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A B S T R A C T

Objective: To estimate the burden of active infection and anti-SARS-CoV-2 IgG antibodies in Karnataka,
India, and to assess variation across geographical regions and risk groups.
Methods: A cross-sectional survey of 16,416 people covering three risk groups was conducted between
3–16 September 2020 using the state of Karnataka’s infrastructure of 290 healthcare facilities across all
30 districts. Participants were further classified into risk subgroups and sampled using stratified
sampling. All participants were subjected to simultaneous detection of SARS-CoV-2 IgG using a
commercial ELISA kit, SARS-CoV-2 antigen using a rapid antigen detection test (RAT) and reverse
transcription-polymerase chain reaction (RT-PCR) for RNA detection. Maximum-likelihood estimation
was used for joint estimation of the adjusted IgG, active and total prevalence (either IgG or active or both),
while multinomial regression identified predictors.
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Results: The overall adjusted total prevalence of COVID-19 in Karnataka was 27.7% (95% CI 26.1–29.3), IgG
16.8% (15.5–18.1) and active infection fraction 12.6% (11.5–13.8). The case-to-infection ratio was 1:40 and
the infection fatality rate was 0.05%. Influenza-like symptoms or contact with a COVID-19-positive
patient were good predictors of active infection. RAT kits had higher sensitivity (68%) in symptomatic
people compared with 47% in asymptomatic people.
Conclusion: This sentinel-based population survey was the first comprehensive survey in India to provide
accurate estimates of the COVID-19 burden. The findings provide a reasonable approximation of the
population immunity threshold levels. Using existing surveillance platforms coupled with a syndromic
approach and sampling framework enabled this model to be replicable.
© 2021 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ntroduction

The global pandemic of SARS-CoV-2 causing coronavirus
isease 2019 (COVID-19) raged across the world within a few
onths. India has the second-highest burden of COVID-19, with 8.8
illion infected and 130,070 deaths as of 16 November 2020 (
inistry of Health and Family Welfare Services, 2020). Currently,

ndia has only case-based reporting as the prime strategy for
stimating disease burden and trend through all the epidemic
hases. Case-based reporting has the advantages of rationalizing
esting, isolating cases, and tracing and quarantining contacts
Hellewell et al., 2020); however, it does not provide an estimate of
he true burden of the disease, as it mostly identifies sicker people
eeking care or those who have better access to healthcare. Hence,
he reported case counts of COVID-19 have grossly underestimated
he true prevalence or disease burden of the pandemic. The two
ounds of national seroprevalence surveys conducted by the Indian
ouncil of Medical Research (ICMR) indicated that 81–130
nfections were missed for every reported case in the initial
urvey conducted in May 2020 (Murhekar et al., 2020), which
mproved to missing nearly 26–32 infections per reported case by
ugust 2020. Serological surveys, such as those conducted by the
CMR, can help to understand the burden of past infections. It is
lso important to detect active infections during a pandemic;
owever, this is challenging since 45% of the infected people have
ild or no symptoms (Chatterjee et al., 2020). Furthermore, the
stimation is affected by poor in-person testing due to inaccessi-
ility, stigma and supply-side inadequacies.
Effective public health measures require reliable understand-

ng of the existing burden of disease through epidemiological
nvestigations. Joint estimation of IgG prevalence and active
ARS-CoV-2 infections can help to detect, manage and control the
isease outbreak. Seroprevalence estimates from around the
orld show varying numbers ranging from 0.07% in hospital
atients to 54.1% in slum inhabitants (Malani et al., 2021; Herzog
t al., 2020; Meyerowitz-Katz and Merone, 2020; Korth et al.,
020; Stringhini et al., 2020; Hallal et al., 2020; Noh et al., 2020;
inancial Express, 2021; Aarti et al., 2020). The ICMR survey
esults reported 0.73% prevalence across India (May–June 2020),
hich increased to 7% by the end of September (Murhekar et al.,
020). The surveys in slums and non-slums of Mumbai (Malani
t al., 2021) showed considerable variation: 54.1% (95% CI 52.7–
5.6) and 16.1% (95% CI 14.9–17.4) prevalence, respectively.
erosurveys in a healthcare setting of North India showed
revalence increasing from 2.3% in April to 50.6% in July (Siddiqui
t al., 2020). However, there are concerns about using only IgG
revalence as a marker of population immunity threshold and for
stimation of period prevalence of infection. These include

Zou et al., 2020). Some of these concerns could be mitigated by
understanding the burden of active infections concurrently with
IgG estimation.

Karnataka has an estimated population of 70.7 million
(Statistics DoEa, 2013) spread over 191,791 km2. The first
confirmed COVID-19 case was reported on 09 March 2020. As of
16 November 2020, there were 861,647 cumulative cases, 27,146
active cases and 11,529 deaths (Ministry of Health and Family
Welfare Services, 2020). This study aimed to estimate the
combined proportion of the population with past or active
SARS-CoV-2 infections in Karnataka and assess the variation
across geographical regions and risk groups. The results of what is
perhaps the first comprehensive statewide sentinel-based survey
in India are presented here. The design and analysis methodologies
of this survey can serve as the blueprint for other similar surveys.

Methods

Study setting, design and sample size

Setting
This was the first round of the proposed serial cross-sectional

surveys across the districts of Karnataka. This state has 30
administrative districts. The capital district Bengaluru has
approximately 13.6 million residents. The study was conducted
during 03–16 September 2020.

Design
Each district was a unit of the survey, except Bengaluru, which

was subdivided into nine units. From the resulting 38 units,
geographically representative healthcare facilities (district hospitals
or community healthcare centres or primary healthcare centres)
with the expertise to conduct the survey were selected for this
sentinel-based population survey (Figure 1 and Appendix D). The
participants included only adults aged �18 years. The survey
excluded those already diagnosed with SARS-CoV-2 infection or
thosewho didnot agreeto provide informed consenttoparticipate in
the survey. The populationwas stratified into three risk groups based
on community exposure and vulnerability to COVID-19: the low-risk
group comprised pregnant women presenting for a periodic
antenatal check-up, people attending the outpatient departments
for common ailments and their attendees; the moderate-risk group
comprised people with high contact in the community such as bus
conductors and autorickshaw drivers, vendors at vegetable markets,
healthcare workers, individuals in containment zones, people in
congregate settings (markets, malls, retail stores, bus stops, railway
stations), and waste collectors (The Lancet, 2020); the high-risk
group comprised the elderly (aged �60 years) and people with
nability to detect IgG antibodies over time, varying sampling
ethods, the unreliable nature of the predictive value of positive
ntibody tests with varying sensitivity and specificity of different
ests affecting the tests’ reliability, and the presence of other
ypes of immune response (La Marca et al., 2020; To et al., 2020;
2

comorbid conditions such as chronic liver, lung or renal disease,
diabetes, heart disease, hypertension, immunocompromised con-
ditions, and malignancy. The protocol mandated that the elderly be
systematically sampled from a population register, and those with
comorbidities be systematically sampled from a list maintained by
8
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the facility on those suffering from non-communicable diseases. In
each of the other risk subgroups, participants were also systemati-
cally sampled.

Sample size

This led to a total sample size of 16,416 across the 38 units
(Supplementary Table 4/Appendix D).

Sample collection and laboratory testing

Figure 1. Sites (blue dots) of the survey representing geographical spread across Karnataka.
The inset picture shows the sites across Bengaluru (multi-coloured dots).
A 10% prevalence and design effect of 3 were assumed. A margin
of error of 5% was required. Under normal error assumption, a
standard calculation for a 95% CI required that the minimum
sample size be 432 per unit; this was then equally divided among
the risk groups (144 per risk group). In each risk group, the number
of samples was further equally divided among the risk subgroups.
29
From participants in the low-risk group, both nasopharyngeal
and oropharyngeal swab samples were collected for the RT-PCR
test following the ICMR protocol and 4 ml of venous blood for the
IgG antibody test. In the moderate-risk and high-risk groups, two
swab samples in different media were collected for the antigen and
RT-PCR tests and 4 ml of venous blood.
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The rapid antigen detection test (RAT) was performed using
he Antigen Standard Q COVID-19 Ag detection kit, a rapid
hromatographic immunoassay for the qualitative detection of
ntigens specific to SARS-CoV-2. The RT-PCR test was performed
or all low-risk participants and those who tested negative on the
AT through the current ICMR-approved testing network. For
ntibody testing, the collected venous blood sample was left
ndisturbed at room temperature for 30 min for clotting, then
entrifuged at 3,000 rpm, and the serum was transported to the
aboratory by maintaining a cold chain. SARS-CoV-2-specific IgG
ntibodies were detected using a commercially available,
alidated and ICMR-approved kit (Covid Kavach Anti SARS-
oV-2 IgG antibody detection ELISA, Zydus Cadila, India) (Sapkal
t al., 2020); the test was performed as per the manufacturer’s
nstructions. The results were interpreted as positive or negative
or SARS-CoV-2 IgG antibodies based on the cut-off value of
ptical densities obtained with positive and negative samples
rovided in the kit.

ata collection

After obtaining written informed consent, information on basic
emographic details, exposure history to laboratory-confirmed
OVID-19 cases, symptoms suggestive of COVID-19 in the
receding month, and clinical history were recorded on a web-
ased application designed specifically for the study and were
inked to the samples using the ICMR Specimen Referral Forms for
OVID-19. The category, symptoms, contact, and comorbidity
nformation for participants were gathered using the web-based
pplication. RAT/RT-PCR results were entered into the ICMR test-
ata portal. The IgG antibody test results were retrieved directly
rom the labs. A consolidated line-list of all the participants was
hen created. From this, subsets of participants in risk categories,
ubcategories, age groups, sex, and geographical units were used to
ointly estimate IgG prevalence, active infection fraction, and total
urden in the respective categories. Symptoms and comorbidity
ata, which were part of the consolidated line-list, were used in the
egression. Only anonymised data with no personal identifiers
ere used for the analysis.

thical considerations

The Institutional Ethics Committee (IEC) of the Indian Institute
f Public Health-Bengaluru campus reviewed and approved the
tudy (vide. IIPHHB/TRCIEC/174/2020). The participants were
nformed of the purpose of the survey, the samples that would
e taken and were requested to respond to some screening
uestions. Those who were aged <18 years, already diagnosed with
ARS-CoV-2 infection, unwilling to provide samples for the test,
nd who did not agree to provide informed consent were excluded.
fter obtaining informed consent, information on basic demo-
raphic details, exposure history, symptoms observed in the
revious month, and clinical history were noted. Participants’ test
esults were available and shared with them by the concerned
ealthcare facility.

tatistical analysis

IgG prevalence was defined as the fraction of the sampled
opulation with IgG antibodies. Active infection fraction was

individual be in one of four disease states: having active infection
but no IgG antibodies, having IgG antibodies but no evidence of
active infection, having both IgG antibodies and active infection,
and having neither active infection nor IgG antibodies. The disease
state of the individual is, however, hidden and can only be inferred
from the RAT, RT-PCR and IgG antibody test outcomes. This leads to
a parametric model for the probabilities of test outcomes
(observations), given the disease-state probabilities (parameters
of the model), after taking the sensitivities and specificities of the
tests into account.

To obtain the joint estimates of the parameters in a stratum,
maximum likelihood estimation was used, which ipso facto
provided estimates already adjusted for the sensitivities and
specificities of the tests. The joint estimation was an extension of
the Rogan-Gladen formula (Rogan and Gladen, 1978). The
procedure also accounted for the protocol-induced variation of
test types across participants. Confidence intervals were obtained
by invoking asymptotic normality of the maximum likelihood
estimates, with their covariance matrix being approximated by the
inverse of the Fisher information matrix of the parametric model.
Further, weighted adjusted estimates for Karnataka were obtained
after weighing each district’s prevalence estimates by the
population fraction in that district. Facility-level weighting was
not used because some of the healthcare facilities served the entire
district population. Also, the estimates for prevalence across risk
subcategories were unweighted. Odds ratios across risk subcate-
gories (with respect to one reference subcategory) were calculated
by restricting attention to the relevant subcategories.

To identify the weights on various independent/explanatory
variables (symptoms, comorbidities, etc.) for predicting past
infection and active infection, multinomial regressions were used
to regress the test outcomes on two disjoint sets of independent
variables. The procedure could be embedded within the frame-
work of the generalised linear model with multinomial logit
functions along with a custom link function that accounted for the
test-type variability across participants, and also the tests’
sensitivities and specificities. Important explanatory variables
were captured using the Wald test.

The details are given in the Supplementary material provided.

Results

This was the first statewide sentinel-based population survey
conducted in India. It was carried out in 290 healthcare facilities
spreadacrossthestateofKarnataka.Of the16,585peoplesurveyedin
the different risk categories, this studypresents the results for 15,624
individuals whose RAT plus RT-PCR and COVID Kavach ELISA
antibody test results were matched (Appendix C). A total of
16,585 IgG results were provided. The results of 513 were not
considered due to missing information and inability to match the
participant in the database; 448 entries were further unmapped to
the line listbecauseofmanual data-entryerrorsorbecausedatawere
not retrievable from the ICMR portal. Also, 18 IgG samples were
inconclusive (Figure 1 in Supplementary material/Appendix C).

IgG prevalence

The overall weighted adjusted seroprevalence of IgG was 16.8%
(95% CI 15.5–18.1); this was as of 03 September 2020 and at the
state level, obtained after adjusting for the serial sensitivities and
efined as the fraction of the sampled population who tested
ositive on the RT-PCR/RAT test. Total prevalence of COVID-19 was
efined as the fraction of the sampled population with either IgG or
ctive infection.
To enable joint estimation of IgG prevalence, active infection

raction and total prevalence, it was first modelled that an
3

specificities of all tests (Table 1).

Active infection

It was estimated that 12.6% (95% CI 11.5–13.8) of the seemingly
unsuspecting participants in the general population or an
0
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estimated 89,17,539 (95% CI 81,39,023–97,66,828) people had
active infection (on 16 September 2020). This was based on the
numbers that tested positive on RT-PCR/RAT and after taking into
account the IgG outcomes and the serial sensitivities and
specificities of all tests (Table 1).

Total prevalence of COVID-19

The adjusted total prevalence of COVID-19 at state level was
27.7% (95% CI 26.1–29.3) as of 16 September 2020 (combined IgG
and active infection (Table 1).

Stratifications

The seroprevalence of IgG among males and females was
similar, but the active infection was higher in males than females
(15.5% vs. 8.4%) (Table 1). Thus, the total prevalence was higher in
males than in females (29.8% vs. 21.9%). Estimates of both
seroprevalence and total prevalence were higher in the elderly
population and lower among those aged <30 years. The high-risk
population had a higher prevalence (31.7%; 95% CI 29.1–34.2),
followed by the moderate-risk population (25.4%; 95% CI 23.0–
27.8) and then the low-risk population (20.7; 95% CI 18.4–23.0)

September 2020 (Table 2). This was estimated by using 484,954
reported number of cases in Karnataka (Ministry of Health and
Family Welfare Services, 2020) and the adjusted prevalence of
COVID-19 (27.7%) against SARS-CoV-2. The cases-to-infections
ratio ranged between 11–112 across units.

Infection fatality rate (IFR)

As of 03 September 2020, the IFR due to COVID-19 in Karnataka
was estimated as 0.05%, with more than half of the units (21 of 38)
above state IFR; the highest was estimated in the Dharwad district
(0.21%) (Table 2 and Figure 2).

District/unit variations across the state

The IgG prevalence was highest in Vijayapura district (24.1%)
and lowest in Bagalkot district (4.4%). The state capital Bengaluru
had an IgG prevalence of 22.4% (95% CI 19.6–25.3). The active
infection fraction was highest in Ballari (34.3%) and lowest in
Bidar (0.7%). Bengaluru’s active infection fraction was an
estimated 9.2% (95% CI 7.1–11.2). The overall COVID-19 prevalence
was lowest in Dharwad district (9.2%) and highest in Ballari
district (43.5%) (Table 2). The total COVID-19 prevalence in

Table 1
Seroprevalence of IgG antibodies against SARS-CoV-2 and active infection in Karnataka.

Category Type Samplesa % IgG against
SARS-CoV-2b

% active infection
with COVID-19b

% prevalence of
COVID-19b

Odds ratio

State Karnataka Crude 15,939 2,565/15,939 = 16.1% 2,363/14,132 = 16.7% 4,582/15,939 = 28.7%
Adjusted 15,624 15.7 12 26.3
Weighted adjusted 15,624 16.8 (15.5–18.1) 12.6 (11.5–13.8) 27.7 (26.1–29.3)

Demography Sex Male 8,165 15.8 (14.3–17.4) 15.5 (13.9–17.2) 29.8 (27.7–31.8) 1.51 (1.23–1.88)
Female 7,445 14.8 (13.2–16.4) 8.4 (7–9.8) 21.9 (19.9–23.8) 1

Age, years 18–29 5,184 12.5 (10.7–14.3) 7.1 (5.6–8.6) 19 (16.8–21.3) 1
30–39 3,353 16 (13.6–18.4) 11.2 (9–13.5) 25.7 (22.7–28.7) 1.47 (1.09–1.99)
40–49 2,447 15.4 (12.6–18.2) 15.8 (12.8–18.8) 29.3 (25.6–33) 1.77 (1.27–2.44)
50–59 1,792 17.6 (14.2–21) 17.3 (13.7–20.9) 33.3 (28.9–37.7) 2.13 (1.5–3)
�60 2,848 18.1 (15.3–20.8) 15.9 (13.2–18.7) 31.6 (28.1–35) 1.97 (1.44–2.67)

Region Urban 14,107 15.8 (14.6–17) 12.4 (11.3–13.6) 26.7 (25.2–28.2) 1.54 (1.11–2.23)
Rural 1,517 10.6 (7.4–13.7) 9 (5.9–12.1) 19.1 (15–23.3) 1

Risk category High-risk 5,322 17.9 (15.9–19.9) 15.9 (13.8–17.9) 31.7 (29.1–34.2) 1.78 (1.37–2.31)
Moderate-risk 5,253 14.3 (12.4–16.2) 12.3 (10.4–14.1) 25.4 (23–27.8) 1.3 (1–1.71)
Low-risk 5,049 13.6 (11.8–15.5) 8.1 (6.5–9.8) 20.7 (18.4–23) 1

Risk sub-categoryd High-risk Elderly 2,445 17.7 (14.7–20.6) 16.8 (13.7–19.8) 32.4 (28.6–36.2) 2.5 (1.7–3.76)
People with comorbidities 2,455 18.2 (15.2–21.2) 14.7 (11.8–17.6) 30.5 (26.8–34.2) 2.29 (1.55–3.45)

Moderate-risk Containment zones 1,138 16.2 (12–20.4) 16.3 (11.9–20.7) 31 (25.5–36.5) 2.34 (1.45–3.81)
Bus conductors/auto drivers 1,008 16.1 (11.7–20.6) 13.9 (9.5–18.3) 28.9 (23.2–34.6) 2.12 (1.28–3.51)
Vendors at vegetable markets 1,025 15.4 (11.1–19.8) 13.5 (9.2–17.8) 27.9 (22.3–33.5) 2.02 (1.22–3.34)
Congregate settingsc 1,259 13.6 (9.8–17.3) 13.5 (9.6–17.4) 25.8 (20.9–30.8) 1.81 (1.12–2.95)
Healthcare workers 1,107 11.8 (8–15.6) 4.9 (1.9–7.9) 16 (11.4–20.6) 0.99 (0.54–1.72)

Low-risk Outpatient department 2,632 14.8 (12.1–17.5) 13 (10.3–15.6) 26 (22.6–29.5) 1.83 (1.24–2.78)
Pregnant women 2,555 12.4 (9.8–14.9) 4.1 (2.2–5.9) 16.1 (13.1–19.1) 1

Pre-existing medical conditions More than one 529 18.3 (11.9–24.7) 15.8 (9.3–22.3) 31.3 (23.2–39.4) 1.38 (0.85–2.14)
One 1,941 17.1 (13.8–20.4) 17.5 (14–20.9) 32.4 (28.2–36.7) 1.45 (1.1–1.91)
None 13,154 14.9 (13.7–16.1) 11.2 (10–12.3) 24.8 (23.3–26.3) 1

Symptoms More than one 803 15.7 (10.7–20.6) 35.6 (28.7–42.5) 48.9 (41.6–56.2) 3.39 (2.32–5.01)
One 3,423 15.9 (13.5–18.4) 20.6 (17.8–23.4) 34.4 (31.1–37.7) 1.86 (1.47–2.36)
None 11,398 15.1 (13.8–16.4) 8 (7–9.1) 22 (20.4–23.5) 1

a Included only samples that were mapped to individuals.
b All estimates were adjusted for sensitivities and specificities of the RAT, RT-PCR and antibody testing kits and procedures. The assumed values were RAT sensitivity 0.5,

specificity 0.975; RT-PCR sensitivity 0.95, specificity 0.97; IgG ELISA kit sensitivity 0.921, specificity 0.977 Weighted estimates for Karnataka estimated the prevalence in each
unit and then weights according to population.

c Markets, malls, retail stores, bus stops, railway stations, waste collectors.
d Some individuals recruited in the moderate-risk and low-risk categories were moved to high-risk because of age or comorbidities.
(Table 1).

Case-to-infection ratio (CIR)

At the state level, it was estimated that there were 40 infected
individuals for every RT-PCR-confirmed case detected as of 16
31
Bengaluru was estimated to be 30.1% (95% CI 26.9–33.3). Within
Bengaluru itself (3,617 samples), it was estimated that BBMP
West had the highest IgG against SARS-CoV-2 and total
prevalence of COVID-19. In contrast, BBMP Mahadevapura had
the least (Supplementary Table 1). Again, BBMP RR Nagar had the
highest active infection fraction within Bengaluru and BBMP East



Table 2
Seroprevalence of IgG antibodies against SARS-CoV-2 and active infection in districts of Karnataka state (N = 15,624).

Unit Samplesa % IgG against SARS-CoV2b % active infectionb % prevalence of COVID-19b CIR IFR

Karnataka 15,624 16.8 (15.5–18.1) 12.6 (11.5–13.8) 27.7 (26.1–29.3) 1 : 40 0.05%
Ballari 406 22.7 (14.9–30.4) 34.3 (25.2–43.3) 43.5 (34–53) 1 : 49 0.04%
Davanagere 412 16.8 (9.8–23.7) 29.1 (20.2–38) 40.9 (31.3–50.5) 1 : 62 0.06%
Udupi 439 17 (10.3–23.7) 22.6 (15–30.2) 37 (28.2–45.9) 1 : 34 0.05%
Vijayapura 381 24.1 (15.9–32.4) 13.8 (6.6–21.1) 35.6 (25.9–45.3) 1 : 112 0.02%
Raichur 404 23.1 (15.2–30.9) 12.1 (5.4–18.7) 34.3 (25–43.6) 1 : 76 0.02%
Chikmagalur 436 12.3 (6.3–18.4) 20.9 (13.1–28.7) 32.1 (23.1–41.1) 1 : 54 0.06%
Yadgir 422 15.7 (9–22.5) 18.5 (11.2–25.9) 31.9 (23–40.8) 1 : 62 0.02%
Hassan 410 13.6 (7.1–20.1) 21.1 (12.8–29.4) 31 (21.7–40.3) 1 : 44 0.08%
Belgaum 430 23.9 (16.2–31.7) 6.4 (1.4–11.4) 30.3 (21.6–39) 1 : 95 0.02%
Kalaburagi 425 17.4 (10.5–24.4) 14.4 (7.8–21) 30.1 (21.4–38.7) 1 : 60 0.04%
Bengaluru Urban Conglomerate 3617 22.4 (19.6–25.3) 9.2 (7.1–11.2) 30.1 (26.9–33.3) 1 : 23 0.07%
Ramanagar 408 14.2 (7.5–20.8) 16.1 (8.7–23.6) 29.6 (20.4–38.7) 1 : 76 0.02%
Tumakuru 429 7 (1.9–12) 25.1 (16.2–34.1) 29.5 (20–39) 1 : 82 0.08%
Bengaluru Rural 432 15.6 (9–22.2) 16.4 (9–23.8) 29 (20.2–37.9) 1 : 46 0.02%
Haveri 417 15 (8.3–21.7) 14.5 (7.8–21.3) 28.8 (20.1–37.6) 1 : 72 0.04%
Mysuru 402 19.2 (11.9–26.6) 8.4 (2.7–14) 27.6 (18.9–36.3) 1 : 34 0.07%
Dakshina Kannada 430 15 (8.5–21.6) 13.5 (6.9–20) 27.4 (19–35.9) 1 : 34 0.11%
Chitradurga 411 10.3 (4.4–16.3) 16 (8.5–23.4) 26 (17.2–34.9) 1 : 85 0.01%
Mandya 414 18.8 (11.4–26.1) 6.7 (1.3–12.1) 25.5 (16.8–34.2) 1 : 54 0.02%
Koppal 427 20 (12.7–27.2) 2.6 (0–6.2) 22.6 (14.7–30.5) 1 : 38 0.04%
Shivamogga 426 8.1 (2.9–13.4) 13.7 (6.8–20.5) 21.8 (13.5–30) 1 : 31 0.09%
Chamarajanagar 383 16 (8.8–23.1) 6.6 (1.1–12.1) 21.3 (12.9–29.7) 1 : 72 0.02%
Kodagu 412 12.3 (6–18.5) 8.7 (2.8–14.5) 20.7 (12.6–28.9) 1 : 56 0.03%
Bidar 407 18.2 (10.9–25.4) 0.7 (0–3.3) 18.9 (11.2–26.5) 1 : 64 0.04%
Uttara Kannada 419 8.4 (3–13.8) 8.7 (3–14.4) 16.6 (9.1–24.1) 1 : 33 0.04%
Kolar 431 10.3 (4.5–16.1) 6.7 (1.6–11.9) 16.3 (9–23.6) 1 : 59 0.04%
Chikkaballapur 412 6.7 (1.6–11.8) 5.8 (0–11.8) 12.4 (4.8–20) 1 : 28 0.07%
Bagalkot 401 4.4 (0–8.9) 9.7 (3.6–15.8) 12.3 (5.3–19.4) 1 : 31 0.08%
Gadag 341 6.8 (1.3–12.3) 2.7 (0–8.5) 9.5 (1.6–17.4) 1 : 14 0.11%
Dharwad 440 7.6 (2.5–12.6) 2 (0–5.5) 9.2 (3.2–15.2) 1 : 13 0.21%

a Included only samples that were mapped to individuals; CIR: case-to-infection ratio; IFR: infection fatality rate.
b Adjusted for sensitivities and specificities of RAT, RT-PCR, and antibody testing kits and procedure.

Figure 2. Scatter plot of CIR versus IFR. The size of the point indicates the IgG prevalence in the units.
The horizontal and the vertical lines intersect at Karnataka’s IFR and CIR. Moving clockwise from the upper-left quadrant: a unit with a larger green disk had high IgG antibody
prevalence, low IFR and high CIR, such a unit was missing cases and deaths; a unit with a larger green disk in the upper-right quadrant had high IgG antibody prevalence, high
IFR and high CIR, such a unit was also likely missing cases but death reporting was better than average; a unit with a larger green disk in the bottom-right quadrant had high
IgG antibody prevalence, high IFR and low CIR, such a unit did well in identifying cases and had better-than-average reporting of deaths; a unit with a larger green disk in the
bottom left had low IFR and low CIR, such a unit saw a surge in cases but did well in identifying cases and had low fatality rates, perhaps due to good clinical practices that
could be studied and replicated elsewhere.

G.R. Babu, R. Sundaresan, S. Athreya et al. International Journal of Infectious Diseases 108 (2021) 27–36

32



G.R. Babu, R. Sundaresan, S. Athreya et al. International Journal of Infectious Diseases 108 (2021) 27–36
had the lowest (Supplementary Table 1). Districts with high case
infection ratios (>40) were Vijayapura, Belgaum, Chitradurga,
Tumakuru, Raichur, Ramanagar, Haveri, Chamarajanagar, Bidar,
Davanagere, Yadgir, Kalaburagi, Kolar, Kodagu, Mandya, Chikma-
galur, Ballari, Bengaluru Rural, and Hassan (Table 2). To
summarise: there was differential exposure to the disease across
the state.

Explanatory variables

A generalised linear model-based multinomial regression for
symptoms indicated that headache, chest pain, wheezing, rhinor-
rhoea, cough, sore throat, muscle ache, fatigue, chills, and fever
were significant variables that predicted active infection, with
fever being the most significant. Diarrhoea, chest-pain, rhinor-
rhoea, fatigue, and fever predicted the presence of IgG antibodies
to some extent, with diarrhoea having the highest weight. A second
generalised linear model-based multinomial regression yielded
additional variables that predicted active infection. These were
attendance at the outpatient department of the healthcare
facilities and contact with COVID-19-positive patients. Additional
variables that predicted the presence of IgG were professions who
had more contact with the public, residence in containment zones
and the urbanisation level of the district (Tables 3 and 4 ).

RAT versus RT-PCR sensitivity for symptomatic and asymptomatic
people

As of September 2020, it was noted that RAT was more sensitive
for symptomatic individuals. For participants with symptoms, 543
RAT were positive out of the 798 RT-PCR-confirmed positive
participants. This yielded a sensitivity of 68.0% for those with
symptoms. In contrast, for participants without symptoms, 348
RAT were positive out of 742 RT-PCR-confirmed positive partic-
ipants. This yielded a sensitivity of 46.9% for those without
symptoms.

Discussion

The study involved healthcare workers and several state and
central agencies across the entire state of Karnataka and was based
around 290 healthcare facilities. It addressed the important
question of measuring past and active infection of COVID-19 in
Karnataka. Further, this was the first study in India, and probably

elsewhere, that jointly estimated the proportion of people who
already had the SARS-CoV-2 infection (IgG antibody positive) and
who currently had an active infection (RT-PCR/RAT positive). The
combined estimates could lead to timely, informed and evidence-
based public health responses.

The survey, although sentinel-based, sampled from the general
population in the moderate-risk and high-risk groups. The low-risk
group sampled from the facilities were restricted to healthcare
workers and patients coming for periodic care or visiting
outpatient departments. Further, the survey ensured good
geographical spread across Karnataka. The design was thus aimed
at capturing as representative a population as possible. The
sampling frame serves as a reference standard and could be used
for population-representative surveillance in the future. A
serological test for IgG with high sensitivity (0.921) and specificity
(0.977) was used, thereby yielding a better predictive value for a
positive test.

An estimation of the IgG prevalence alone would have assessed
the state’s burden at 16.8% prevalence. In contrast, the dual
assessment of viral markers and antibodies gave the IgG
prevalence and also the active infection fraction of 12.6% and a
total COVID-19 burden of 27.7%. This significantly larger estimate
calls for an entirely different response from the state and highlights
this survey’s benefits. Moreover, 2.1% of the population showed
both viral RNA and IgG antibodies. The correlates and implications
of the simultaneous presence of viral RNA and IgG antibodies
might require further examination in future studies.

The statewide CIR was 40 infections for every case. The number
of reported cases up to 03 September 2020 was 361,305; another
123,649 reported cases were added between 03 September and 16
September. Clearly there was a surge during this 2-week period
and 34% of reported cases were added. This suggests that the active
infection fraction during this period should have been 34% of 16.8%
estimated IgG level (i.e., 5.7%); however, the active infection
fraction from the survey was as high as 12.6%. The CIR for the
period prior to 03 September 2020 was 32 versus a CIR of 72 during
the survey period, suggesting that a greater number of cases were
missed during the surge in the first half of September 2020. The
overall CIR of 40 is to be understood as a weighted average of the
estimates for the two periods.

Public health responses and control measures in India have
been largely shaped by case-based evidence, namely: data from the
line list and contact tracing. For example, in a study from Tamil
Nadu and Andhra Pradesh, Laxminarayan et al. showed that the

Table 3
Generalized linear model: prediction of active, IgG and simultaneous IgG and active infection.

Predictor b1 ŝ1 Active p-value@ b2 ŝ2 IgG
p-value@

b3 ŝ3 Active and IgG
p-value@

bL ŝL Logistic
p-value@

Intercept �2.4 0.044 *** �1.7 0.031 *** �4.1 0.12 *** �1.1 0.021 ***
Diarrhoea 0.54 0.48 1 0.32 *** 1.4 0.85 . 0.79 0.25 **
Abdominal pain �3 3.8 �0.05 0.25 �0.11 0.85 �0.23 0.18
Vomiting 0.56 0.4 . �0.023 0.39 �6.2 24 0.18 0.24
Headache 0.56 0.16 *** �0.032 0.18 0.34 0.46 0.23 0.1 *
Other respiratory
symptoms

0.37 0.52 0.33 0.39 �6.4 33 0.27 0.28

Chest pain 0.68 0.23 ** 0.55 0.21 ** �0.51 1.3 0.46 0.14 **
Wheezing 1 0.46 * �0.089 0.58 1.3 0.86 . 0.37 0.31
Shortness of breath 0.62 0.49 0.12 0.59 0.37 1.5 0.48 0.34
Runny nose 0.95 0.27 *** 0.55 0.28 * �7.4 32 0.56 0.19 **

Cough 0.84 0.086 *** 0.13 0.09 . 0.3 0.28 0.41 0.054 ***
Sore throat 0.71 0.37 * �0.078 0.46 1 0.8 . 0.32 0.25
Muscle ache 0.67 0.18 *** 0.033 0.2 0.25 0.57 0.25 0.12 *
Fatigue 0.68 0.25 ** 0.42 0.23 * �2.4 7.8 0.42 0.16 **
Chills 0.77 0.21 *** �0.35 0.3 0.47 0.61 0.19 0.15
Fever 1.5 0.085 *** 0.21 0.11 * 1.4 0.23 *** 0.8 0.058 ***

@ *** indicates p < 0.001; ** indicates p < 0.01; * indicates p < 0.05;. indicates p < 0.1.
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nfection probabilities ranged from 4.7–10.7% for low-risk and
igh-risk contacts (Laxminarayan et al., 2020). Kumar et al. showed
hat both asymptomatic and symptomatic SARS-CoV-2 cases
ransmitted the infection, with the symptomatic cases being the
ain driving force within Karnataka state (Kumar et al., 2021).
owever, the current seroprevalence-based estimates did not
uffer from selection bias, as the sampling frame included the
eneral population and went beyond reported cases and contact
racing. Therefore, the current study complements the under-
tanding by providing better estimates of the actual burden of
nfection in the community.

Across risk groups, the elderly and those with comorbidities
ad a higher prevalence of COVID-19 (Hu et al., 2020; CDC COVID-
9 Response Team, 2020; Guan et al., 2020), suggesting that they
re at higher risk of contracting the infection. Despite the expected
ower exposure, higher prevalence in them offers the possibility of
nfection with lower viral dose or that younger age groups have a
rotective immune response.
The reported IFR due to COVID-19 of 0.05% was likely an

nderestimate and a function of how well each district reported
eath data. Studies worldwide have found that the IFR of COVID-19
anged from 0.17–4.16% (Rinaldi and Paradisi, 2020; Bendavid et al.,
021; Lewis and Torgerson, 2012). A high estimated IFR of 0.21%
as seen in Dharwad. Comparing Dharwad (population 1.8 million,

gG level 7.6%, 113 days to survey start date since 50 cases,
rbanisation index = 0.56, deaths = 337) with Shivamogga
population 1.7 million, estimated IgG 8.1%, 106 days to survey
tart date since 50 cases, urbanisation index = 0.30, deaths = 134),

This regression analysis determined which symptoms accu-
rately predict active and past infections. Among symptoms,
diarrhoea, chest pain, rhinorrhoea, fatigue, and fever predict the
presence of IgG antibodies. This suggests that COVID-19 may have
consequences that last beyond the active infection period.
Diarrhoea suggests that the gastrointestinal tract manifestations
might stay longer, which may have implications to explore with
oral vaccines. Influenza-like-illness symptoms and history of
contact with a COVID-19-positive person are strong predictors
of active infection.

Recruitment of the low risk participants from the facilities may
suggest a bias in the estimate. This was mitigated by systematically
sampling only among pregnant women and attendees of outpa-
tient clinics. A design effect of 3 was used to account for any
possible bias. The low-risk participants were not administered the
RAT due to the test’s low sensitivity. The statistical methodology
handled such partial test administrations. The number of samples
per unit of 432 was based solely on a nominal 10% IgG prevalence
assumption and a requirement of a 5% margin of error. The actual
95% CI depends on the true prevalence. The reported 95% CIs were
based on the inferred estimates and made use of all the available
test data (IgG, RT-PCR and RAT outcomes).

This sentinel-based state-wide comprehensive population
survey and the associated comparative analysis gave insight into
the state of the pandemic in the different districts of Karnataka and
the varying levels of prevalence across the different stratifications
based on age, sex and risk. Figure 2 shows important epidemio-
logical metrics such as IFR, CIR and their variation across

able 4
eneralized linear model: prediction of active, IgG and simultaneous IgG and active infection.

Predictor b1 ŝ1 Active p-value@ b2 ŝ2 IgG
p-value@

b3 ŝ3 Active/IgG
p-value@

bL ŝL Logistic
p-value@

Intercept �3.3 0.19 *** �2.6 0.13 *** �6.6 0.76 *** �1.8 0.081 ***
Chronic liver disease �0.59 1 0.38 0.66 0.54 1.5 �0.012 0.47
Chronic renal disease �7.3 82 �0.03 0.56 �5.6 22 �0.53 0.47
Diabetes 0.075 0.12 �0.033 0.11 0.034 0.29 0.013 0.068
Heart disease �0.17 0.4 0.42 0.27 . �0.21 1.1 0.15 0.2
Hypertension 0.14 0.12 �0.072 0.11 0.13 0.3 0.04 0.071
Immunocompromised condition �0.44 0.45 �0.6 0.4 . �1.3 2.2 �0.46 0.23 *
Malignancy 1 0.85 0.46 0.93 �4.6 32 0.53 0.61
High-risk 0.59 0.29 * �0.11 0.33 �1 1.3 0.14 0.19
Moderate-risk 0.41 0.35 �0.56 0.37 . �0.22 1.9 �0.075 0.23
OPD attendee 0.67 0.19 *** 0.078 0.11 0.93 0.57 . 0.23 0.075 **
Bus conductor or auto driver 0.28 0.41 0.74 0.4 * 0.6 1.9 0.33 0.24
In containment zone 0.5 0.39 0.74 0.39 * 0.79 1.9 0.43 0.24 .
Healthcare worker �1 0.45 * 0.27 0.39 �0.29 1.9 �0.25 0.24
In congregate setting 0.32 0.4 0.52 0.39 . 0.59 1.9 0.29 0.24
Comorbidity 0.04 0.33 0.37 0.34 1.8 1.4 . 0.17 0.2
Elderly 0.35 0.34 0.34 0.34 1.4 1.4 0.21 0.2
Vegetable vendor 0.33 0.4 0.7 0.39 * 0.37 2 0.33 0.24
Age 30–39 0.21 0.11 * 0.24 0.084 ** 0.95 0.42 * 0.2 0.055 ***
Age 40–49 0.53 0.11 *** 0.17 0.098 * 1.2 0.44 ** 0.3 0.062 ***
Age 50–59 0.64 0.13 *** 0.34 0.11 *** 1 0.48 * 0.42 0.07 ***
Age 60+ 0.31 0.15 * 0.26 0.13 * 1.5 0.51 ** 0.29 0.083 ***
Male 0.45 0.078 *** 0.052 0.063 0.02 0.2 0.19 0.041 ***
Other �0.86 1.8 �28 640000 �14 2300 �1.6 1
Urban or rural 0.39 0.12 *** 0.36 0.11 *** 1.2 0.63 * 0.32 0.065 ***
Contact with a positive
patient

0.75 0.096 *** 0.11 0.11 0.77 0.27 ** 0.39 0.063 ***

Urbanization �0.56 0.15 *** 0.68 0.1 *** 0.24 0.37 0.14 0.073 .

 *** indicates p < 0.001; ** indicates p < 0.01; * indicates p < 0.05;. indicates p < 0.1.
00 more deaths were seen in Dharwad for roughly similar
opulations, IgG levels and days since 50 cases. The higher deaths
ould have been due to reporting differences or issues related to
linical practice or travel from neighbouring units to avail critical
r tertiary health care facilities at Dharwad. Further research is
equired to test these hypotheses.
3

geographical regions and population strata. This shows which
units were likely to be missing cases but had better-than-average
death reporting, which units did well in identifying cases and had
better-than-average reporting of deaths, or which units had not
seen a surge in cases, yet had done well in identifying cases and had
low IFR. Testing strategies could be tuned to local variation, based
4
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on each unit’s total prevalence and CIR. Thus, establishing district-
level sentinel-based surveillance to systematically monitor the
trend of infection in the long term, to inform local decision-making
at a district level, would facilitate and augment the necessary
public health response towards the COVID-19 epidemic in
Karnataka. It would also help to identify regions with high severity
of the disease, identify at-risk populations and enable evidence-
based intervention and resource allocation to effectively manage
the pandemic. Repetition of the survey can better inform changes
in the extent and speed of transmission and help evaluate the
potential impact of containment strategies over time in different
parts of the state.

The question of designing facility-level public health responses
for COVID-19, rather than district-level, immediately arises. As the
districts are the first-level administrative units for COVID-19
management, the survey was designed to be tight for a 5% margin
of error and a 95% CI at district level. Facility-level responses can be
designed if there is sufficient reliability on the estimates at each
facility.

The sentinel-based population survey strategy for monitoring
COVID-19 through healthcare facilities has great relevance for
global public health. Sentinel surveillance systems enable identi-
fication of trends over time and are also easier to manage in terms
of planning logistics, using existing human resources and are less
cost-intensive. These enable timely implementation of serological
studies. Team et al. reported a sentinel survey conducted by the
Indian Council of Medical Research in the early stages of the
pandemic (ICMR COVID Study Group et al., 2020). Such methodol-
ogies could be included by the WHO in its Solidarity II global
serological study protocol (World Health Organization, 2020). This
study’s findings hold significant potential to improve clinical
management and guide public health interventions to reduce the
burden of COVID-19 in India and other lower and middle-income
countries.
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