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SUPPLEMENTARY METHODS 

Estimation and Confidence Interval (CI) for Case-Fatality Rates 

Let us denote the cumulative number of confirmed cases and deaths for a region of interest (India or one 

of the states/union territories) at a given date (May 31 for our purpose) respectively by 𝐶 and 𝐷. 

Assuming that the proportion of underreporting (due to impossibility of testing all cases and imperfection 

of the tests) in the fatal and non-fatal cases are same, 𝐷|𝐶 ∼ 𝐵𝑖𝑛(𝐶, 𝜋) where 𝜋 is the true underlying 

case-fatality ratio. Therefore, assuming sufficiently large number of cases, via central limit theorem, we 

can write √𝐶(�̂� − 𝜋) ∼ 𝐴𝑁(0, 𝜋(1 − 𝜋)), where  �̂� = 𝐷𝐶. Using delta method on this, we get 

√𝐶(𝑙𝑜𝑔𝑖𝑡(�̂�) − 𝑙𝑜𝑔𝑖𝑡(𝜋)) ∼ 𝐴𝑁 (0, 1𝜋(1−𝜋)), where 𝑙𝑜𝑔𝑖𝑡(𝑥) = log ( 𝑥1−𝑥). Therefore, one estimator the 

standard deviation of �̂� is given by 𝑠 = √ 1𝐶�̂�(1−�̂�) = √ 𝐶𝐷(𝐶−𝐷). Using this, we can get a 95% CI for 

𝑙𝑜𝑔𝑖𝑡(𝜋) as (𝑙𝑜𝑔𝑖𝑡(�̂�) ± 𝑧0.975𝑠). Inverting this by applying the function 𝑒𝑥𝑝𝑖𝑡(𝑥) = 𝑒𝑥1+𝑒𝑥, we get a 95% 

CI for 𝜋. 

It is important to note that this method inherently assumes that all events (deaths/recoveries) that could 

possibly happen from the set of observed confirmed cases has happened by the day on which the data is 

observed, which of course is not true in general. One standard alternative approach here is to look at the 

closed cases only. Assume that the cumulative number of recovered cases at the same date for the same 

region as before is denoted by 𝑅. Then, using 𝐷 + 𝑅 in place of 𝐶 in the above calculations throughout, 

we can get another estimate and CI for the true case-fatality rate (CFR2, ratio of the total number of 

deaths and the sum of the same and the total number of recovered cases). 

Doubling Time 

We calculate doubling time, 𝑇𝑑, assuming a constant growth rate 𝑟% within time 𝑡 using the formula 

𝑇𝑑 = 𝑡 ln(2)ln(1 + 𝑟), 
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where 𝑟 is calculated as 

𝑟 = 𝑇𝑒𝑛𝑑 − 𝑇𝑠𝑡𝑎𝑟𝑡𝑇𝑠𝑡𝑎𝑟𝑡 . 
We calculated the doubling time using a trailing 7-day window, i.e., the doubling time for May 7 

represents how long cases would take to double assuming a constant growth in cases from May 1 to May 

7. 

Using Log-linear models to calculate doubling time: Assuming a constant growth rate of 𝑟% within time 𝑡, the doubling time 𝑇𝑑 can be calculated using the formula 𝑇𝑑 = 𝑡 ln(2)ln(1+𝑟). For the estimation of 𝑟 and 

the subsequent computation of the doubling time, we use the ‘fit’ function from the R package 

‘incidence’1*** which, given a vector of daily incidence of cases 𝒚, fits a log-linear model of the form log(𝑦𝑡) = 𝑟𝑡 + 𝑏 where 𝑡 is the time coded in days and 𝑏 is the intercept at origin. Based on this fitted 

model and the corresponding estimate and 95% confidence interval (CI) for 𝑟, 𝑇𝑑 (and a 95% CI for it) 

can then be calculated by using the transformation mentioned above. The estimate (95% CI) can directly 

be obtained by calling the object ‘Modelname$info$doubling’ (‘Modelname$info$doubling.conf’) in R, 

where ‘Modelname’ is the name of the fitted model object using the ‘fit’ function. We calculated the 

doubling time for the nation and the states of interest using incidence data during the dates from March 

15 to May 31. 

Time-Varying R Estimates 

 

We estimate the effective reproduction number for COVID-19 in India using the EpiEstim package in R 

and data from COVID-19 India, a crowdsourced effort that relies on volunteer validation of state bulletins 

and official handle reports.2,3  We refer to the effective reproduction number as “R” throughout, which is 

similar to the concept of R0, however, R0 assumes a fully susceptible population and is time-invariant. 

This instantaneous R is recommended for evaluating effective control measures. 
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We use the “parametric_SI” estimation method and a 5-day window (“estimate_R” function, which was 

used to describe the progression of the outbreak in Wuhan).2,4 We also use a gamma distribution prior 

with a mean of 7 days and a standard deviation of 4.5 days, based on research by Wu and colleagues, for 

the generation time (a distribution of the onset of disease used to estimate R).5 

We looked at the effective reproduction number for COVID-19 nationwide in India using data from 

March 1 to May 31. Because the estimation requires several days of data for reliable, consistent results, 

we only observe data from March 15 to May 31. We also estimated R over the time period for the 20 

states/union territories with the greatest number of total reported cases as of May 31. State-level data was 

first reported by COVID-19 India on March 15 and we begin the plots on March 24 to allow the estimates 

to stabilize.3  There are some states/union territories for which the first cases were not reported until after 

March 24 (e.g., Tripura), in which case we see the initial elevated R estimates because the estimates have 

not yet stabilized. 

We see that the estimated R varies across states/union territories and, in some cases, does drop below 

one (indicated by the dashed horizontal lines in Figures 3 and 5). It is worth noting that in several of 

these cases, it returns to above 1 after it drops below 1, highlighting that, despite time-varying estimates, 

no state/union territory is in the clear yet. The plots report the average R and 95% CIs for the past 7 days 

corresponding to the highlighted state/union territory. 

Test Positivity Rate 

The test positivity rate was calculated as the ratio of cumulative reported number of positive tests to the 

reported total number of tests on a given date (COVID-19 India state-level testing data begins April 1).2 

While COVID-19 India also has national-level testing data, it is spotty, and in recent weeks, have not 

been reporting the number of positive tests. As such, for national test-positive rates, we sum the positive 

tests and total tests over all the 35 states and union territories for which data were reported for national 

counts and rates. It will be to acquire consistency across data sources on the testing data. 
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Testing Shortfall 

 

This metric is only relevant when the pandemic is in a control phase with steady decline in TPR and 

effective R for an extended period, say, 14 consecutive days. This metric is mostly for surveillance when 

the community prevalence is low. The testing shortfall is a metric used to estimate the increase in the 

number of tests that should be seen relative to a 2% benchmark test positivity rate. First, we calculate the 

desired number of tests, 𝑇𝐷: 

𝑇𝐷 = 𝑇𝑃𝑅𝑂𝑇𝑃𝑅𝐷 𝑇𝑂 

Where 𝑇𝑃𝑅0 is the 7-day average of the observed, cumulative test-positive rate, 𝑇𝑃𝑅𝐷 is the target test-

positive rate (in this case 𝑇𝑃𝑅𝐷 = 0.02, and 𝑇𝑂 is the observed number of cumulative tests. 

With this value, we calculate the shortfall, or the number of additional total tests required to achieve the 

test-positive rate as: 𝑠ℎ𝑜𝑟𝑡𝑓𝑎𝑙𝑙 = max(𝑇𝐷 − 𝑇𝑂 , 0). 
When shortfall is equal to 0, the number of tests being performed is theoretically sufficient given the 

number of cases being observed. When shortfall is greater than 0, it represents the number of additional 

tests that should be performed given the number of cases being observed. 

Extended SIR (eSIR) Model Predictions 

Overview: The national and state-wide forecasts as available on the R Shiny dashboard at covind19.org 

are computed using an extension of the standard Susceptible-Infected-Removed (SIR) model, called the 

extended SIR (eSIR) model.6 When using the eSIR model with time-varying disease transmission rate, 

it can depict a series of time-varying changes caused by either external variation like government-

initiated macro isolation measures, community-level protective measures and environment changes, or 

internal variations like mutations and evolutions of the pathogen. To implement the eSIR model, a 

Bayesian hierarchical framework is assumed. Using the current time series data on the proportions of 
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infected and the removed people, a Markov chain Monte Carlo (MCMC) implementation of this Bayesian 

model provides not only posterior estimation of parameters and prevalence of all the three compartments 

in the SIR model, but also predicted proportions of the infected and the removed people at future time 

points. The R package for implementing this general model for understanding disease dynamics is 

publicly available at https://github.com/lilywang1988/eSIR. The next few subsections describe the 

parameter specifications used for the predictions. All the specifications are summarized in Parameter 

Table at the end of the Supplementary Methods. 

Mathematical framework of the eSIR model: The eSIR model works by assuming that the true underlying 

probabilities of the three compartments follow a latent Markov transition process, and that we only 

observe the daily proportions of infected cases and removed. First, let us set up some notations. Assume 

that the observed proportions of infected and removed cases on day t are denoted by 𝑌𝑡𝐼 and 𝑌𝑡𝑅, 

respectively. Further, denote the true underlying probabilities of the S, I, and R compartments on day t 

by 𝜃𝑡𝑆, 𝜃𝑡𝐼 , and 𝜃𝑡𝑅 , respectively, and assume that for any t, 𝜃𝑡𝑆 + 𝜃𝑡𝐼 + 𝜃𝑡𝑅 = 1. Assuming a usual SIR 

model on the true proportions (Supplementary Figure 6), we have the following set of differential 

equations: 𝑑𝜃𝑡𝑆𝑑𝑡 = −𝛽𝜃𝑡𝑆𝜃𝑡𝐼, 𝑑𝜃𝑡𝐼𝑑𝑡 = 𝛽𝜃𝑡𝑆𝜃𝑡𝐼 − 𝛾𝜃𝑡𝐼 , 𝑑𝜃𝑡𝑅𝑑𝑡 = 𝛾𝜃𝑡𝐼  
Here, 𝛽 > 0 denotes the disease transmission rate, and 𝛾 > 0 denotes the removal rate. The basic 

reproduction number 𝑅0 ≔ 𝛽𝛾 indicates the expected number of cases generated by one infected case in 

the absence of any intervention and assuming that the whole population is susceptible. At this stage, for 
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the observed infected and removed proportions, we assume a Beta-Dirichlet state-space model, 

independent conditionally on the underlying process: 

 𝑌𝑡𝐼|𝜽𝒕, 𝝉 ∼ 𝐵𝑒𝑡𝑎(𝜆𝐼𝜃𝑡𝐼, 𝜆𝐼(1 − 𝜃𝑡𝐼)) 𝑌𝑡𝑅|𝜽𝒕, 𝝉 ∼ 𝐵𝑒𝑡𝑎(𝜆𝑅𝜃𝑡𝑅 , 𝜆𝑅(1 − 𝜃𝑡𝑅)) 
 

Further, the Markov process on the latent proportions is built as: 𝜽𝒕|𝜽𝒕−𝟏, 𝝉 ∼ 𝐷𝑖𝑟𝑖𝑐ℎ𝑙𝑒𝑡(𝜅𝑓(𝜽𝒕−𝟏, 𝛽, 𝛾)) 

where 𝜽𝒕 denotes the vector of the underlying population probabilities of the three compartments, whose 

mean is modeled as an unknown function of the probability vector from the previous time point, along 

with the transition parameters; 𝝉 = (𝛽, 𝛾, 𝜽𝟎𝑇 , 𝜆, 𝜅) denotes the whole set of parameters where 𝜆𝐼, 𝜆𝑅  and 𝜅 are parameters controlling variability of the observation and latent process, respectively. The function 𝑓(. ) is then solved as the mean transition probability determined by the SIR dynamical system, using a 

fourth order Runge-Kutta approximation. 

Priors and the MCMC algorithm setup of the eSIR model: The prior on the initial vector of latent 

probabilities is set as 𝜽𝟎~𝐷𝑖𝑟𝑖𝑐ℎ𝑙𝑒𝑡(1 − 𝑌1𝐼 − 𝑌1𝑅, 𝑌1𝐼, 𝑌1𝑅), 𝜃0𝑆 = 1 − 𝜃0𝐼 − 𝜃0𝑅. The prior distribution 

of the basic reproduction number is 𝑅0 ∼ 𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙(0.582,0.223) so that 𝐸(𝑅0) = 2 and 𝑆𝐷(𝑅0) =1, where 𝐸 and 𝑆𝐷 denote the mean and standard deviation respectively. The prior distribution of the 

removal rate is 𝛾 ∼ 𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙(−2.955,0.910) so that 𝐸(𝛾) = 0.082 and 𝑆𝐷(𝛾) = 0.1. The prior 

mean of the removal rate 𝛾 indicates an average infectious period of 12 days, which is originally set using 

the estimation from SARS outbreak in Hong Kong7 due to the similarity between the two viruses; and 

this value also aligns well with a couple of recent studies on COVID-19 in China.8–10 The prior mean of 

the basic reproduction number, 2.0, is approximately the average of the estimates from many other 
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COVID-19 studies on the Indian population.11–15 Note that the prior mean of the distribution of the 

transmission rate 𝛽 equals 𝛾𝑅0. For the variability parameters, the default choice is to set large variances 

in both observed and latent processes, which may be adjusted over the course of epidemic with more data 

becoming available.  𝜅,  𝜆𝐼, 𝜆𝑅~𝑖𝑖𝑑𝐺𝑎𝑚𝑚𝑎(2,  0.0001)  
Denoting 𝑡0 as the last date of data availability, and assuming that the forecast spans over the period [𝑡0 + 1,𝑇], our algorithm is as follows. 

0. Take 𝑀 draws from the posterior [𝜽𝟏:𝒕𝟎 , 𝝉|𝒀𝟏:𝒕𝟎]. 
1. For each solution path 𝑚 ∈ {1,… ,𝑀}, iterate between the following two steps via MCMC. 

 i. Draw 𝜽𝒕(𝒎)
 from [𝜽𝒕|𝜽𝑡−1(𝑚−1), 𝝉(𝑚)], 𝑡 ∈ {𝑡0 + 1,… , 𝑇}. 

ii. Draw 𝒀𝒕(𝒎)
 from [𝒀𝒕|𝜽𝑡(𝑚), 𝝉(𝑚)], 𝑡 ∈ {𝑡0 + 1,… , 𝑇}. 

 

Modeling intervention: We model the effect of interventions by assuming that the intervention will result 

in a decrease in the transmission from the S compartment to the I compartment. We do so by decreasing 

the effective rate of transition (or, equivalently, the chance of interaction between members of S and I), 

by introducing a time-varying transmission rate modifier 𝜋(𝑡) ∈ [0,1]. This updates the flow between 

the three compartments (Supplementary Figure 7) via a set of differential equations as follows: 𝑑𝜃𝑡𝑆𝑑𝑡 = −𝛽𝜋(𝑡)𝜃𝑡𝑆𝜃𝑡𝐼, 𝑑𝜃𝑡𝐼𝑑𝑡 = 𝛽𝜋(𝑡)𝜃𝑡𝑆𝜃𝑡𝐼 − 𝛾𝜃𝑡𝐼 , 𝑑𝜃𝑡𝑅𝑑𝑡 = 𝛾𝜃𝑡𝐼 . 
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The reproductivity is, thus, modified by the intervention over time as 𝑅0𝜋(𝑡). In effect, this 𝜋(𝑡) modifies 

the chance of a susceptible person meeting with an infected person which is termed as a transmission 

modifier. 

Implementation of the eSIR model: We implemented the proposed algorithm in R package rjags and the 

differential equations were solved via the fourth-order Runge–Kutta approximation. To ensure the quality 

of the MCMC, we set the  adaptation number to be 104, thinned the chain by keeping one draw from 

every 10 random draws to reduce autocorrelation, set a burn-in period of 105 draws to let the chain 

stabilize, and starting from 4 separate chains. Thus, in total, we have 2 × 105 effective draws with about 2 × 106  draws discarded. This implementation provides not only posterior estimation on parameters and 

prevalence of all the three compartments in the SIR model, but also predicted proportions of the infected 

and the removed people at future time point. To get predicted case-counts from the predicted prevalence, 

we used 1.34 billion as the population of India, thus treating the country as a homogeneous system for 

the outbreak. 

Parameter Table. 

eSIR parameter Value used for prediction 

Prior mean for 𝑹𝟎 2 𝝅values by scenario  
Social distancing and travel ban 0.75 

Normal (pre-intervention) return 1 

Moderate return 0.75 

Cautious return 0.60 

Lockdown 0.40 

Lockdown date  
Start 25 March 2020 

End 14 April 2020 𝝅 transition lengths   

Pre-lockdown to lockdown 7 days 

Lockdown to post-lockdown 21 days 

Proportion of death in removed compartment 0.2 
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SUPPLEMENTARY FIGURES 

Supplementary Figure 1. Cumulative number of reported cases, fatalities, and recovered cases in 

India over the period between March 15 and May 31. 
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 Supplementary Figure 2. Cumulative number of reported COVID-19 cases in 20 Indian states and 

union territories over the period between March 15 and May 31. 
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Supplementary Figure 3. Cumulative number of reported COVID-19 deaths in 20 Indian states and 

union territories over the period between March 15 and May 31. 
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Supplementary Figure 4. Forest plot of estimated case-fatality rates based on closed cases only as of 

May 31, along with 95% confidence intervals, for 20 states and union territories of India, and a national 

summary. 
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Supplementary Figure 5. Time series plots of test positivity rates for 20 Indian states and union 

territories. 
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Supplementary Figure 6. The eSIR model with a latent SIR model on the unobserved proportions. 

Reproduced from Wang et al., 20206. 
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Supplementary Figure 7. The SIR model with (A) or without (B) considering human intervention by 

introducing a transmission rate modifier π(t). Reproduced from Ray et al., 202016. 
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Supplementary Figure 8. Case distribution by top 7 states for each of the first five million COVID-19 

cases in India (as of September 15). 
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SUPPLEMENTARY TABLES 

Supplementary Table 1. COVID-19 metrics table for India and the 20 states with the most cumulative 

case counts as of September 15, 2020.  
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Supplementary Table 2. Existing articles that incorporate migration in COVID-19 models 

Sl.No. Model type Reference Research question 

1.  Modified SEIR 

model 

Maji et al 

(2020) 

Predict the temporal variation in confirmed and active cases 

of COVID-19 in selected states of India with high outflux of 

migrant workers. 

2. Network-based 

model 

Kumar 

(2020) 

Predict spread of COVID-19 at different geographical 

locations in India using reported COVID-19 cases, census 

migration data, and monthly airline data of passengers. 

3. A hybrid of 

SIR and spatial 

network model 

Pujari and 

Shekatkar 

(2020) 

Study the spread of COVID-19 in India using domestic 

transport networks, such as aviation and railways, and 

incorporating distance-dependent temporal delays in 

migration. 

4. Extended SEIR 

model 

Gupta et al 

(2020) 

Generate qualitative projections of COVID-19 spread in 

India, and investigate the effects of different public health 

interventions by incorporating heterogeneity at geographical 

and infrastructural levels and in local responses. 

P.S.: Authors mention that they use mobility patterns in 

normal times and do not take into account large-scale worker 

migration that took place at the start of (un-)lockdown. 

5. Spatial 

network-based 

extended SEIR 

model 

Sharma et 

al (2020) 

Study the spread dynamics of COVID-19 in different states 

of India accounting for time delay, spatial heterogeneity, and 

population migration networks; and examine the impact 

of the most significant lockdown measure in containing the 

pandemic spread. 

Abbreviations: SIR, Susceptible-Infected-Removed; SEIR, Susceptible-Exposed-Infected-Removed 
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Supplementary Table 3. Effect of underreporting of cases and deaths on infection fatality rate 

 Estimated 

Seroprevalence 

(%) 

Observed data (as of 9/15)   IFR 

Place Cases Deaths CFR  URFD 

Based on 

seroprevalence 

URFC 

10 20 30 

Delhi 22.86a 225,796 4,806 0.021 

1 0.0011 0.0021 0.0011 0.0007 

5 0.0055 0.0106 0.0053 0.0035 

10 0.0111 0.0213 0.0106 0.0071 

Mumbai 40.5b 173,596 8,230 0.047 

1 0.0011 0.0047 0.0024 0.0016 

5 0.0055 0.0237 0.0119 0.0079 

10 0.011 0.0474 0.0237 0.0158 

Pune 51.5c 239,481 4,888 0.020 

1 0.003 0.002 0.001 0.0007 

5 0.0152 0.0102 0.0051 0.0034 

10 0.0305 0.0204 0.0102 0.0068  
a https://indianexpress.com/article/explained/delhi-serological-survey-shows-antibodies-in-23-participants-what-does-this-mean-6516512/ 
b https://indianexpress.com/article/cities/mumbai/higher-share-in-slums-exposed-to-virus-than-in-societies-mumbai-sero-survey-6527865/ 
c https://indianexpress.com/article/cities/pune/first-sero-survey-shows-extensive-spread-of-covid-19-from-36-1-to-65-4-in-selected-areas-

sampled-in-pune-6558853/ 

Observed data collected from covid19india.org. 

Abbreviations: CFR, case fatality rate; IFR, infection fatality rate; URFC, underreporting factor for reported cases; URFD, underreporting factor 

for deaths. 
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