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Abstract 

 

Determining Safe NPI Relaxation Strategy in India During the Delta and 

Omicron Waves of COVID-19: Findings from a Two-Strain COVID-19 

Transmission model 

By Ting-Hsuan Wu 

 

The use of non-pharmaceutical interventions (NPIs) has been a critical strategy to 

slow and prevent the spread of SARS-CoV-2 during the COVID-19 pandemic. 

Dynamic transmission models have been developed to project the course of the 

pandemic under various assumptions. This study aimed to validate model-projected 

COVID-19 cases and deaths for the Delta wave to assess model performance and 

project the course of the pandemic during the time period where transmission is 

driven by the Omicron variant. We updated the parameters of a two-strain SEIR 

model and compared model-projected and reported COVID-19 cases and deaths in 

India over 180 days starting from July 27th, 2021. The difference (projected – 

reported) and percent error were calculated to assess the degree of agreement 

between model projections and the reported data. Following external validation, we 

updated model parameters with the best estimates corresponding to the Omicron 

wave and projected the number of COVID-19 cases and deaths over 180 days 

beginning from November 26th, 2021. When NPI relaxation is delayed for at least 

180 days, model-projected cases for the Delta wave aligned with reported number 

of cases in India. Between days 30 and 75, the Onam holiday was celebrated, and 

model projections underestimated the number of reported cases during this time. If 

the Onam spike is excluded, model-projected cases closely aligned with reported 

data, with a mean error of 1.7% and -2.0% for the 12-week and 24-week (full SDE) 

inter-dose intervals, respectively. The model projected 518 deaths per million after 

150 days, which overestimated the 352 deaths per million reported in India. 

Projections for the Omicron wave suggest that cases will peak earlier than they did 

in the Delta wave, with a smaller second peak occurring later during the simulation 

period. External validation of the two-strain SEIR model suggests that the model 

was consistent with cases in India and that NPIs continued to reduce transmission 

throughout the six-month period, but validation work must continue as more data on 

the characteristics of the Omicron variant become available.  
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Introduction 

 In December of 2019, a cluster of pneumonia cases of unknown etiology was reported in 

Wuhan, China. In less than a month, a novel coronavirus, SARS-CoV-2, was isolated as the 

causative agent. Approximately three months after the first cases of COVID-19 were reported, 

COVID-19 was declared a pandemic by the World Health Organization (WHO). As of April 14, 

2022, over 500 million cases and 6 million deaths have been reported globally (1). Surges in 

COVID-19 cases and the demand for oxygen supplies have overwhelmed healthcare capacity 

across the world.  

Variants of Concern, Non-pharmaceutical Interventions (NPIs), and Vaccines 

 As SARS-CoV-2 spread rapidly across the world, variants have been isolated and identified 

in multiple countries. Five variants in particular, Alpha, Delta, Gamma, Beta, and Omicron, have 

been named Variants of Concern (VOC). The Alpha variant, first detected in the U.K. in September 

2020, is 50% more transmissible than earlier strains and was linked to an increase in COVID-19 

cases and hospitalizations among younger people aged 20 to 59 (2–4). The Delta variant was first 

documented in India in October 2020 and has been reported to be up to 60% more transmissible 

than the Alpha variant (5,6), partly due to an increase in viral load during infection (7). The Delta 

variant dominated transmission worldwide from July to December of 2021 and was also linked to 

increased hospitalizations and transmissibility (8–11). The Beta variant was first documented in 

South Africa in May 2020 and has been estimated to be more transmissible than non-VOCs but 

less transmissible than the Alpha and Delta variants (6). The Gamma variant, first detected in 

Brazil in November 2020, was found to be more transmissible than non-VOCs but has not 

competed well against the Alpha or Delta variants (12). Lastly, the Omicron variant was first 

reported to the WHO by South Africa in November 2021. Since being designated a VOC, the 
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Omicron variant has spread to countries in all six WHO regions (13). Preliminary studies have 

demonstrated a shorter doubling time of the Omicron variant relative to the previous variants (14), 

giving the Omicron variant a substantial growth advantage. Rapid transmission of this variant 

within populations with high levels of immunity has been observed (15–17), and an early analysis 

estimated the Omicron variant to be up to two times more transmissible than the Delta variant 

(18,19). Despite the increase in transmission, the hospitalization rate among cases during the 

Omicron-dominated period is lower than the hospitalization rates among cases during the Beta- 

and Delta-dominated periods, indicating a potential decrease in disease severity of infection caused 

by the Omicron variant (20–22). 

 Non-pharmaceutical interventions (NPIs), including face covering, social distancing, 

lockdowns, school closures, and travel bans, have been critical parts of the global response to 

reduce SARS-CoV-2 spread in the absence of effective COVID-19 vaccines and treatments. NPIs 

were implemented to reduce viral spread, prevent healthcare systems from being overwhelmed, 

and to give time to achieve herd immunity through vaccination and are still partially in place in 

many parts of the world. India’s implementation of various NPIs including case surveillance, 

testing, social distancing, travel restrictions, and lockdowns early in the pandemic delayed SARS-

CoV-2 spread (23) and averted many deaths, even with imperfect compliance (24). 

Although NPIs have been effective in reducing transmission, prolonged NPI mandates 

have negative economic, psychological, physical, and social impacts (25–28). Thus, the 

development of a safe and efficacious vaccine was critical in the fight against the pandemic, with 

the hope that widespread vaccination might enable these non-pharmaceutical interventions to be 

safely relaxed. Of 107 vaccine candidates (29), adenoviral vector vaccine ChAdOx nCoV-19 

(AstraZeneca), developed at the University of Oxford, became the first non-profit COVID-19 
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vaccine aimed to increase equity and global supply to LMICs (30,31). The AstraZeneca vaccine 

also became the first viral vector vaccine candidate to publish promising efficacy and safety data. 

Blinded, randomized, controlled trials across the U.K., Brazil, and South Africa revealed that the 

efficacy of the AstraZeneca vaccine against symptomatic disease from the wildtype strain is 64.1% 

after one dose and 70.4% after two doses (32), with an additional 37% protection against 

hospitalization within the first two weeks of a positive COVID-19 test (33). Vaccine efficacy 

against emergency department visits is 94.8% (34), indicating that the vaccine provides substantial 

protection against severe disease caused by the wildtype. Vaccine efficacy increased from 70.4% 

to 81.3% following an increase in the inter-dose interval to 12 weeks and longer (35). 

 As VOCs became more prevalent, concerns regarding immune escape prompted sub-

analyses to evaluate how well vaccines protected against disease caused by the VOCs. In general, 

studies have shown that the full two dose series seem to remain highly effective against emerging 

variants, particularly for more severe disease. Analysis revealed that the full two dose series had 

similar effectiveness against symptomatic infection for the Alpha (VE=60; 95%CI: 41-73 to 74.5%; 

95%CI: 68.4-79.4 (33,36)), Delta (67%; 95%CI: 61.3-71.8 (37)) and Gamma strains (VE=77.9%; 

95%CI: 69.2-84.2 (38)) compared with the initial wildtype strain (VE=70.4%; 95%CI: 54.8-80.6 

(32)).  Protection was also similar against the most severe disease for the Delta variant, with an 

estimated efficacy against hospitalization of 86% and 91% against severe disease (39). However, 

a single dose was less effective against some variants, with one dose providing 49% protection 

against the Alpha variant, 30% against the Delta variant, and 41% against the Gamma variant 

(compared with 64.1% for the wildtype) (32,37,40). In contrast, a single dose appeared to be highly 

protective against hospitalization with the Beta/Gamma variant (40). However, efficacy against 
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mild or moderate disease from the Beta variant is much lower, with one study estimating an 

efficacy of only 10.4% (41). 

Concerns about immune evasion have been returned with the emergence of the Omicron 

variant. Several studies have observed considerable evasion of the Omicron variant to antibody 

neutralizing activities from vaccination or natural infection (42–44), partially explaining the rapid 

spread of the Omicron variant in populations with high immunity levels. Vaccine efficacy against 

infection by the Omicron variant is still undergoing investigation, but studies have found the 

AstraZeneca vaccine to provide little to no protection against infection caused by the Omicron 

variant 15-20 weeks after the second dose (45,46). Other preliminary studies have found 33-50% 

relative reduction in the protection from primary vaccine series against infection caused by the 

Omicron variant compared with the Delta variant (19,47). In contrast, vaccine efficacy against 

severe diseases caused by the Omicron variant remained high, with primary series doses reducing 

hospitalization following infection by the Omicron variant by 63% (48) With the progression in 

vaccine development, the focus on mitigation strategy shifted towards mass vaccination programs 

and safe relaxation of NPIs. The difference in vaccine distribution and rollout rates by country 

requires the assessment of the safest NPI relaxation strategy best suited for each country. 

While these vaccines have been helpful, NPIs remain important as vaccine supply and 

accessibility are limited in low- and middle-income countries (LMICs) and as variants emerge. 

Global vaccine distribution is highly unequal, with 80% of the population receiving only 5% of 

the total COVID-19 vaccines in the world as of March 31, 2021. (49). The WHO Strategic 

Advisory Group of Experts on Immunization (SAGE) stated on May 27th of 2021 that high-income 

countries have administered 69 times more doses than LMICs per inhabitant (50). Inequity in 
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global vaccine distribution forces LMICs to rely on prolonged NPIs before populations reach the 

herd immunity threshold.   

Models 

The uncertainty surrounding the future of the ongoing COVID-19 pandemic has shed light 

on the usefulness of dynamic transmission models to inform policy makers and guide public health 

safety recommendations. Dynamic transmission models incorporate disease-specific parameters 

to reflect disease transmission and are useful for projecting long-term epidemiologic outcomes and 

potential impacts if certain components of disease transmission (such as contact rates) are modified. 

It is important to distinguish between forecasting and projection as the two components of model 

prediction. Forecasting attempts to quantitatively predict future events, while projections attempt 

to describe what happens given certain assumptions and hypotheses (51). In Kenya, an age-

structured compartmental model projected that COVID-19 severity and deaths are reduced with a 

reduction in contacts, and this reduction is greater when contacts are reduced for 190 days 

compared with 60 days (52). Vardavas et al. developed a COVID-19 transmission population-

based model (PBM) to compare the impact of NPIs on health and economic outcomes and found 

that, if compliance is high, a periodic strategy where periods of strict NPI implementation followed 

by periods of relaxation can achieve similar health outcomes as a stringent fixed NPI 

implementation at lower social welfare cost (53). 

As vaccine candidates reached phase III clinical trials with promising results, many studies 

utilized dynamic transmission models to assess vaccine allocation strategies under various vaccine 

efficacy and coverage scenarios on country-specific scales and global scales. For instance, Moore 

et al. used an age stratified SEIR model and supported prioritization of elder individuals as the 

optimal vaccine strategy in the United Kingdom (54). Hogan et al. extended a SEIR model that 



6 
 

explored SARS-CoV-2 transmission across different countries to assess vaccine allocation 

strategies and found that equitable global vaccine allocation is projected to be the optimal strategy 

(55). 

Models are useful when they accurately reflect our current understanding of the topic and 

use valid and reliable data. Failure to do so will compromise model outputs and create misleading 

interpretations. The COVID-19 forecasting model developed by the Institute of Health Metric and 

Evaluation (IHME) (56), although highly influential and widely cited by policy makers, has 

received heavy criticism due to the unstable nature of its forecasts. The IHME model fitted a 

statistical curve and failed to account for the features of COVID-19 and the regional variation in 

pandemic responses (57,58), resulting in forecasts that were both too optimistic and too pessimistic 

(59,60). To produce forecasts that are generalizable to the population for which they are intended, 

models must ensure that reliable and representative data and assumptions are used for model 

development.  

The early phases of an epidemic, when knowledge of the pathogen is limited, surveillance 

is imprecise, and testing is incomplete, drive models to make many assumptions. Changes in 

disease transmission dynamics over time due to behavior modification and ongoing pathogen 

evolution require continuous updates of the model structure and parameters. As more data become 

available, it is essential to validate models to explore their limitations and strengths and understand 

how to appropriately apply and interpret the results. 

Model Verification and Validation 

Model validation is a critical process to ensure model projections used to inform policy 

and guide recommendations are trustworthy. Model validation is used to evaluate the accuracy of 

outputs by assessing the degree of agreement between model outputs and observed/reported data 
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or the outputs from other models aiming to answer similar research questions so that decision 

makers can reliably incorporate model outputs in their decisions. Continuous validation allows for 

models to be revised to accurately reflect the data and reveals whether model projections under- 

or overestimate the observed outcomes. There are several model validation methods, but not all 

methods must be used for a model’s output to be valid and useful. For instance, if a model’s 

primary objective is to predict future events, then the researchers may focus on predictive validity 

over other forms of validity. Validation methods can be categorized into face validity, internal 

validity, external validation, predictive validation, and cross-model validation (61). External 

validation compares empirical observations and model outputs to evaluate model performance in 

calculating actual outcomes, while predictive validation determines the model’s ability to predict 

or reproduce outputs similar to observed data not available during model development (61,62). 

Objective/Aim 

 With an efficacious vaccine, NPIs can be potentially relaxed safely in LMICs. To identify 

the vaccine coverage level needed for safe NPI relaxation without straining the healthcare systems 

in LMICs, a two-stain SEIR-like model was developed by Kraay et al. (63). This study aims to 

evaluate the external validity of that model’s projected COVID-19 cases and deaths in India. Kraay 

et al. Initially, the projected cases and deaths in India for the Delta wave was for different 

hypothetical NPI and vaccination scenarios, so this validation study also aims to determine which 

NPI relaxation strategy was most consistent with the observed incidence data. Following model 

validation, this paper aims to project COVID-19 cases and deaths for the Omicron-dominant wave. 
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Method 

SEIR Model Structure 

We used a two-strain SEIR-like model (Figure 1) with strain 1 representing the wild-type strain 

and strain 2 representing the average VOC characteristics to (1) identify the level of vaccine 

coverage needed to safely relax NPIs without straining the healthcare systems and (2) investigate 

how prevalence of VOCs and inter-dose interval of AstraZeneca vaccine impact safe NPI 

relaxation (63). Individuals enter a latent, non-infectious period (E) following exposure to strain 1 

or 2 and will progress to either infectious and symptomatic (I) or infectious and asymptomatic (A). 

A portion of symptomatic individuals will become hospitalized (H), and all individuals who are 

not hospitalized are assumed to recover (R). A portion of hospitalized individuals will die (D), and 

the rest will recover (R). We assume that homotypic immunity does not wane during the simulation, 

but heterotypic immunity wanes and individuals can be re-infected by the strain that did not infect 

them previously. This model is stratified by vaccination status (unvaccinated, vaccinated with one 

dose, vaccinated with 2 doses), risk group (high risk and low risk), and age (<20, 20-65, and ≥65 

years). Protection from the vaccine is assumed to begin as soon as vaccine doses are administered, 

with the level of protection differing for one vs. two doses. Four inter-dose intervals are considered: 

1. 12-week interval as recommended for AstraZeneca vaccine 

2. 24-week interval without additional waning of protection during the second 12 weeks 

3. 24-week interval with 80% overall protection than what is observed for 12 weeks during 

the 24-week waiting period 

4. No second dose administered, with the overall protection by a single dose to be 50% 

This model was applied to six WHO member states: Ecuador, India, Yemen, Malaysia, South 

Africa, and Serbia. For each scenario, this model’s outputs include deaths, symptomatic COVID-
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19 cases, and hospitalizations over a 180-day period. In this study, we limit our analysis to India 

and consider two time periods for the simulations: the Delta-dominated period begins on July 27th, 

2021, and the Omicron-dominated period begins on November 26th, 2021, which corresponds to 

the beginning of the transmission wave driven by the Omicron variant. 

 Model Parameters 

Model parameters are shown in Table 1 (63). Overall, the model parameters can be  

broken down into three categories: calibrated, fixed, and varied. Calibrated parameters by country 

are calibrated to the country-specific incidence data. To update the fixed parameters, a systematic 

search was conducted on PubMed and medRxiv for current best estimates. Varied parameters are 

used to project how different vaccine allocation, vaccine efficacy, and strain dynamics might 

change simulation outputs. Our model incorporates two SARS-CoV-2 strains, with strain 1 

reflecting characteristics of the wildtype strain, and strain 2 reflecting characteristics averaged 

across the VOCs. For Delta-variant simulations, we assume that strain 2 is 50% more transmissible 

than strain 1 (𝜓). We also assume that individuals can only be infected by each strain once. 

Following infection by one strain, individuals cannot be infected by a different strain until 

immunity has waned (1/𝜖), reflecting a period of complete cross-protection. Upon exposure, 

movement from the S compartment to the E compartment is governed by the transmission rate (𝑏). 

Movement from the E compartment to the I or A compartments are governed by the latent period 

and the probability of symptomatic infection (1/𝜎 ∗ 𝜈) or the latent period and the complement of 

the probability of symptomatic infection (1/𝜎 ∗ (1 − 𝜈)), respectively. The movement from the I 

compartment to the H compartment is governed by the probability of hospitalization (𝜙), which 

differs between age groups of <20, 20-64, and 65+ years. Similarly, the movement from the H 

compartment to the D compartment is governed by the probability of death (𝜌) and varies between 
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age groups as well. A proportion of those in the H compartment will recover and move to the R 

compartment, which is governed by the complement of the probability of death (1 −𝜌 ). All 

individuals in the A compartment are assumed to recover and move to the R compartment. 

Individuals in the R compartment are assumed to have immunity that wanes over time, effectively 

moving them to the second S compartment, in which they are susceptible to the strain that did not 

cause the first infection. All individuals not in the I or H compartments are eligible to get 

vaccinated given that they are not fully vaccinated already. Vaccine efficacy varies by strain in 

protection against infection and hospitalization (63). Single dose efficacy (SDE) is lower than two 

doses (TDE), with single dose VE against strain 2 lower than single dose VE against strain 1. Table 

2 outlines 64 scenarios considered and reported by Kraay et al. We assume that vaccine coverage 

among the eligible population will not exceed 80% (the maximum possible coverage in our 

simulations), corresponding to 48% of the overall population of India. We assumed high initial 

variant transmission (70%) and excluded the scenario with immediate NPI relaxation, as these 

were not consistent with either policy decisions or the incidence data (not shown). 

Parameter Validation 

 As the pandemic continues to evolve and new variants emerge, parameter values were 

validated by sourcing up-to-date literature. We sourced Our World in Data (OWID) for data on 

incidence, deaths, hospitalizations, healthcare capacity (defined by the total numbers of staffed 

beds and ICU beds), and current vaccination rollout rate in India (64). We sourced literature for 

country-specific seroprevalence data to estimate the age-stratified cumulative incidence and the 

proportion immune at baseline for each age group. Reporting rates were calculated using age-

stratified cumulative incidence estimates and reported cumulative cases were sourced from OWID. 

Vaccine efficacy data were sourced from updated clinical trial literature (32,33,36,37).  
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External Validation 

 Model parameter values were updated before model simulation, and the projected numbers 

of COVID-19 cases and deaths over a 180-day period are compared with the reported numbers of 

cases and deaths for India. Since the Omicron wave is still ongoing as of April 2022, we conducted 

external validation on simulation results for the Delta-dominated period only (i.e., 180 days since 

July 27th, 2021). Reported cases for India are scaled using the reporting rate calculated from 

seroprevalence data to account for under-reporting, and reported cases are calculated to include all 

active infected cases on a given day (i.e., cases on day 7 were calculated to include cases from day 

1 to day 7). Due to the lack of COVID-19 hospitalization data available for India, we focus our 

external validation analysis on COVID-19 cases and deaths for the Delta variant period, comparing 

model estimates with reported data for the same period.  

 Plots of the number of COVID-19 cases and deaths were generated using the “ggplot2” 

package (65) for visual comparison of model outputs and reported data. The first deviation metric 

was the differences between model outputs and reported data, and negative/positive values indicate 

that the model underestimated or overestimated the number of cases and deaths. To measure how 

well the model outputs fit the reported data, the percent error, 𝑒 =
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑙𝑢𝑒−𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
×

100%, was calculated using simulated and reported cases and deaths for India. Lastly, the mean 

percent error, 
100%

𝑛

∑ 𝑜𝑖−𝑒𝑖
𝑛
𝑖=1

𝑜𝑖
, was calculated to quantify the difference between model projection 

and reported data. We proceed with validation analyses for the scenario where single dose efficacy 

(SDE) for strain 1 and 2 are similar and focus our validation analyses on all four inter-dose 

intervals when NPI relaxation occurs after the maximum vaccine coverage is reached, as these 

scenarios had errors less than +/-100%. Additionally, because maximum vaccine coverage is not 

achieved in our simulation, projections are identical between NPI scenarios where relaxation is 
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delayed until maximum vaccine coverage is achieved and when NPI relaxation occurred after the 

duration of the simulation. Thus, we present only the scenario where NPI relaxation occurred after 

maximum vaccine coverage is achieved.  

Omicron Simulation 

 Following external validation, we updated model parameters using current best estimates 

for the Omicron variant. We projected the number of COVID-19 cases and deaths in India over a 

180-day period, beginning from November 26th, 2021, when the WHO designated the Omicron 

variant as a VOC (66). In addition to the relaxation at maximum coverage scenario, we also 

considered scenarios where NPIs were relaxed once 25% vaccine coverage was reached among 

the total population. We expect the maximum vaccine coverage to be achieved during the Omicron 

wave, so we also include scenario where NPIs were maintained throughout the simulation. 

Results 

Parameter Validation 

Overall, the model parameters considered in the model by Kraay et al. (63) were consistent 

with current literature (Table 1). Initial states for the model were updated using seroprevalence 

data collected in India from June to July of 2021 to better reflect the baseline prevalence at the 

start of the simulation period (July 27th, 2021). The basic reproductive number 𝑅0 used in the 

model was consistent with existing literature and meta-analysis. Relative transmissibility for strain 

2 was updated from 1.5 to 2 to reflect the relative transmissibility of the Delta variant (𝑅0 = 5.08) 

compared with the wildtype (𝑅0 = 2.5). Additional literature sourced after model development 

confirmed that the values used for latent period and hospital length of stay were consistent with 

current best estimates for the Delta variant. In the original model, hospital length of stay for 

infection caused by the Delta variant was sourced from U.S. data, but the value was consistent 
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with data published for India. Vaccine efficacy values used in the original model were consistent 

with clinical trial data against the Delta variant but were reduced for the simulations for the 

Omicron wave. 

Parameter values were then updated to model vaccine impact on cases and deaths during 

the Omicron wave (Table 1). The value of relative transmissibility of the Omicron variant 

compared with the wildtype strain increased to 4 (19,67). Hospital length of stay was reduced to 3 

days (68), and the probability of symptomatic infection was reduced from 0.6 to 0.43 (69). The 

probabilities of hospitalization for each age group were updated to reflect a decrease in disease 

severity caused by the Omicron variant compared with the Delta variant (70). Similarly, the 

probabilities of death among hospitalized patients by age group were also decreased (68). Baseline 

conditions (i.e., the proportion of the population recovered, currently infected, and hospitalized by 

age group) for this simulation were updated and the proportion of individuals partially and fully 

vaccinated by age and risk groups were incorporated at the start of the simulation period 

(November 26th, 2021).  

External Validation for the Delta Wave 

The increase in reported cases after 150 days is consistent with the surge corresponding 

with the Omicron wave (Figure 2). We note that maximum vaccine coverage was not reached 

during our simulation, so all simulations used for validation assume NPIs are constant throughout 

the simulation. In general, model predictions were broadly consistent with incidence case data 

during the Delta wave (Figure 3L). Between days 30 and 75, during the Onam spike where cases 

increased as a result of large gatherings and festivals for the Onam celebration, all inter-dose 

interval scenarios underestimate reported cases (negative difference), with 24-week inter-dose 

interval (full SDE) underestimating the number of cases to the greatest extent (Figure 3R). From 
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approximately days 75 to 150, the difference between model-projected cases and reported cases 

fluctuated above 0, and the scenario of a 24-week (SDE) inter-dose interval produced the least 

overestimation. Model-projections across the modeled scenarios generally slightly underestimated 

cases, except for the scenario with no second dose, which overestimated the number of cases. 

Underestimation of cases across all inter-dose intervals are due to the Onam spike. The mean 

percent error of the projected number of cases is the smallest with a 24-week inter-dose interval 

(80% relative efficacy) at -2.9% and is the largest without a second dose at 8.2% (Table 2). 

Excluding the Onam spike, the mean percent error is the smallest for the 12-week inter-dose 

interval at 1.7% and largest without a second dose at 19%. The model-projected number of deaths 

per million after 150 days (December 24th,2021), overestimated the actual reported number of 

deaths per million across all inter-dose interval scenarios (Figure 5). Model scenario with a 24-

week (full SDE) inter-dose interval projected 518 deaths per million by December 24th, 2021, 

while India reported a total of 352 deaths per million. There were minute differences between a 

12-week and 24-week (80% and full SDE) inter-dose intervals, each projecting 524, 537, and 518 

deaths per million, respectively. Without a second dose, the model projected 599 deaths per million, 

the highest of all inter-dose intervals. 

Omicron Projections 

 Consistently across different inter-dose interval scenarios, NPI relaxation at 25% vaccine 

coverage had higher peaks of cases than when relaxation was delayed until maximum coverage 

was achieved or until after at least 180 days. The first peaks of cases occurred during similar time 

points, between days 50 and 70 (January 15th - February 4th, 2022) for these three NPI relaxation 

scenarios across all dosing scenarios (Figure 6). Additional simulation for 360 days after 

November 26th, 2021, showed that while the projected numbers of cases declined rapidly and 
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remained close to 0 following the first peaks for most inter-dose interval and NPI relaxation 

scenarios, the number of cases reached a lower second peak when NPIs were relaxed, regardless 

of the inter-dose interval used (S1). The timing of this NPI relaxation and the resultant second 

wave depended on the inter-dose interval used and the coverage at which NPIs were relaxed. 

Without a second dose and with delayed relaxation until maximum coverage was achieved, 

relaxation occurred around day 95 (March 1st, 2022) which triggered a follow-up transmission 

wave that peaked around day 125 (March 31st). The same NPI relaxation scenario resulted in 

delayed second waves of cases with 24-week inter-dose -interval scenarios around day 200 (June 

14th, 2022) and a 12-week inter-dose interval around day 250 (August 3rd, 2022). The height of the 

second wave is the highest without a second dose, followed by 12-week and 24-week inter-dose 

intervals that have similar peaks. Finally, the number of deaths per million after 180 days (May 

25th, 2022) is the lowest with a 12-week inter-dose interval and the highest without a second dose 

in every NPI relaxation scenario (Figure 7). Across all inter-dose interval and NPI relaxation 

scenarios, our model projected at most 2.8 deaths per million and at least 1.3 deaths per million in 

India by May 25th, 2022. Maximum vaccine coverage occurs around day 90 (February 24th, 2022) 

without a second dose, day 125 (March 31st, 2022) with a 24-week inter-dose interval, and day 

150 (April 25th, 2022) with a 12-week inter-dose interval (Figure 8). 

Discussion 

 This study demonstrated that the COVID-19 cases projected by the two-strain SEIR model 

developed by Kraay et al. (63) are generally consistent with reported data from India during the 

Delta wave.  Model projections suggest that the Omicron surge is likely to be short-lived, with a 

return to lower levels of transmission during the spring months. Moreover, we predict that 
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subsequent surges in transmission will be less likely to cause a large increase in deaths due to the 

lower severity of the Omicron variant.  

External Validation 

Overall, the model-projected number of COVID-19 cases in India 150 days after July 27th, 

2021, aligned well with reported cases. A slight increase in reported cases around day 30 

corresponds to the “Onam spike,” which was anticipated by Indian government and public health 

officials with festivals and gatherings that occurred during that time period for the Onam 

celebration (71). The sharp increase in the number of reported cases after 150 days corresponds to 

the increase in transmission driven by the Omicron variant, thus the time after 150 days was 

excluded from the external validation analyses. Model projections were able to project that when 

NPI relaxation was delayed until maximum vaccine coverage was achieved or for at least 180 days, 

the difference between 12-week and 24-week inter-dose intervals is minimal. This suggests that 

the effects of standard vs. longer dosing intervals are similar when NPI use is prolonged, but these 

predictions could diverge after NPIs relax if long-term efficacy is lower for longer inter-dose 

intervals. Although activity levels have fluctuated over the course of the pandemic, partial NPI use 

has continued in India even after vaccine development. Between July 27th, 2021, and January 27th, 

2021, the COVID-19 stringency index (includes school/workplace closures and travel bans) 

remained largely above 50 (100 = strictest), with the highest value of 81.94 and lowest value of 

37.50 (72,73). Thus, our findings that the reported number of cases in India align closely with 

model scenarios where NPI relaxation is delayed is consistent with observed patterns of social 

interaction in India during the Delta wave. Overall, our model was able to capture NPI usage and 

vaccination rollout rate in India to project the number of cases that were broadly consistent with 

reported cases over a period of 6 months. 
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When NPI relaxation is delayed until maximum vaccine coverage is reached, the projected 

number of deaths per million overestimated the reported number of deaths per million in India 150 

days after July 27th, 2021, regardless of the dosing scenario. The overestimation in model-projected 

deaths could partially be due to under-reporting of COVID-19 deaths and varying reporting quality 

between states in India. Many deaths occur in rural areas lack medical certification as they often 

occur without medical attention (74), and the differences in social, behavioral, and biological risk 

factors and distribution of chronic diseases (75) may exacerbate the variation between states in 

COVID-19 mortality. In addition, structural limitation as well as uncertainty of the model 

parameters may increase the gap between projected and reported deaths. 

Omicron Simulation 

Based on the model simulation, we expect cases to peak in January across all inter-dose 

interval and NPI relaxation scenarios and the number of cases to exceed the number of cases for 

the Delta wave. Our findings are broadly consistent with other studies, which projected cases in 

India to peak around January and extend into March or April of 2022 (76,77). A second smaller 

wave of cases projected to begin towards the end of the simulation period may be due to the 

relaxation of NPIs as adequate vaccine coverage level is reached for each scenario. Our projections 

suggest that delaying NPI relaxation until after 80% vaccine coverage is reached can reduce 

caseload and reduce deaths. The projected number of deaths per million after 180 days is 

substantially lower than the numbers projected for the Delta-period, with no more than three deaths 

per million projected during the Omicron wave compared with over 500 deaths per million 

projected for the Delta wave. The drastic decrease in the number of deaths per million projected 

during the Omicron wave may be due to a lower probability of hospitalization upon infection 

caused by the Omicron variant, a lower probability of death upon hospitalization for infections 
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caused by the Omicron variant compared with the Delta variant, and a higher starting vaccine 

coverage for the Omicron simulation than for the Delta simulation. The probabilities of 

hospitalization and death are estimated based on early preliminary studies, and additional studies 

are needed for more reliable estimates.  

Limitation 

 Although the model projections were broadly consistent with the reported data in India, 

this study has some limitations. For external validation, we were unable to evaluate how the model-

projected hospitalizations performed against reported data for India as this information is 

unavailable. For the simulation during the Omicron-dominant period, we did not account for the 

booster doses given to high-risk populations in India beginning in January. Due to limited data on 

the VE of AstraZeneca against infections caused by the Omicron variant, we used relative 

reduction from preliminary studies to estimate the VE incorporated in our model. Finally, under-

reporting of deaths due to COVID-19 infections in India may be due to the lack of consistent 

infrastructure to report COVID-19 deaths appropriately. Future studies should aim to understand 

the social, biological, and behavioral factors that contribute to underreporting to develop methods 

for more precise excess mortality estimates. 

Implications and Future Directions 

 External validation of dynamic transmission models allows us to identify the strengths and 

weaknesses of the models. It reveals potential biases of the model or how aspects of the real world 

that are not accounted for by the model will impact model projections. Based on the model 

projections from the Omicron simulation, we recommend continuing to delay NPI relaxation until 

the majority of the population is vaccinated. Much is unknown regarding the nature of immunity 

and cross-strain dynamics; more data is required to better estimate the effect of protection from 
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prior infection on the course of the pandemic as new variants emerge. Finally, given that VE is 

reduced against infections caused by the Omicron variant, future studies should focus on 

estimating the effect of booster doses on safe NPI relaxation strategies in India. 
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Tables and Figures 

Figure 1 

 

 
Figure 1: Flow diagram of SEIR model for an age and risk group under a single vaccine scenario. 

Yellow compartments represent infection by strain 1 (wild type) and blue compartments 

represent infection by strain 2 (VOCs). Squares represent first infection and diamonds represent 

re-infection by the strain that did not cause the first infection. The clear box represents 

susceptibility to both strains. Individuals in the S, E, A, or R are eligible to be vaccinated given that 

they have not been fully vaccinated already. Individuals in the I or H compartments are not 

eligible to receive a vaccine. Parameters are defined in Table 1. 
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Table 1 

 Delta Omicron Sources 

Calibrated Parameters 

𝑅0 Basic reproductive number 2.5 2.5 (78–80) 

𝑏 

𝜅 

𝑠𝑑(0) 

Transmission rate 

Reporting rate for clinical cases (fraction) 

Proportion of social contacts maintained 

relative to pre-pandemic levels 

0.0186 

0.75 

0.45 

0.0186 

0.75 

0.45 

Calibrated 

Calibrated 

Calibrated 

Fixed Parameters 

1/𝜎 Latent period (days) 5.5 3* (81–84); (85) 

𝜈 Probability of symptomatic 0.6 0.43* (86–88); (69) 

1/𝛾𝐼 

1/𝛾𝐴 

1/𝛾𝐻 

Infectious period, symptomatic (days) 

Infectious period, asymptomatic (days) 

Hospital length of stay in the U.S. (days) 

7 

7 

5 

5* 

5* 

3* 

(89) 

(89) 

(90,91); (68) 

𝜙 Probability of hospitalization (<20) 

Probability of hospitalization (20-64) 

Probability of hospitalization (65+) 

0.0075 

0.15 

0.45 

0.00054* 

0.0027* 

0.024* 

(92,93); (70) 

(92,93); (70) 

(92,93); (70) 

𝜌 Probability of death (<20) 

Probability of death (20-64) 

Probability of death (65+) 

0 

0.0465 

0.266 

0 

0.0018* 

0.014* 

(68) 

(68) 

(94); (68) 

𝜆 Vaccination dose available per day 0.33% 0.33% Calibrated 

Varied Parameters 

𝑣𝑎𝑥𝑒,ℎ  

𝑣𝑎𝑥𝑒,𝑙 

𝑣𝑎𝑥𝑎,ℎ 

𝑣𝑎𝑥𝑎,𝑙 

𝑣𝑎𝑥𝑚𝑎𝑥 

Fraction of first dose received (65+, high risk) 

Fraction of first dose received (65+, low risk) 

Fraction of first doses received 

Fraction of first doses received 

Maximum vaccine coverage in any age group 

40% 

30% 

20% 

10% 

80% 

40% 

30% 

20% 

10% 

80% 

Assumption 

Assumption 

Assumption 

Assumption 

Assumption 

𝑉𝐸𝐼  

𝑉𝐸𝑃  

𝛼𝐼 

 

𝛼𝑃 

 

VE against infection 

VE against hospitalization 

Relative VE against infection for strain 2 

compared with strain 1 

Relative VE against hospitalization for strain 

2 compared with strain 1 

70% 

66% 

0.5-1 

 

0.25-1 

 

70% 

66% 

0.46* 

 

0.44* 

 

 

(47) 

 

(47) 

𝜓 

 

1/𝜖 

Relative transmissibility for strain 2 

compared with strain 1 

Duration of immunity 

2* 

 

1 year 

4* 

 

1 year 

(19,67) 

Table 1: Parameter values and sources for the model simulation corresponding to the Delta-wave 

and the Omicron-wave adapted from Kraay et al. (63). Baseline VE values are sourced from 

updated clinical trial data for AstraZeneca and parameter values are sourced from existing and 
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updated literature. Green texts correspond to estimates for the Delta variant, blue texts correspond 

to estimates for the Omicron variant. Black texts are sources for both Delta and Omicron variants. 

*Value was updated from the original report by Kraay et al to reflect current best estimate for the 

Delta-dominant wave. 
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Table 2 

NPIs relax at Relative two dose 

VE for VOC 

Inter-dose interval Relative SDE for 

VOC 

0% coverage 

25% coverage of 1+ doses 

among the total population 

80% coverage of 1+ doses 

among target population 

No relaxation 

Equal 

Reduced by 50% 

for both mild and 

severe disease 

12 weeks 

24 weeks, equal 

efficacy 

24 weeks, 80% 

relative efficacy 

No second dose 

offered, 50% relative 

efficacy 

100% 

61% 

Table 2: Scenarios considered for model simulation and external validation, adapted from Kraay 

et al. (63). 
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Figure 2 

 

Figure 2: Number of cases in India over the 180-day simulation period, beginning from July 27th, 

2021. Black solid line represents reported COVID-19 cases by India starting from July 27th, 2021. 

The increase in reported cases at around day 30 is associated with the “Onam spike” which resulted 

from large gatherings and festivals during the Onam celebration. 
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Figure 3 

 
Figure 3: Left panel (L) shows the number of model projected COVID-19 cases up to 150 days 

from July 26th, 2021, across three NPI relaxation scenarios. The black solid line represents the 

reported number of COVID-19 cases from India. Right panel (R) shows the differences between 

the number of model-projected COVID-19 cases and the number of reported COVID-19 cases in 

India 150 days from July 27th, 2021. Dotted black horizontal line represents complete agreement 

between model projections and reported data. Only the scenario where NPI relaxation occurred 

after maximum coverage was considered. The Onam spike occurred around day 30.  
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Figure 4 

 
Figure 4: Percent error of model-projected number of COVID-19 cases in India 150 days after July 

27th, 2021. Dotted black horizontal line represents complete agreement between model projections 

and reported data. Only the scenario where NPI relaxation occurred after maximum coverage was 

considered. The Onam spike occurred around day 30. 
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Table 3 

NPI Factor Inter-Dose 

Interval 

*Mean 

PE 

Mean PE Minimum PE Maximum PE 

 

 

 

Maximum 

coverage 

12-week (full 

SDE) 

1.7 -4.9 -32 11 

24-week (80% 

relative SDE) 

4.2 -2.9 -32 14 

24-week (full 

SDE) 

-2.0 -7.7 -33 5.6 

No second dose 

(50% relative 

SDE) 

19 8.2 -30 43 

Table 3: The minimum, maximum, and average percent error of model-projected COVID-19 cases 

from July 26th, 2021.  *Mean percent error without the Onam spike. 
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Figure 5 

 
Figure 5: The number of COVID-19 deaths per million in India 150 days after July 27th, 2021. 
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Figure 6 

 
Figure 6: Model-projected COVID-19 cases in India over the 180-day period starting from 

November 26th, 2021. 
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Figure 7 

 
Figure 7: Model-projected number of COVID-19 deaths per million in India 180 days from 

November 26th, 2021 (Omicron-dominant wave).  
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Figure 8 

 
Figure 8: Simulated vaccine coverage for the Omicron simulation. 

  

0.00

0.25

0.50

0.75

1.00

0 50 100 150

Days since November 26th, 2021

F
ra

c
ti
o

n
 V

a
c
c
in

a
te

d

Inter−dose Interval

No second dose (50% relative single dose efficacy)

24 week (80% relative single dose efficacy)

24 week (full single dose efficacy)

12 week (full single dose efficacy)

No vaccination

Simulated Vaccine Coverage for the Omicron Wave



 

32 
 

References 

1.  WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard With 
Vaccination Data [Internet]. [cited 2021 Nov 30]. Available from: https://covid19.who.int/ 

2.  Buchan SA, Tibebu S, Daneman N, Whelan M, Vanniyasingam T, Murti M, et al. Increased 
Household Secondary Attacks Rates With Variant of Concern Severe Acute Respiratory 
Syndrome Coronavirus 2 Index Cases. Clin Infect Dis. 2021 Jun 9;ciab496.  

3.  Duong D. Alpha, Beta, Delta, Gamma: What’s important to know about SARS-CoV-2 
variants of concern? Can Med Assoc J. 2021 Jul 12;193(27):E1059–60.  

4.  Tanaka H, Hirayama A, Nagai H, Shirai C, Takahashi Y, Shinomiya H, et al. Increased 
Transmissibility of the SARS-CoV-2 Alpha Variant in a Japanese Population. Int J Environ 
Res Public Health. 2021 Jul 22;18(15):7752.  

5.  Alizon S, Haim-Boukobza S, Foulongne V, Verdurme L, Trombert-Paolantoni S, Lecorche E, 
et al. Rapid spread of the SARS-CoV-2 Delta variant in some French regions, June 2021. 
Eurosurveillance [Internet]. 2021 Jul 15 [cited 2021 Nov 17];26(28). Available from: 
https://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2021.26.28.2100573 

6.  Campbell F, Archer B, Laurenson-Schafer H, Jinnai Y, Konings F, Batra N, et al. Increased 
transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. 
Eurosurveillance [Internet]. 2021 Jun 17 [cited 2021 Nov 17];26(24). Available from: 
https://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2021.26.24.2100509 

7.  Earnest R, Uddin R, Matluk N, Renzette N, Siddle KJ, Loreth C, et al. Comparative 
transmissibility of SARS-CoV-2 variants Delta and Alpha in New England, USA [Internet]. 
Epidemiology; 2021 Oct [cited 2021 Nov 17]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.10.06.21264641 

8.  World Health Organization. COVID-19 Weekly Epidemiological Update, Edition 66 
[Internet]. 2021 Nov. Available from: https://www.who.int/publications/m/item/weekly-
epidemiological-update-on-covid-19---16-november-2021 

9.  Coronavirus Pandemic (COVID-19) - Our World in Data [Internet]. [cited 2022 Jan 25]. 
Available from: https://ourworldindata.org/coronavirus 

10.  Fisman DN, Tuite AR. Progressive Increase in Virulence of Novel SARS-CoV-2 Variants in 
Ontario, Canada [Internet]. Infectious Diseases (except HIV/AIDS); 2021 Jul [cited 2021 
Nov 17]. Available from: http://medrxiv.org/lookup/doi/10.1101/2021.07.05.21260050 

11.  McAlister FA, Nabipoor M, Chu A, Lee DS, Saxinger L, Bakal JA. LESSONS FROM THE COVID-
19 THIRD WAVE IN CANADA: THE IMPACT OF VARIANTS OF CONCERN AND SHIFTING 
DEMOGRAPHICS [Internet]. Infectious Diseases (except HIV/AIDS); 2021 Aug [cited 2021 
Nov 17]. Available from: http://medrxiv.org/lookup/doi/10.1101/2021.08.27.21261857 



 

33 
 

12.  Stefanelli P, Trentini F, Guzzetta G, Marziano V, Mammone A, Poletti P, et al. Co-circulation 
of SARS-CoV-2 variants B.1.1.7 and P.1 [Internet]. Infectious Diseases (except HIV/AIDS); 
2021 Apr [cited 2021 Nov 17]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.04.06.21254923 

13.  World Health Organization. COVID-19 Weekly Epidemiological Update, Edition 75 
[Internet]. 2022 Jan. Available from: https://www.who.int/publications/m/item/weekly-
epidemiological-update-on-covid-19---18-january-2022 

14.  Grabowski F, Kochańczyk M, Lipniacki T. Omicron strain spreads with the doubling time of 
3.2—3.6 days in South Africa province of Gauteng that achieved herd immunity to Delta 
variant [Internet]. Epidemiology; 2021 Dec [cited 2022 Jan 15]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.08.21267494 

15.  Viana R, Moyo S, Amoako DG, Tegally H, Scheepers C, Althaus CL, et al. Rapid epidemic 
expansion of the SARS-CoV-2 Omicron variant in southern Africa [Internet]. Infectious 
Diseases (except HIV/AIDS); 2021 Dec [cited 2022 Jan 15]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.19.21268028 

16.  Madhi SA, Kwatra G, Myers JE, Jassat W, Dhar N, Mukendi CK, et al. South African 
Population Immunity and Severe Covid-19 with Omicron Variant [Internet]. Infectious 
Diseases (except HIV/AIDS); 2021 Dec [cited 2022 Jan 15]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.20.21268096 

17.  Jassat W, Karim SA, Mudara C, Welch R, Ozougwu L, Groome M, et al. Clinical Severity of 
COVID-19 Patients Admitted to Hospitals in Gauteng, South Africa During the Omicron-
Dominant Fourth Wave. SSRN Electron J [Internet]. 2021 [cited 2022 Jan 15]; Available 
from: https://www.ssrn.com/abstract=3996320 

18.  Yang W, Shaman J. SARS-CoV-2 transmission dynamics in South Africa and epidemiological 
characteristics of the Omicron variant [Internet]. Public and Global Health; 2021 Dec [cited 
2022 Jan 15]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.19.21268073 

19.  Chen J, Wang R, Gilby NB, Wei G-W. Omicron Variant (B.1.1.529): Infectivity, Vaccine 
Breakthrough, and Antibody Resistance. J Chem Inf Model. 2022 Jan 24;62(2):412–22.  

20.  Abdullah F, Myers J, Basu D, Tintinger G, Ueckermann V, Mathebula M, et al. Decreased 
severity of disease during the first global omicron variant covid-19 outbreak in a large 
hospital in tshwane, south africa. Int J Infect Dis. 2022 Mar;116:38–42.  

21.  Wolter N, Jassat W, Walaza S, Welch R, Moultrie H, Groome M, et al. Early assessment of 
the clinical severity of the SARS-CoV-2 Omicron variant in South Africa [Internet]. 
Infectious Diseases (except HIV/AIDS); 2021 Dec [cited 2022 Jan 15]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.21.21268116 



 

34 
 

22.  Lewnard JA, Hong VX, Patel MM, Kahn R, Lipsitch M, Tartof SY. Clinical outcomes among 
patients infected with Omicron (B.1.1.529) SARS-CoV-2 variant in southern California 
[Internet]. Epidemiology; 2022 Jan [cited 2022 Jan 23]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2022.01.11.22269045 

23.  Patel P, Athotra A, Vaisakh T, Dikid T, Jain S, Covid N. Impact of nonpharmacological 
interventions on COVID-19 transmission dynamics in India. Indian J Public Health. 
2020;64(6):142.  

24.  Kalra A, Novosad P. Impacts of regional lockdown policies on COVID-19 transmission in 
India in 2020 [Internet]. Health Policy; 2021 Aug [cited 2021 Nov 27]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.08.09.21261277 

25.  Amare M, Abay KA, Tiberti L, Chamberlin J. COVID-19 and food security: Panel data 
evidence from Nigeria. Food Policy. 2021 May;101:102099.  

26.  Harling G, Gómez-Olivé FX, Tlouyamma J, Mutevedzi T, Kabudula CW, Mahlako R, et al. 
Protective Behaviors and Secondary Harms Resulting From Nonpharmaceutical 
Interventions During the COVID-19 Epidemic in South Africa: Multisite, Prospective 
Longitudinal Study. JMIR Public Health Surveill. 2021 May 13;7(5):e26073.  

27.  Nilima N, Kaushik S, Tiwary B, Pandey PK. Psycho-social factors associated with the 
nationwide lockdown in India during COVID- 19 pandemic. Clin Epidemiol Glob Health. 
2021 Jan;9:47–52.  

28.  Ivbijaro G, Brooks C, Kolkiewicz L, Sunkel C, Long A. Psychological impact and psychosocial 
consequences of the COVID 19 pandemicResilience, mental well-being, and the 
coronavirus pandemic. Indian J Psychiatry. 2020;62(9):395.  

29.  Zimmer C, Corum J, Sui-Lee W. Coronavirus Vaccine Tracker. N Y Times [Internet]. 
Available from: https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-
tracker.html 

30.  Knoll MD, Wonodi C. Oxford–AstraZeneca COVID-19 vaccine efficacy. The Lancet. 2021 
Jan;397(10269):72–4.  

31.  Fulker J. New collaboration makes further 100 million doses of COVID-19 vaccine available 
to low- and middle-income countries. 2020 Sep; Available from: 
https://www.gavi.org/news/media-room/new-collaboration-makes-further-100-million-
doses-covid-19-vaccine-available-low 

32.  Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, Aley PK, et al. Safety and 
efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim 
analysis of four randomised controlled trials in Brazil, South Africa, and the UK. The Lancet. 
2021 Jan;397(10269):99–111.  



 

35 
 

33.  Lopez Bernal J, Andrews N, Gower C, Robertson C, Stowe J, Tessier E, et al. Effectiveness of 
the Pfizer-BioNTech and Oxford-AstraZeneca vaccines on covid-19 related symptoms, 
hospital admissions, and mortality in older adults in England: test negative case-control 
study. BMJ. 2021 May 13;n1088.  

34.  Falsey AR, Sobieszczyk ME, Hirsch I, Sproule S, Robb ML, Corey L, et al. Phase 3 Safety and 
Efficacy of AZD1222 (ChAdOx1 nCoV-19) Covid-19 Vaccine. N Engl J Med. 2021 Dec 
16;385(25):2348–60.  

35.  Voysey M, Costa Clemens SA, Madhi SA, Weckx LY, Folegatti PM, Aley PK, et al. Single-dose 
administration and the influence of the timing of the booster dose on immunogenicity and 
efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine: a pooled analysis of four randomised 
trials. The Lancet. 2021 Mar;397(10277):881–91.  

36.  Emary KRW, Golubchik T, Aley PK, Ariani CV, Angus B, Bibi S, et al. Efficacy of ChAdOx1 
nCoV-19 (AZD1222) vaccine against SARS-CoV-2 variant of concern 202012/01 (B.1.1.7): an 
exploratory analysis of a randomised controlled trial. The Lancet. 2021 
Apr;397(10282):1351–62.  

37.  Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, et al. 
Effectiveness of Covid-19 Vaccines against the B.1.617.2 (Delta) Variant. N Engl J Med. 
2021 Aug 12;385(7):585–94.  

38.  Hitchings MDT, Ranzani OT, Dorion M, D’Agostini TL, de Paula RC, de Paula OFP, et al. 
Effectiveness of ChAdOx1 vaccine in older adults during SARS-CoV-2 Gamma variant 
circulation in São Paulo. Nat Commun. 2021 Dec;12(1):6220.  

39.  McKeigue PM, McAllister DA, Hutchinson SJ, Robertson C, Stockton D, Colhoun HM, et al. 
Efficacy of vaccination against severe COVID-19 in relation to Delta variant and time since 
second dose: the REACT-SCOT case-control study [Internet]. Epidemiology; 2021 Sep [cited 
2021 Nov 22]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.09.12.21263448 

40.  Nasreen S, Chung H, He S, Brown KA, Gubbay JB, Buchan SA, et al. Effectiveness of mRNA 
and ChAdOx1 COVID-19 vaccines against symptomatic SARS-CoV-2 infection and severe 
outcomes with variants of concern in Ontario [Internet]. Public and Global Health; 2021 Jul 
[cited 2021 Nov 22]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.06.28.21259420 

41.  Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, et al. Efficacy of the ChAdOx1 
nCoV-19 Covid-19 Vaccine against the B.1.351 Variant. N Engl J Med. 2021 May 
20;384(20):1885–98.  

42.  Planas D, Saunders N, Maes P, Guivel-Benhassine F, Planchais C, Buchrieser J, et al. 
Considerable escape of SARS-CoV-2 variant Omicron to antibody neutralization [Internet]. 



 

36 
 

Immunology; 2021 Dec [cited 2022 Jan 16]. Available from: 
http://biorxiv.org/lookup/doi/10.1101/2021.12.14.472630 

43.  Aggarwal A, Stella AO, Walker G, Akerman A, Milogiannakis V, Brilot F, et al. SARS-CoV-2 
Omicron: evasion of potent humoral responses and resistance to clinical 
immunotherapeutics relative to viral variants of concern [Internet]. Infectious Diseases 
(except HIV/AIDS); 2021 Dec [cited 2022 Jan 16]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.14.21267772 

44.  Rössler A, Riepler L, Bante D, Laer D von, Kimpel J. SARS-CoV-2 B.1.1.529 variant (Omicron) 
evades neutralization by sera from vaccinated and convalescent individuals [Internet]. 
Infectious Diseases (except HIV/AIDS); 2021 Dec [cited 2022 Jan 16]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.08.21267491 

45.  Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. Effectiveness of 
COVID-19 vaccines against the Omicron (B.1.1.529) variant of concern [Internet]. 
Epidemiology; 2021 Dec [cited 2022 Jan 16]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.12.14.21267615 

46.  Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. Covid-19 Vaccine 
Effectiveness against the Omicron (B.1.1.529) Variant. N Engl J Med. 2022 Mar 
2;NEJMoa2119451.  

47.  Andeweg SP, de Gier B, Eggink D, van den Ende C, van Maarseveen N, Ali L, et al. 
Protection of COVID-19 vaccination and previous infection against Omicron BA.1 and Delta 
SARS-CoV-2 infections, the Netherlands, 22 November 2021- 19 January 2022 [Internet]. 
Epidemiology; 2022 Feb [cited 2022 Feb 19]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2022.02.06.22270457 

48.  Ferguson N. Report 50: Hospitalisation risk for Omicron cases in England [Internet]. 
Imperial College London; 2021 Dec [cited 2022 Apr 15]. Available from: 
http://spiral.imperial.ac.uk/handle/10044/1/93035 

49.  Tatar M, Shoorekchali JM, Faraji MR, Wilson FA. International COVID-19 vaccine inequality 
amid the pandemic: Perpetuating a global crisis? J Glob Health. 2021 Jul 3;11:03086.  

50.  Burki T. Global COVID-19 vaccine inequity. Lancet Infect Dis. 2021 Jul;21(7):922–3.  

51.  Keyfitz N. On Future Population. J Am Stat Assoc. 1972 Jun;67(338):347–63.  

52.  Kimathi M, Mwalili S, Ojiambo V, Gathungu DK. Age-structured model for COVID-19: 
Effectiveness of social distancing and contact reduction in Kenya. Infect Dis Model. 
2021;6:15–23.  

53.  Vardavas R, de Lima PN, Baker L. Modeling COVID-19 Nonpharmaceutical Interventions: 
Exploring periodic NPI strategies [Internet]. Infectious Diseases (except HIV/AIDS); 2021 



 

37 
 

Mar [cited 2021 Nov 23]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2021.02.28.21252642 

54.  Moore S, Hill EM, Dyson L, Tildesley MJ, Keeling MJ. Modelling optimal vaccination 
strategy for SARS-CoV-2 in the UK. Perkins A, editor. PLOS Comput Biol. 2021 May 
6;17(5):e1008849.  

55.  Hogan A, Winskill P, Watson O, Walker P, Whittaker C, Baguelin M, et al. Report 33: 
Modelling the allocation and impact of a COVID-19 vaccine [Internet]. Imperial College 
London; 2020 Sep [cited 2021 Aug 27]. Available from: 
http://spiral.imperial.ac.uk/handle/10044/1/82822 

56.  IHME COVID-19 health service utilization forecasting team, Murray CJ. Forecasting COVID-
19 impact on hospital bed-days, ICU-days, ventilator-days and deaths by US state in the 
next 4 months [Internet]. Infectious Diseases (except HIV/AIDS); 2020 Mar [cited 2021 Nov 
30]. Available from: http://medrxiv.org/lookup/doi/10.1101/2020.03.27.20043752 

57.  Buchanan M. The limits of a model. Nat Phys. 2020 Jun;16(6):605–605.  

58.  Jewell NP, Lewnard JA, Jewell BL. Caution Warranted: Using the Institute for Health 
Metrics and Evaluation Model for Predicting the Course of the COVID-19 Pandemic. Ann 
Intern Med. 2020 Aug 4;173(3):226–7.  

59.  Chin V, Samia NI, Marchant R, Rosen O, Ioannidis JPA, Tanner MA, et al. A case study in 
model failure? COVID-19 daily deaths and ICU bed utilisation predictions in New York 
state. Eur J Epidemiol. 2020 Aug;35(8):733–42.  

60.  Marchant R, Samia NI, Rosen O, Tanner MA, Cripps S. Learning as We Go: An Examination 
of the Statistical Accuracy of COVID19 Daily Death Count Predictions. ArXiv200404734 Q-
Bio Stat [Internet]. 2020 May 24 [cited 2021 Nov 27]; Available from: 
http://arxiv.org/abs/2004.04734 

61.  Dahabreh IJ, Chan JA, Earley A, Moorthy D, Avendano EE, Trikalinos TA, et al. Modeling and 
Simulation in the Context of Health Technology Assessment: Review of Existing Guidance, 
Future Research Needs, and Validity Assessment [Internet]. Rockville (MD): Agency for 
Healthcare Research and Quality (US); 2017 [cited 2021 Nov 28]. (AHRQ Methods for 
Effective Health Care). Available from: http://www.ncbi.nlm.nih.gov/books/NBK424024/ 

62.  Eddy DM, Hollingworth W, Caro JJ, Tsevat J, McDonald KM, Wong JB. Model Transparency 
and Validation: A Report of the ISPOR-SMDM Modeling Good Research Practices Task 
Force–7. Med Decis Making. 2012 Sep;32(5):733–43.  

63.  Kraay ANM, Lopman BA. Impact of COVID-19 vaccination strategies in low- and middle-
income countries: Emory Modeling Final Report. 2021 Sep.  



 

38 
 

64.  Ritchie H, Mathieu E, Rodés-Guirao L, Appel C, Giattino C, Ortiz-Ospina E, et al. 
Coronavirus Pandemic (COVID-19) - Statistics and Research - Our World in Data [Internet]. 
[cited 2021 Nov 30]. Available from: https://ourworldindata.org/coronavirus 

65.  Wickham H, Chang W, Henry L, Pedersen TL, Takahashi K, Wilke C, et al. ggplot2: Create 
Elegant Data Visualisations Using the Grammar of Graphics [Internet]. 2021 [cited 2021 
Nov 30]. Available from: https://CRAN.R-project.org/package=ggplot2 

66.  Classification of Omicron (B.1.1.529): SARS-CoV-2 Variant of Concern [Internet]. [cited 
2022 Mar 27]. Available from: https://www.who.int/news/item/26-11-2021-classification-
of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern 

67.  Bi K, Herrera-Diestra JL, Bai Y, Du Z, Wang L, Gibson G, et al. The risk of SARS-CoV-2 
Omicron variant emergence in low and middle-income countries (LMICs) [Internet]. 
Infectious Diseases (except HIV/AIDS); 2022 Jan [cited 2022 Feb 19]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2022.01.14.22268821 

68.  Iuliano AD, Brunkard JM, Boehmer TK, Peterson E, Adjei S, Binder AM, et al. Trends in 
Disease Severity and Health Care Utilization During the Early Omicron Variant Period 
Compared with Previous SARS-CoV-2 High Transmission Periods — United States, 
December 2020–January 2022. MMWR Morb Mortal Wkly Rep. 2022 Jan 28;71(4):146–52.  

69.  Sharma RP, Gautam S, Sharma P, Singh R, Sharma H, Parsoya D, et al. Clinico 
epidemiological profile of Omicron variant of SARS CoV2 in Rajasthan [Internet]. Infectious 
Diseases (except HIV/AIDS); 2022 Feb [cited 2022 Feb 19]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2022.02.11.22270698 

70.  Veneti L, Bøås H, Bråthen Kristoffersen A, Stålcrantz J, Bragstad K, Hungnes O, et al. 
Reduced risk of hospitalisation among reported COVID-19 cases infected with the SARS-
CoV-2 Omicron BA.1 variant compared with the Delta variant, Norway, December 2021 to 
January 2022. Eurosurveillance [Internet]. 2022 Jan 27 [cited 2022 Feb 19];27(4). Available 
from: https://www.eurosurveillance.org/content/10.2807/1560-
7917.ES.2022.27.4.2200077 

71.  Bhattacharya A. Post-Onam, Kerala sees 3-month high of 24k cases. 2021 Aug 25; Available 
from: https://timesofindia.indiatimes.com/india/post-onam-kerala-sees-3-month-high-of-
24k-cases/articleshow/85610340.cms 

72.  COVID-19 Stringency Index [Internet]. [cited 2022 Mar 19]. Available from: 
https://ourworldindata.org/grapher/covid-stringency-index?tab=chart 

73.  COVID-19 Government Response Tracker | Blavatnik School of Government [Internet]. 
[cited 2022 Mar 19]. Available from: https://www.bsg.ox.ac.uk/research/research-
projects/covid-19-government-response-tracker 



 

39 
 

74.  Vasudevan V, Gnanasekaran A, Sankar V, Vasudevan SA, Zou J. Variation in COVID-19 Data 
Reporting Across India: 6 Months into the Pandemic. J Indian Inst Sci. 2020 
Oct;100(4):885–92.  

75.  Menon GR, Singh L, Sharma P, Yadav P, Sharma S, Kalaskar S, et al. National Burden 
Estimates of healthy life lost in India, 2017: an analysis using direct mortality data and 
indirect disability data. Lancet Glob Health. 2019 Dec;7(12):e1675–84.  

76.  Ranjan R. Omicron Impact in India: Analysis of the Ongoing COVID-19 Third Wave Based on 
Global Data [Internet]. Epidemiology; 2022 Jan [cited 2022 Apr 17]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2022.01.09.22268969 

77.  Zhang Y, Kapoor S. Modeling Vaccinations, Virus Variants and Lockdown: Early guidance 
for Sars-Cov-2 health policies in India * [Internet]. Epidemiology; 2022 Feb [cited 2022 Apr 
17]. Available from: http://medrxiv.org/lookup/doi/10.1101/2022.02.02.22270353 

78.  Chinazzi M, Davis JT, Ajelli M, Gioannini C, Litvinova M, Merler S, et al. The effect of travel 
restrictions on the spread of the 2019 novel coronavirus (COVID-19) outbreak. Science. 
2020 Apr 24;368(6489):395–400.  

79.  Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early Transmission Dynamics in Wuhan, 
China, of Novel Coronavirus–Infected Pneumonia. N Engl J Med. 2020 Mar 
26;382(13):1199–207.  

80.  Munayco CV, Tariq A, Rothenberg R, Soto-Cabezas GG, Reyes MF, Valle A, et al. Early 
transmission dynamics of COVID-19 in a southern hemisphere setting: Lima-Peru: February 
29th–March 30th, 2020. Infect Dis Model. 2020;5:338–45.  

81.  Wassie GT, Azene AG, Bantie GM, Dessie G, Aragaw AM. Incubation Period of Severe Acute 
Respiratory Syndrome Novel Coronavirus 2 that Causes Coronavirus Disease 2019: A 
Systematic Review and Meta-Analysis. Curr Ther Res. 2020;93:100607.  

82.  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 Confirmed Cases: Estimation 
and Application. Ann Intern Med. 2020 May 5;172(9):577–82.  

83.  McAloon C, Collins Á, Hunt K, Barber A, Byrne AW, Butler F, et al. Incubation period of 
COVID-19: a rapid systematic review and meta-analysis of observational research. BMJ 
Open. 2020 Aug;10(8):e039652.  

84.  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 May 1;26(5):672–5.  

85.  Jansen L, Tegomoh B, Lange K, Showalter K, Figliomeni J, Abdalhamid B, et al. Investigation 
of a SARS-CoV-2 B.1.1.529 (Omicron) Variant Cluster — Nebraska, November–December 
2021. MMWR Morb Mortal Wkly Rep. 2021 Dec 31;70(5152):1782–4.  



 

40 
 

86.  Byambasuren O, Cardona M, Bell K, Clark J, McLaws M-L, Glasziou P. Estimating the extent 
of asymptomatic COVID-19 and its potential for community transmission: Systematic 
review and meta-analysis. Off J Assoc Med Microbiol Infect Dis Can. 2020 Dec;5(4):223–34.  

87.  Poletti P, Tirani DC, Trentini F, Guzzetta G, Sabatino G, Marziano V, et al. Probability of 
symptoms and critical disease after SARS-CoV-2 infection [Internet]. [cited 2022 Jan 24]. 
Available from: https://arxiv.org/abs/2006.08471v2 

88.  Oran DP, Topol EJ. Prevalence of Asymptomatic SARS-CoV-2 Infection: A Narrative Review. 
Ann Intern Med. 2020 Sep 1;173(5):362–7.  

89.  Kissler SM, Tedijanto C, Goldstein E, Grad YH, Lipsitch M. Projecting the transmission 
dynamics of SARS-CoV-2 through the postpandemic period. Science. 2020 May 
22;368(6493):860–8.  

90.  Ramakrishnan M, Subbarayan P. Impact of vaccination in reducing Hospital expenses, 
Mortality and Average length of stay among COVID-19 patients – a retrospective cohort 
study from India [Internet]. Infectious Diseases (except HIV/AIDS); 2021 Jun [cited 2022 
Jan 23]. Available from: http://medrxiv.org/lookup/doi/10.1101/2021.06.18.21258798 

91.  Rees EM, Nightingale ES, Jafari Y, Waterlow NR, Clifford S, B. Pearson CA, et al. COVID-19 
length of hospital stay: a systematic review and data synthesis. BMC Med. 2020 
Dec;18(1):270.  

92.  Lemaitre JC, Grantz KH, Kaminsky J, Meredith HR, Truelove SA, Lauer SA, et al. A scenario 
modeling pipeline for COVID-19 emergency planning [Internet]. Epidemiology; 2020 Jun 
[cited 2022 Jan 24]. Available from: 
http://medrxiv.org/lookup/doi/10.1101/2020.06.11.20127894 

93.  Elflein J. Percentage of COVID-19 cases in the United States from February 12 to March 16, 
2020 that resulted in hospitalization, by age group* [Internet]. 2020 Aug. Available from: 
https://www.statista.com/statistics/1105402/covid-hospitalization-rates-us-by-age-
group/ 

94.  Rathouz PJ, Valencia V, Chang P, Morton D, Yang H, Surer O, et al. Survival analysis 
methods for analysis of hospitalization data: Application to COVID-19 patient 
hospitalization experience [Internet]. Epidemiology; 2021 Apr [cited 2022 Jan 23]. 
Available from: http://medrxiv.org/lookup/doi/10.1101/2021.04.14.21255511 

 

  



 

41 
 

Supplementary Materials 

S1 

 

 
S1: Omicron simulation for 360 days after November 26th, 2021. 
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