant led to a third wave in South Africa. This variant 

uickly replaced the Beta variant in South Africa, spreading rapidly 

nd peaking in July, when it accounted for 86% of the viruses se- 

uenced in the first week ( Abdool Karim and Baxter 2021 ). 

The Omicron variant, which quickly became the main variant 

n Gauteng, was first detected in South Africa on November 23, 

021, followed by a dramatic increase in the number of infec- 

ions. There have been more than 20 0 0 cases of the Omicron vari- 

nt in South Africa as of early December 2021 ( Vaughan 2021 ). 

s the most mutable variant, the Omicron variant has at least 

0 amino acid substitutions, three deletions and one small inser- 

ion. It is noteworthy that 15 of the 30 amino acid substitutions 

re located in the receptor-binding portion, which includes S371L, 

373P, S375F, K417N, N440K, G446S, S447N, T478K, E484A, Q493R, 

4 96S, Q4 98R, N501Y, Y505H, T547K, and D614G (’ Science Brief: 

micron (B.1.1.529) Variant’, 2021 ). In addition, the Omicron 
iety for Infectious Diseases. This is an open access article under the CC BY-NC-ND 
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l  
ariant carries the mutation found in other VOC, in which a dele- 

ion was found at the peak position 60-79. It has three key muta- 

ions similar to the Beta and Gamma (P.1) variants, which may in- 

rease its ability to escape immunity ( Poudel et al., 2022 ). In an ex-

eriment of incubating the virus in convalescent sera from patients 

nfected with prior subtypes, Zhang et al showed that convales- 

ent sera of patients infected with early strains or the Delta vari- 

nt have relatively low neutralization ability against the Omicron 

ariant ( Zhang et al., 2021 ). The early strain- and Delta-infected 

atients’ neutralizing antibody titer in convalescent sera against 

he Omicron variant decreased 36 times and 39 times, respectively, 

ontributing to the variant’s immune escape ability. 

Fortunately, the severity of the Omicron variant seems to dif- 

er from that of its predecessors. In Tshwane, South Africa, the bed 

ccupancy rate during the peak of the Omicron variant wave was 

bout half of that during the Delta variant wave, suggesting that 

he number of hospitalizations was lower with the Omicron than 

ith the Delta variant ( Abdullah et al., 2022 ). In addition, fewer 

ntensive care unit admissions and shorter hospital stays may indi- 

ate reduced disease severity with Omicron variant infection. 

In this study, we developed a model to fit both the reported 

ases and deaths in South Africa, with the aim of quantifying the 

mpact of the Omicron variant on the infection fatality rate in 

outh Africa. 

ethod 

We obtained reported cases, deaths, excess deaths and vaccina- 

ion data from Our World in Data (’ Johns Hopkins University CSSE.’ 

022 ; Hannah Ritchie 2020 ; Mathieu et al., 2021 ) and retrieved 

ggregated variant proportion data from Our World in Data, Co- 

ariants.org ( Hodcroft, 2021 ) and GISAID ( Shu and McCauley 2017 ; 

hare et al., 2021 ; Elbe and Buckland-Merrett, 2017 ). 

We fit our previously proposed Susceptible-Exposed-Infectious- 

ospitalized-Death-Recovered-Vaccinated model to the observed 

ase and death data in South Africa ( Lin et al., 2021 ; Lin et al.,

022 ). We assumed that a proportion (denoted as ρ) of the infec- 

ions was reported and that ρ < 7%. This is supported by the num- 

er of reported cases in South Africa being much smaller than the 

stimated proportion of infected population based on seropreva- 

ence from serological studies ( Musa et al., 2021 ). We incorporated 

he vaccination data (fully vaccinated or second dose) and fit our 

odel to the reported cases and deaths. We denoted the propor- 

ion of Omicron variant as ω t , the infection fatality ratio (IFR) of 

he previous variant as IFR 1 and the IFR of the Omicron variant 

s IFR 2 . Thus, the overall IFR of a one-strain model was (1- ω t )

FR 1 + ω t IFR 2 , i.e., a weighted average of the two IFRs. We as-

umed a vaccine efficacy at 85% against both infections and deaths. 

onsidering the high seroprevalence in South Africa, we assumed 

hat eventually 80%–85% of the whole population were infected. 

e note that the re-infection rate with Omicron is high, which 

eans that the variant has high immune evasion ability. The high 

elative transmissibility of the Omicron variant has two sources: 

he enlargement of the susceptible pool due to immune evasion 

nd the increase in intrinsic transmissibility. We consider immune 

vasion due to Omicron by allowing a proportion of recovered in- 

ividuals to become susceptible on November 9, 2021 when the 

micron variant invaded. We denoted the size of the susceptible 

ool before Omicron evasion as S and considered four scenarios: 

he immune evasion causing the susceptible pool to increase by 

.25 ∗S, 0.5 ∗S, S, and 2 ∗S. 

Our model reads as follows: 

˙ 
 = −βSI − ˜ v S, 
N 

147 
˙ 
 = ( 1 − η) ̃ v S − ψβV I 

N 

, 

˙ 
 = 

βSI 

N 

+ 

ψβV I 

N 

− σE, 

˙ 
 = σE − γ I, 

˙ 
 = πγ I − κH, 

˙ 
 = θκH, 

˙ 
 = η˜ v S + ( 1 − π) γ I + ( 1 − θ ) κH. 

Here V denotes the vaccinated class which contains a propor- 

ion (denoted as 1 − η) of vaccinated individuals. The rest of vac- 

inated individuals ( η) enter the R class and gain long-term im- 

unity. The vaccinated individuals in the V class are suscepti- 

le to breakthrough infection. Parameter ψ accounts for the re- 

uced susceptibility of vaccinated individuals. Here we assumed 

 = 1 for simplicity, given that the effects of ψ and η compen- 

ate each other. A proportion ( θ ) of hospitalized individuals will 

ventually die, and this proportion decreases as vaccination cover- 

ge increases in the form θ = ( 1 − ε 
t 
∫ 
0 

v (s ) ds ) θ0 . Namely, we as- 

umed that the risk of death drops while the vaccination cov- 

rage 
t 
∫ 
0 

v (s ) ds increases, and we set ε = 0 . 5 . We note that vac-

ination will only be administered to those who have not yet 

een vaccinated. Thus, the vaccination rate ˜ v (t) takes the form 

˜ 
 (t) = v (t) / (1 −

t−1 
∫ 
0 

v (s ) ds ) , in which v (t) is the daily vaccination

ate per capita. Here we only consider the fully vaccinated (sec- 

nd dose) population data and ignore the impact of the first dose 

ecause it would be overtaken by that of the second dose. 

Parameter π denotes the risk of hospitalization or severe out- 

ome of infected cases. Because we did not fit hospitalization or 

evere cases, we could not estimate π but rather the product of π
nd θ , which is the IFR when ε = 0 . We previously found that it is

onvenient to simply assume θ0 = π without changing the fitting 

erformance. We estimated the β(t) , which is an exponential cu- 

ic spline function ( Vetterling et al., 1992 ) with 12 nodes spanning 

ver the study period. We fixed other parameters, e.g. η = 0 . 85 ,

hich reflects the high efficacy of vaccines against both infection 

nd deaths. We did not explicitly separate natural infection and 

reakthrough infection cases. 

The mean latent periods of σ−1 = 2 days, γ −1 = 3 days and 

−1 = 12 days are fixed, such that the mean generation time (i.e., 

um of mean latent period and mean infectious period) equals five 

ays ( Tang et al., 2021 ) and the mean duration from infection to 

eath is 17 days. 

We simulated weekly cases C t+t and deaths D t+t as 

 t+t = 

t+t 

∫ 
t 

ρσEdt and D t+t = 

t+t 

∫ 
t 

θκHdt 

nd we denoted the weekly reported cases and deaths 

s Y t+t and deaths as Z t+t . We assumed Y t+t ∼
egati v e _ Binominal( mean = C t+t , v ariance = C t+t ( 1 + τC t+t ) ) 

nd Z t+t ∼ Negati v e _ Binominal(mean = C t+t , v ariance = 

 t+t (1 + τD t+t )) Z t+t ∼ Nega tive _ Bino minal ( mean = D t+t , 

ari ance = D t+t (1 + τD t+t )) . 

Thus, we connected the reported cases/deaths and simulated 

ases/deaths via two negative binomial distributions. Thus, the log 

ikelihood could be defined ( Lin et al., 2018 ; Zhao et al., 2018 ).
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Figure 1. Fitting model to reported cases and deaths in South Africa. 

The ( red circle ) and ( black curve ) represent reported cases or deaths and simulated cases or deaths, respectively. Aa , Reported cases versus simulated cases, and proportion 

of fully vaccinated and proportion of Omicron-infected populations among samples processed in the top panel. B, Reported deaths versus simulated deaths, and simulated 

proportion of susceptible population ( green curve ), with the susceptible pool having doubled on November 9, 2021 because of the immune evasion of the Omicron variant. 

The dashed ( blue curve ) showed the estimated transmission rate in unit of R t = 

β(t) 
γ . C, The log likelihood profile as a function of reduction in IFR before and after Omicron 

evasion. 

IFR, infection fatality ratio. 
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Table 1 

Estimated reduction in IFR in four scenarios of immune evasion. 

Immune evasion Maximum likelihood 

estimate of reduction in IFR 

95% confidence interval 

0.25 0.794 0.683, 0.869 

0.5 0.777 0.652, 0.861 

1 0.787 0.669, 0.85 

2 0.778 0.636, 0.842 

IFR, infection fatality ratio. 
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e fit the model to reported cases and deaths via R package 

OMP ( King, Nguyen, and Ionides 2015 ; He, Ionides, and King, 

010 ) and noted the maximum likelihood estimate for IFR. The 

5% confidence interval was defined as the interval of IFR such 

hat the log likelihood of the model given by the data drops by 

 . 5 χ2 
0 . 95 ,df=1 

= 1 . 92 from the maximum log likelihood ( He, Ionides,

nd King, 2010 ). 

esult 

We found that the COVID-19 case and death reporting in South 

frica was consistent over time. For instance, the reported deaths 

rom COVID-19 were consistently one-third of the excess deaths. 

he raw infection fatality rate (IFR) was consistent over time be- 

ore the emergence of the Omicron variant. After the emergence of 

micron variant, the raw IFR seemingly decreased significantly. 

In Figure 1 , we show our fitting result of four waves in South

frica. Our model simulations (black curve) matched the reported 

ases and deaths (red circle) reasonably well, with cases in panel 

a) and deaths in panel (b). The estimated IFR 1 was approximately 

.21%. As mentioned previously, reported deaths amounted to only 

ne-third of excess deaths, and it was generally believed that the 

xcess death is a good proxy for the true COVID-19–related death. 

hus, the true IFR could be 0.63%, which was well in line with cur- 

ent knowledge of COVID-19 before the emergence of the Omicron 

ariant. The proportion of fully vaccinated population and the pro- 

ortion of Omicron-infected population among the processed sam- 

le are shown in the top of Panel a. The proportion of suscepti- 

le population is shown in the top of Panel b, where a sudden in-

rease on November 9, 2021 can be noticed, reflecting the effect 

f immune evasion due to the Omicron variant. Panel c shows the 

og likelihood profile versus the reduction in IFR. We found that 

he IFR reduced to approximately 78.7% (95% confidence interval: 

6.9%, 85.0%) with respect to previous variants in the scenario of 

mmune evasion enlarging the susceptible pool by one-fold. Table 1 

hows the estimated reduction in IFR in four scenarios where im- 
148
une evasion enlarged the susceptible pool by 0.25-fold, 0.5-fold, 

ne-fold and two-fold. The estimated reduction in IFR is consistent 

mong the four scenarios. Figure 1 shows the scenario in which 

he susceptible pool is increased by one-fold, and supplementary 

igures S1, S2, and S3 show the scenario in which the susceptible 

ool is increased by 0.25-fold, 0.5-fold and two-fold by immune 

vasion. The fitting performance was greatly improved, as reflected 

n the maximum log likelihood, with the immune evasion having 

ncreased from 0.25-fold to two-fold of the pre-susceptible level. 

hus, the relative transmissibility of the Omicron variant is likely 

hree-fold that of the Delta variant. If we assume that the immune 

vasion is at a low level, e.g., 0.25-fold of the pre-susceptible level, 

hen the transmission rate, in units of basic reproductive number, 

eeds to increase to as high as 9. 

iscussion 

We assume that the case testing/reporting effort was consistent, 

lthough this might not be always true. With the emergence of 

ew variants, the testing effort could have been enhanced. Thus, 

ur estimated IFR could have been underestimated for the Omi- 

ron variant because of this transient effect. We considered several 

evels of immune evasion due to the Omicron variant in a single- 

train model. A multiple-strain model could be considered as an 

lternative approach. We only considered data up to February 9, 
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022. Our aim was to provide an early estimate of IFR for the 

micron variant in South Africa. This IFR was estimated in the set- 

ing of high seroprevalence (infection attack rate) in South Africa, 

hus it does not reflect the intrinsic IFR of the Omicron variant in 

 largely susceptible population. As a comparison, the raw case- 

atality rate (CFR) in Hong Kong in the fifth wave of COVID-19 with 

he Omicron variant was 0.69% by April 4, 2022 (’ Latest situation 

f COVID-19 (as of 4 April 2022)’, 2022 ), whereas the previous raw 

FR was 1.38% (up to February 6, 2022), implying a reduction of 

0%. However, considering the higher frequency of under-reporting 

f cases in the fifth wave than in the previous waves due to change

f testing policy, the reduction could have been much higher than 

0%. This reduction was partly due to intrinsic features of the Omi- 

ron variant and partly due to vaccine-induced protection. Con- 

ersely, the raw CFR in the unvaccinated population in the fifth 

ave was 2.05%—higher than the 1.34% CFR reported in the previ- 

us waves. However, again taking into account the high frequency 

f under-reporting of cases in the fifth wave, the CFR of the Omi- 

ron variant in the unvaccinated population could have been sub- 

tantially lower than that of previous variants (‘ Latest situation of 

OVID-19 (as of 4 April 2022)’ 2022 ). 

onclusion 

In summary, we found that the relative transmissibility of the 

micron variant (including transmissibility due to immune escape) 

ould be more than three-fold higher than that of previous vari- 

nts, which is in line with our previous estimate ( Yu et al., 2021 ).

mmune evasion is the main reason for the high relative transmis- 

ibility of the Omicron variant. The reduction in the IFR of the 

micron variant was approximately 78.7% of the IFR of previous 

ariants, with a 95% confidence interval (66.9%, 85.0%). 
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