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Supplementary appendix 1 – Methods 3 

 4 

Data sources 5 

Regional daily deaths 6 

The documented daily mortality data associated with COVID-19, which might be subject to 7 

underreporting, for each of the nine Afghanistan regions (Kabul, East, West, North, South, North-8 

east, South-east, Central, and Central highlands) from January 1 to August 4, 2020, were extracted 9 

from the Afghanistan Ministry of Health DHIS2 database. 10 

Regional serology data 11 

The proportion of individuals with current or past COVID-19 infection in each region were obtained 12 

from the seroepidemiological study data (table 3, main text). The serology survey provided a result 13 

for both IgM and IgG antibodies for each participant, using the COVID-19 IgG/IgM Rapid Test 14 

Cassette.1 The dynamics of IgM and IgG antibodies within an infected individual are complicated.2 15 

Here, we take the simplified view that an individual who is either IgG positive and/or IgM positive 16 

has been exposed to COVID-19 (either past or current infection). Therefore, in the following 17 

modelling, the sensitivity and specificity provided by the manufacturer of the imperfect serology test 18 

for IgG+ and/or IgM+ was employed.  19 

Adjustment of seroprevalence  20 

We first used a simple Bernoulli model to estimate the regional seroprevalence, after adjusting the 21 

proportion of individuals in each region with current or past COVID-19 infection (table 3, main text) 22 

according to the sensitivity and specificity of the serology test.1 (The term ‘seroprevalence’ below 23 

denotes the serology positive ratio already adjusted by the test used.) The Bayesian framework was 24 

as follows: 25 𝑥𝑖(𝑡0)~𝐵𝑒𝑡𝑎(1,1) 26 𝑤𝑖𝑗~𝑏𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 (𝑘𝑠𝑒 × 𝑥𝑖(𝑡0) + (1 − 𝑘𝑠𝑝) × (1 − 𝑥𝑖(𝑡0))) 27 

𝑤𝑖𝑗 = { 0, 𝐼𝑔𝐺 + 𝑜𝑟 𝐼𝑔𝑀 +1, 𝐼𝑔𝐺 − 𝑎𝑛𝑑 𝐼𝑔𝑀 − , 𝑗 = {1, … , 𝑁𝑖}              (1) 28 

where in the first equation given above we have specified a uniform prior for 𝑥𝑖(𝑡0), which is the 29 

proportion of the population in region 𝑖 that is serology positive, either for IgM or IgG, on July 21, 30 

2020; 𝑤𝑖𝑗 is the serology survey result for the 𝑗-th participant in the serology study from region 𝑖; 𝑁𝑖  31 

is the total number of participants in the serology survey for region 𝑖 (table S1); and 𝑘𝑠𝑒 (𝑘𝑠𝑝) is the 32 
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median of the serology test cassette sensitivity (specificity) reported by the manufacturer.1 The 33 

posterior for seroprevalence on the date the serology survey was conducted, 𝑡 = 𝑡0, was estimated 34 

using a Markov chain Monte Carlo (MCMC) implemented in Rstan3 and denoted as �̃�𝑖(𝑡0). The code 35 

associated with this work is publicly available, see the Data availability statement of the paper.  36 

 37 

Mechanistic model 38 

We revised the mathematical model4 to account for the underreporting of mortality in the 39 

Afghanistan setting according to the varying serology status of the population, 𝑋𝑖(𝑡), of each 40 

regional population (for each region 𝑖 = 1, . . . ,9, corresponding to Kabul, East, West, North, South, 41 

North-east, South-east, Central, and Central highlands, respectively). The population that has 42 

positive serology status increased with exposure of the population to COVID-19 and decreased due 43 

to the waning of antibodies.  44 

Given that the constant age-averaged infection fatality rate by region is 𝛽𝑖, the documented 45 

mortality over time by region is 𝑚𝑖(𝑡), and the reporting rate of mortality associated with COVID-19 46 

by region is 𝑞𝑖, which is assumed to be constant over time,  then, at each time step, of the 
1𝑞𝑖𝛽𝑖 𝑚𝑖(𝑡) 47 

individuals who were exposed, 
1𝑞𝑖 𝑚(𝑡) die and the remaining number of individuals, 1−𝛽𝑖𝑞𝑖𝛽𝑖 𝑚𝑖(𝑡), 48 

seroconvert from negative to positive. Then, assuming that positive individuals convert to negative 49 

at a rate of 𝛼, the equation for the rate of change of the number of seropositive individuals is given 50 

by: 51 

𝑑𝑋𝑖(𝑡)𝑑𝑡 = (1−𝛽𝑖)𝑞𝑖𝛽𝑖 𝑚𝑖(𝑡) − 𝛼𝑋𝑖(𝑡)                    (2) 52 

Solving Equation (2), subject to the initial condition 𝑋𝑖(𝑡 = 0) = 0 where 𝑡 = 0 is time since January 53 

1, 2020, gives: 54 

𝑋𝑖(𝑡) = (1−𝛽𝑖)𝑒−𝛼𝑡𝑞𝑖𝛽𝑖 ∫ 𝑒𝛼𝑟𝑚𝑖(𝑟)𝑑𝑟𝑡0                         (3) 55 

Discretising Equation Error! Reference source not found. with daily intervals (∆𝑟 = 1) gives: 56 

𝑋𝑖(𝑡) = (1−𝛽𝑖)𝑒−𝛼𝑡𝑞𝑖𝛽𝑖 ∑ 𝑒𝛼𝑟𝑚𝑖(𝑟)𝑡𝑟=0                        (4) 57 

Then, the proportion of the population that is serology positive over time, 𝑥𝑖(𝑡), is  58 𝑥𝑖(𝑡) = 𝑋𝑖(𝑡)𝑃𝑖 − ∑ 𝑚𝑖(𝑟)𝑡𝑟=0𝑞𝑖                            (5) 59 
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Where 𝑃𝑖 is the reported population in region 𝑖 before the COVID-19 outbreak, and the total 60 

proportion of the population that has been exposed over time, ε(𝑡 − 𝛿𝜖), is  61 

𝜀𝑖(𝑡 − 𝛿𝜖) = 1−𝛽𝑖𝑞𝑖𝛽𝑖 ∑ 𝑚𝑖(𝑟)𝑡𝑟=0𝑃𝑖 − ∑ 𝑚𝑖(𝑟)𝑡𝑟=0𝑞𝑖                      (6) 62 

where 𝛿𝜖 is the time lag between exposure and seroconversion and is fixed at 21 days.4 63 

Exposure inference  64 

We use the posterior samples of seroprevalence at 𝑡0, �̃�𝑖(𝑡0), from the MCMC and combine it with 65 

Equations (4) and (5) to calculate the posterior samples of reporting rate for mortality, �̃�𝑖:  66 

�̃�𝑖 =  (1−𝛽𝑖)𝑒−𝛼𝑡0 ∑ 𝑒𝛼𝑡𝑚𝑖(𝑡)𝑡0𝑡=0𝑥𝑖(𝑡0)𝛽𝑖𝑃𝑖 + ∑ 𝑚𝑖(𝑡)𝑡0𝑡=0𝑃𝑖               (7) 67 

Compared with the total population in Afghanistan prior to 2020 (approximately 38 million people), 68 

the cumulative mortality associated with COVID-19 by the date of serology survey, ∑ 𝑚(𝑡)𝑡0𝑡=0 , is 69 

small. Therefore, it is reasonable to neglect it from Equation (7), which then gives:  70 

�̃�𝑖 ≈ (1−𝛽𝑖)𝑒−𝛼𝑡0 ∑ 𝑒𝛼𝑡𝑚𝑖(𝑡)𝑡0𝑡=0𝑥𝑖(𝑡0)𝛽𝑖𝑃𝑖                      (8) 71 

Combining Equations (4), (5) and (8) we can obtain samples of seroprevalence over time, �̃�𝑖(𝑡): 72 

�̃�𝑖(𝑡) ≈ 
𝑥𝑖(𝑡0)𝑒𝛼(𝑡−𝑡0) ∑ 𝑒𝛼𝑟𝑚𝑖(𝑟)𝑡𝑟=0∑ 𝑒𝛼𝑡𝑚𝑖(𝑡)𝑡0𝑡=0                     (9) 73 

From Equations (6) and (8) we can obtain samples of the total proportion of the population that has 74 

been exposed over time, 𝜀�̃�(𝑡 − 𝛿𝜖): 75 

𝜀�̃�(𝑡 − 𝛿𝜖) ≈ 𝑥𝑖(𝑡0)𝑒𝛼𝑡0 ∑ 𝑚𝑖(𝑟)𝑡𝑟=0∑ 𝑒𝛼𝑡𝑚𝑖(𝑡)𝑡0𝑡=0                (10) 76 

Note that the seroprevalence (9) and exposure (10) over time are not dependent on β. We use the 77 

median estimation of α from the constant infection fatality ratio (IFR) model from Chen et al4 as an 78 

input to Equations (9) and (10).  79 

 80 

  81 
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Supplementary Table S1. Sample size for the regional serology survey 94 

Region Sample size 

Kabul 1104 

Central 1056 

Central highlands 902 

East 1233 

North 1071 

South 738 

North-east 1265 

South-east 969 

West 1176 

 95 

Supplementary Table S2 96 

Respondents’ characteristics Number Percentage 

Total respondents  9514 100% 

Sex   

Male 5128  53.9% 

Female 4386  46.1% 

Age   

5–17 years 4346 45.7%  

18 years or more 5168 54.3% 

Geographical area   

Urban  2574 27% 

Rural  6940 73% 

Region   

Kabul 1104 11.6% 

Central 1056 11.1% 

Central highlands 902 9.4% 

East 1233 13.0% 

North 1071 11.2% 

South 738 7.8% 

North-east 1265 13.3% 

South-east 969 10.2% 

West 1176 12.4% 
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 99 

 100 

Supplementary Figure S1. A map showing the nine regions in Afghanistan where the study was 101 

conducted (the eight regions of Afghanistan plus Kabul province). 102 
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