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Abstract

Background: Since the start of the COVID-19 pandemic, health policymakers globally have been attempting to predict an
impending wave of COVID-19. India experienced a devastating second wave of COVID-19 in the late first week of May 2021.
We retrospectively analyzed the viral genomic sequences and epidemiological data reflecting the emergence and spread of the
second wave of COVID-19 in Indiato construct a prediction model.

Objective: We aimed to devel op a bioinformaticstool that can predict an impending COVID-19 wave.

Methods: We analyzed the time series distribution of genomic sequence data for SARS-CoV-2 and correlated it with
epidemiological data for new cases and deaths for the corresponding period of the second wave. In addition, we analyzed the
phylodynamics of circulating SARS-CoV-2 variants in the Indian population during the study period.

Results: Our prediction analysis showed that thefirst signs of the arrival of the second wave could be seen by the end of January
2021, about 2 months before its peak in May 2021. By the end of March 2021, it was distinct. B.1.617 lineage variants powered
the wave, most notably B.1.617.2 (Delta variant).

Conclusions: Based on the observations of this study, we propose that genomic surveillance of SARS-CoV-2 variants,
complemented with epidemiological data, can be a promising tool to predict impending COVID-19 waves.

(JMIR Bioinform Biotech 2022;3(1):e36860) doi: 10.2196/36860
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: successful prediction of COVID waves has not yet been
Introduction achieved. A prediction tool that can inform about an upcoming

The year 2019 had a SARS-CoV-2—driven wave of COVID COVID wavewell beforetime and reasonably accurately could
worldwide that soon turned into a pandemic, and to date, this minimizethe enormousloss of life and other collateral damages.

disease has killed about 65 million people [1]. Since the Multiple waves at a global scale driven by SARS-CoV-2

pandemic’s start, much policy talk has been about whether an  variants, primarily Alpha, Delta[3], and, most recently, Omicron
impending COVID wave can be predicted [2]. Unfortunately,
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[4], have followed since the first wave. The successive
SARS-CoV-2 variants showed increased transmissibility and
virulence compared with the wild-type strain [3]; however, the
latest Omicron variant has shown higher transmissibility and
immune escape but lesser lethality compared with the Delta
variant [4]. The Delta variant—driven wave was characterized
by high speed of rising cases, increased oxygen demand, vaccine
breakthrough [5], ahighly increased proportion of severe cases,
and high mortality [6].

More comprehensive coverage of COVID vaccinesin theglobal
population is helping to create an immunity barrier against the
rise of anew wave. However, an increase in theimmune escape
potential of emerging variants causes a grave concern for
vaccine breakthroughs and reinfections[3,4,7]. With the waning
of immunity derived from vaccines and previousinfections[8],
the risk of the emergence of a more lethal variant capable of
creating a global wave remains high and therefore demands
continued surveillance [9].

The Delta variant—driven wave showed arapid peak and fall to
the baseline, making it ideal for prediction studies. The Delta
strain was first reported from India [10]. Of note, India
witnessed adevastating second COV I D wave that began toward
the end of February 2021 [11]. The unexpected arrival of the
second COV 1D wave, accompanied by an exponential increase
in infections, brought the country’s epidemic response system
and hedlth infrastructure to a standstill [11], and resulted in
massive suffering and loss of life [12].

The Deltavariant belongsto the SARS-CoV-2 lineage B.1.617,
which appeared as a precursor. The first case of the B.1.617
variant was also reported from India as early as October 2020
[13]. The World Health Organization (WHO) recognized the
B.1.617 lineage asaglobal variant of concern (VOC). Thestrain
evolved into 3 more sublines, namely, B.1.617.1-3, of which
B.1.617.1 (the Kappa variant) was declared avariant of interest
(VOI) and B.1.617.2 was later declared a VOC by the WHO
[14]. B.1.617 contained mutationsin key spike protein regions
involved in host interactions and the induction of neutralizing
antibodies (S: L452R, E484Q, D614G, del681, and del1072)
[15]. The sublineages contained lineage-defining spike mutations
(L452R and D614G) as well as newly developed mutations as
follows: B.1.617.1 (S: T95I, G142D, E154K, L452R, E484Q,
D614G, P681R, and Q1071H); B.1.617.2 (S: T19R, G142D,
156del, 157del, R158G, L452R, T478K, D614G, P681R,
D614G, P681R, and D950N); and B.1.617.3 (S: T19R, L452R,
E484Q, D614G, and P681R) [16]. Contemporary studies
suggested that B.1.617 lineage variants were more easily
transmissible [13,17-21] and deadlier [18] than the B.1.1.7
lineage (Alpha variant), a globally dominant strain before the
second wave [10]. Studies also showed a significant reduction
in the neutralization of variants of the B.1.617 lineage by
antibodies derived from natural infections and many currently
used COVID-19 vaccines, and multiple monoclonal antibodies
[18-21]. Notably, B.1.617.2 showed very high transmissibility
and immunological escape[10,13,17,22].

Several studies worldwide have shown that predicting an
impending COVID-19 wave is possible [23-28]. These studies
used mathematical modeling of epidemiologica data
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Unfortunately, none of them could accurately anticipate a
COVID-19 wave. The ahility to predict an established wave
from epidemiological dataa one seemsseverely limited [12,29].

The analysis of SARS-CoV-2 genomic sequences has emerged
asan efficient surveillance tool for understanding the emergence
of new variants and their spread. Fortunately, millions of
SARS-CoV-2 genomic sequences from regions worldwide are
being made publicly available asacollaborative effort to contain
the pandemic [30]. The easy availability of high-quality vira
sequences with patient metadata has opened a new avenue for
potential predictions of the COVID-19 pandemic [31]. However,
viral genomic sequences alone may not be sufficient for efficient
predictions, and their current uses for this purpose are
constrained.

In this study, we propose an integrated approach using viral
genome surveillance and epidemiological datafor the prediction
of animpending COVID-19 wave. We retrospectively analyzed
viral genomic sequences and epidemiological data reflecting
the emergence and spread of the second wave of COVID-19in
Indiato construct such a model.

Methods

Study Design, Participants, and Data Sources

We analyzed the time series (weekly and monthly) distributions
of SARS-CoV-2 variants coupled with epidemiological data
from December 1, 2020, to July 26, 2021 (34 weeks) for new
cases and deaths from COVID-19 in India. Further, a
phylodynamic analysis for individual variants was performed.

We downloaded SARS-CoV-2 genomic sequence data and
epidemiological datafrom the EpiCoV database of the Global
Initiative on Sharing All Influenza Data (GISAID) [32] and the
Worldometer database [33], respectively. A total of 40,359
genomic sequences of SARS-CoV-2 were analyzed. The
sequence for each SARS-CoV-2 variant was retrieved using an
automated search function that entered lineage and sublineage
information into the EpiCoV database. The total numbers of
sequences per week and month for the variantsand their relative
proportions were calculated (in percentage). The data were
tabulated, and each variant’s weekly and monthly distributions
were compared to COVID-19 epidemiological data (new cases
and deaths) and statistically analyzed. The genomic sequences
of SARS-CoV-2 variantsin each state and union territory were
also examined to check deviationsfrom overall patternsin data.

Phylodynamics of SARS-CoV-2 Variants

A phylodynamic analysis of the variantscirculating in the Indian
population during the study period was performed on GISAID
sequences using the bioinformatics tool available at EpiCoV.

Statistical Analysis

XLSTAT (Addinsoft) was used to perform all statistical
analyses. Descriptive statistics were cal culated for each variable.
Levene and Anderson tests were used to determine the
homogeneity or normality of the data. In addition, acorrelation
matrix was constructed, and a linear regression analysis was
performed between contrasting variables (R values=-1to +1).
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Finally, the statistical significance level for each comparison
was set at P<.05.

Ethical Consider ations

Approval from the ingtitutional ethics committee was not
required as the data used in this study were retrieved from
publicly available databases.

Results

Our retrospective analysis of the epidemiological datareflected
that the second COVID-19 wave started rising by the end of
February 2021 and peaked by the end of the first week of May
2021. Based on the distinct epidemiological trends observed
(Multimedia Appendix 1), we divided the study period
(December 1, 2020, to July 26, 2021; 34 weeks) into prepeak
(weeks 1-23) and postpeak (weeks 24-34) periods. The weekly
average of new cases and deaths showed a strong correlation
in the study period (R=0.98, P<.001), signifying the high
statistical validity of the data for further comparisons. Further,
we analyzed the distribution of SARS-CoV-2 variantscirculating
inthe Indian population in correlation with new cases and deaths
before and after the pesk. For description, based on
epidemiological trends, the prepeak period was further divided
into the following 3 time series intervals: “very early” (weeks
1-8), “early” (weeks 9-16), and “near peak” (weeks 17-23).
New cases and deaths showed a downward trend in the “very
early” period and maintained a plateau in the “early” period
(except toward the end when cases and deaths started increasing,
indicating the start of the second wave). In the “near peak”
period, a steep rise in new cases and deaths was observed
(Figure 1).

The rise and fall of circulating SARS-CoV-2 variants were
studied against the observed epidemiological datatrendsinthe
respective time series intervals. Observing the composite data
trends of epidemiological and SARS-CoV-2 genomic data
provides a glimpse of the formation of the second COVID-19
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wave, with clear indications of which SARS-CoV-2 strains may
have driven it (Figures 1 and 2). By December 2020, 8
SARS-CoV-2 Pango lineages and their multiple sublineages
were circulating in the Indian population, including 4 VOCs
(B.1.1.7, B.1.351, P1, and B.1.617.2) and 3 VOlIs (B.1.617.1,
B.1.127/B.1.429, and B.1.525). However, B.1.1.7 wasthe most
dominant variant in that period. B.1.617 lineage variants
collectively (B.1.617+) showed an upward trend since their
emergence, and surpassed other VOCs, including B.1.1.7, by
the end of January 2021 (weeks 8-9) and subsequently kept
rising. In contrast, B.1.1.7 showed a downward trend by the
end of March 2021 (weeks 17-18), with B.1.617 lineage variants
becoming the dominant variants. By the end of April 2021,
B.1.617 lineage variants were detected in 78.5% of
SARS-CoV-2 sequences uploaded on the GISAID database,
reaching about 83% in the week of the peak.

The phylodynamic analysis of the circulating variants in the
study period strongly corroborated the trends present in the
graph data, showing an exclusiveincreasein the cluster density
of B.1.617.2 compared with other variants in the “near peak”
period (Figure 3).

To know whether theriseinthe B.1.617.2 variant was|ocalized
to specific geographical regions, which may have influenced
the collective datatrends, we compared the monthly distribution
of genomic sequences of SARS-CoV-2 variants for the states
and union territories of India individually. A similar increase
in the detection of the B.1.617.2 variant was observed in most
states and union territories (Multimedia Appendix 2), except
Kerala, where different patterns were visible (Figure S15 in
Multimedia Appendix 2). In Kerala, the rise of the B.1.617.2
variant was slower in comparison with the rest of the country
(55.5% vs 72% of total cases by the end of April 2021), which
was further confirmed in the state-wise serosurvey data from
the period of the second wave (44.4% vs 67.7% of the national
average) [34]. Notably, a sharp rise in B.1.617.2 cases was
observed in Keralain alater period.
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Figure 1. Weekly distribution of SARS-CoV-2 variants in genomic sequence data from India and the correlation with daily new COVID-19 cases and
deaths from December 1, 2020, to July 26, 2021. The data were analyzed for the period before the peak of the second wave (23rd week) and after that.
SARS-CoV-2 genomic sequence datawere obtained from the EpiCoV database of the Global I nitiative on Sharing All Influenza Data, and epidemiol ogical

data were obtained from the Worldometer database.
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Figure 2. Origin and spread of B.1.617 lineage SARS-CoV-2 variants in the Indian population. Data were analyzed from December 1, 2020, to July
26, 2021. SARS-CoV-2 genomic sequence data were obtained from the EpiCoV database of the Global Initiative on Sharing All Influenza Data, and
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Figure 3. Phylodynamics of SARS-CoV-2 variantsin the Indian population from December 1, 2020, to July 26, 2021. SARS-CoV-2 genomic sequence
data were obtained from the EpiCoV database of the Global Initiative on Sharing All Influenza Data, and epidemiological datawere obtained from the

Worldometer database. VOC: variant of concern.
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Discussion

Principal Findings

Theretrospective examination of linked viral genomic sequences
and epidemiological datain this study clearly showed that the
occurrence of B.1.617 lineage variants, particularly the
B.1.617.2 sublineage, was strongly related to the second wave
of COVID-19in India. In late January 2021, when instances of
B.1.617.2 surpassed those of all other variants, the first signs
of an imminent wave of COVID-19 began to appear. The rise
of the wave could be observed closely until the end of March
2021, when instances of B.1.617.2 showed a sharp increase in
line with the total number of new cases.

Comparison With Prior Work

Current prediction models in the COVID-19 pandemic are
dominated by purely epidemiological analyses, from which
hardly anyone could accurately predict animpending COVID-19
wave [23-27]. The importance of studying viral genomic
sequences for the epidemiological surveillance of new
SARS-CoV-2 variantsiswell recognized [31,35-40]. However,
its application in developing a predictive model to forecast
upcoming virus waves has received little appreciation in the
existing literature [41]. Interestingly, strong conceptual
validation for the applicability of an integrated approach to
predict an impending COVID-19 wave using viral genomic
surveillance and epidemiol ogical datacame from arecent study
by de Hoffer et a [42]. These authors studied the temporal
dynamics of emerging SARS-CoV-2 variants using a machine
learning algorithm—based analysis of the spike protein sequences
of viral samples from England, Scotland, and Wales reported
in the GISAID database. Further, they correlated the relative
percentage of each variant with the weekly and monthly
epidemiological data of active cases from the studied
geographical regions. They showed a strong relationship
between the genesis of a new emerging variant and the onset
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of anew wave, with an exponentia increase in the number of
infections [42].

Moreover, our findings regarding the second wave of COVID-19
inIndiaare corroborated by a previous study by Dhar et a [10].
The authors analyzed viral genomic sequences retrospectively
and observed asimilar patternin therise of the B.1.617 lineage,
mainly the B.1.617.2 variant, in Delhi before the second wave
[10]. A B.1.617.2-driven second wave was al so reflected in the
analysis of viral genomic sequences performed by Adiga and
Nayak in 2021 [43]. We recently used our prediction model
prospectively during the initial rise of cases caused by the
Omicron strain in South Africa, which indicated an upcoming
wave with very high transmissibility but limited lethality [4].
These predictions were later accurately reflected in the studies
reporting the Omicron-mediated fourth wave of COVID-19in
South Africa[44,45].

The potential predictability of the second wave of COVID-19
inIndiain the retrospective data analysis suggeststhat genomic
surveillance of SARS-CoV-2 variants, enriched with
epidemiological data, could be a potential tool to predict
upcoming COVID-19 waves. Still, the prediction accuracy is
largely dependent on population-based viral genomic sequencing
and consistency in data upload from all geographic regions, as
well as accurate reporting of epidemiological data. The sole
increasein the proportion of an emerging SARS-CoV-2 variant,
coupled with an associated rise in new cases, might inform the
arrival of a new wave of COVID-19. However, consideration
of other epidemiological factors, such as previous exposure to
related virus strains and the immunization status of the
population, will be necessary to determine the magnitude of an
impending wave [46]. Notably, the first wave of COVID-19 in
Indiawaslimited in scope, as evidenced by the serosurvey data
[47,48], and only asmall part of the population was vaccinated
as of early 2021 [49]. With the emergence of a new variant,
both these factors may have created an ideal environment for a
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massive second wave to emerge. In addition, preventive
measures, such as blocking or limiting gatherings and using
face masks, can also influence the prospects and magnitude of
anew wave[29].

Limitations

There were some limitations in our study that may have
influenced the interpretation of the results. First, the samples
used in our analyses might not be representative of the
population. In many geographical regions, the sample size was
grossly disproportionate. Therefore, the genomic sequence data
presented in this study might not reflect the exact
epidemiological extent of the distribution of the variantsin the
reported geographical regions but only show their relative
proportions in the samples for which genomic sequences were

Acknowledgments
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uploaded to the GI SAID database. We have assumed that ssimilar
proportions exist between variants in the actual population.
Second, inconsistent reports and upl oads of genomi ¢ sequences
made it challenging to study a daily trend in the spread of
variants. Finally, the scarcity of genomic segquences and
inconsistency in uploading to the databases used for some
states/union territories made determining variant dominance
difficult.

Conclusions

Based on the observations of this study, we propose that
genomic surveillance of SARS-CoV-2 variants, complemented
with epidemiological data, can be a promising tool to predict
upcoming COVID-19 waves.

The study used SARS-CoV-2 genomic sequence data and epidemiological datafrom the EpiCoV database of the Global Initiative
on Sharing All Influenza Data and the Worldometer database, respectively.

Data Availability

The primary dataused for thisstudy are publicly available on the EpiCoV database of the Global Initiative on Sharing All Influenza
Data (SARS-CoV-2 genomic sequence data) and the Worldometer database (epidemiological data). The categorized data for the
study period can be availed from the corresponding author on reasonable request.

Authors Contributions

AK, PD, and GK collected the samples and analyzed the data. AK wrote the first draft. AA performed the statistical analysis.
AK, RKN, RKJ, RP, CS, and SNP reviewed and edited the paper. All authors consented to submit the final draft.

Conflictsof I nterest
None declared.

Multimedia Appendix 1

Weekly new COVID-19 cases and deaths in the Indian population for the period of December 1, 2020, to July 26, 2021.

[DOCX File, 225 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Monthly distribution of SARS-CoV-2 variants in genomic sequence data from the states and union territories of India uploaded
on the EpiCoV database for the period of December 1, 2020, to July 26, 2021.

[DOCX File , 678 KB-Multimedia Appendix 2]

References

1. Coronavirus Statistics. Worldometers. URL: https.//www.worldometers.info/coronavirus/ [accessed 2022-09-05]

2. OBrienDA, ClementsC. Early warning signal reliability varieswith COVID-19 waves. Biol Lett 2021 Dec;17(12):20210487
[FREE Full text] [doi: 10.1098/rshl.2021.0487] [Medline: 34875183]

3.  Kumar A, Parashar R, Kumar S, Faig MA, Kumari C, Kulandhasamy M, et al. Emerging SARS-CoV-2 variants can
potentially break set epidemiological barriersin COVID-19. JMed Virol 2022 Apr;94(4):1300-1314 [FREE Full text] [doi:

10.1002/jmv.27467] [Medline: 34811761]

4.  Kumar A, Asghar A, Singh H, FaigM, Kumar S, Narayan R, et a. Anin silico analysis of early SARS-CoV-2 variant
B.1.1.529 (Omicron) genomic sequences and their epidemiological correlates. medRxiv. 2021. URL: https.//www.
medrxiv.org/content/10.1101/2021.12.18.21267908v1 [accessed 2022-09-16]

5. Tareq A, Emran TB, DhamaK, Dhawan M, Tallel T. Impact of SARS-CoV-2 deltavariant (B.1.617.2) in surging second
wave of COVID-19 and efficacy of vaccines in tackling the ongoing pandemic. Hum Vaccin Immunother 2021 Nov
02;17(11):4126-4127 [FREE Full text] [doi: 10.1080/21645515.2021.1963601] [Medline: 34473593]

6. OngS, ChiewC,AngL,Mak T, Cui L, Toh M, et a. Clinical and Virological Features of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) Variants of Concern: A Retrospective Cohort Study Comparing B.1.1.7 (Alpha),

https://biocinform.jmir.org/2022/1/€36860

JMIR Bioinform Biotech 2022 | vol. 3 |iss. 1| e36860 | p. 6
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=bioinform_v3i1e36860_app1.docx&filename=6cbd00428bb01bc0220a3f638f17baca.docx
https://jmir.org/api/download?alt_name=bioinform_v3i1e36860_app1.docx&filename=6cbd00428bb01bc0220a3f638f17baca.docx
https://jmir.org/api/download?alt_name=bioinform_v3i1e36860_app2.docx&filename=105f03ddad47448196a8ebaef851fea8.docx
https://jmir.org/api/download?alt_name=bioinform_v3i1e36860_app2.docx&filename=105f03ddad47448196a8ebaef851fea8.docx
https://www.worldometers.info/coronavirus/
https://royalsocietypublishing.org/doi/abs/10.1098/rsbl.2021.0487?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1098/rsbl.2021.0487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34875183&dopt=Abstract
https://europepmc.org/abstract/MED/34811761
http://dx.doi.org/10.1002/jmv.27467
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34811761&dopt=Abstract
https://www.medrxiv.org/content/10.1101/2021.12.18.21267908v1
https://www.medrxiv.org/content/10.1101/2021.12.18.21267908v1
https://europepmc.org/abstract/MED/34473593
http://dx.doi.org/10.1080/21645515.2021.1963601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34473593&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR BIOINFORMATICS AND BIOTECHNOLOGY Kumar et a

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

B.1.351 (Beta), and B.1.617.2 (Delta). Clin Infect Dis 2022 Aug 24;75(1):€1128-e1136 [FREE Full text] [doi:
10.1093/cid/ciab721] [Medline: 34423834]

Guo Y, Han J, Zhang Y, He J, Yu W, Zhang X, et al. SARS-CoV-2 Omicron Variant: Epidemiological Features, Biological
Characterigtics, and Clinical Significance. Front Immunol 2022;13:877101 [FREE Full text] [doi:
10.3389/fimmu.2022.877101] [Medline: 35572518]

Ferdinands JM, Rao S, Dixon BE, Mitchell PK, DeSilvaMB, Irving SA, et al. Waning 2-Dose and 3-Dose Effectiveness
of MRNA Vaccines Against COVID-19-Associated Emergency Department and Urgent Care Encounters and Hospitalizations
Among Adults During Periods of Delta and Omicron Variant Predominance - VISION Network, 10 States, August
2021-January 2022. MMWR Morb Mortal Wkly Rep 2022 Feb 18;71(7):255-263 [FREE Full text] [doi:
10.15585/mmwr.mm7107e2] [Medline: 35176007]

Rapidly escalating COVID-19 cases amid reduced virus surveillance forecasts a challenging autumn and winter in the
WHO European Region. World Health Organi zation. 2022. URL : https.//www.who.int/europe/news/item/19-07-2022-rapidly
-escal ating-covid-19-cases-amid-reduced-virus-surveillance-forecasts-a-chal lenging-autumn-and-wi nter-in-the-who-european-region
[accessed 2022-09-05]

Dhar MS, Marwal R, Vs R, Ponnusamy K, Jolly B, Bhoyar RC, Indian SARS-CoV-2 Genomics Consortium (INSACOG),
et al. Genomic characterization and epidemiology of an emerging SARS-CoV-2 variant in Delhi, India. Science 2021 Nov
19;374(6570):995-999 [FREE Full text] [doi: 10.1126/science.abj9932] [Medline: 34648303]

Samarasekera U. India grapples with second wave of COVID-19. The Lancet Microbe 2021 Jun;2(6):e238. [doi:
10.1016/s2666-5247(21)00123-3]

Jha B, Deshmukh Y, Tumbe C, Suraweera W, Bhowmick A, Sharma S, et al. COVID mortality in India: National survey
data and health facility deaths. Science 2022 Feb 11;375(6581):667-671. [doi: 10.1126/science.abm5154] [Medline:
34990216]

Planas D, Veyer D, Baidaliuk A, Staropoli |, Guivel-Benhassine F, Rgjah M, et al. Reduced sensitivity of SARS-CoV-2
variant Deltato antibody neutralization. Nature 2021 Aug;596(7871):276-280. [doi: 10.1038/s41586-021-03777-9] [Medline:
34237773]

Tracking SARS-CoV-2 variants. World Health Organization. URL: https://www.who.int/en/activities/tracking-SARS-
CoV-2-variants/ [accessed 2021-06-17]

B.1.617.2) Lineage Report. Outbreak.info. URL: https://outbreak.info/situation-reports?pango=B.1.617.2) [accessed
2022-09-09]

Weekly epidemiological update on COVID-19 - 18 May 2021. World Health Organization. URL : https.//www.who.int/
publications/m/item/weekly-epidemiol ogi cal -update-on-covid- 19---18-may-2021 [accessed 2022-09-16]

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 JMed 2021 Aug 12;385(7):585-594. [doi: 10.1056/nejmoa2108891]

Yadav P, Mohandas S, Shete A, Nyayanit D, Gupta N, Patil D, et al. SARS CoV-2 variant B.1.617.1 is highly pathogenic
in hamstersthan B.1 variant. bioRxiv. 2021. URL : https.//www.biorxiv.org/content/10.1101/2021.05.05.442760v 1 [accessed
2022-09-16]

Tada T, Zhou H, Dcosta BM, Samanovic M1, Mulligan MJ, Landau NR. Partial resistance of SARS-CoV-2 Delta variants
to vaccine-elicited antibodies and convalescent sera. iScience 2021 Nov 19;24(11):103341 [FREE Full text] [doi:
10.1016/].isci.2021.103341] [Medline: 34723159]

Hoffmann M, Hofmann-Winkler H, Kriiger N, Kempf A, Nehimeier |, Graichen L, et al. SARS-CoV-2 variant B.1.617 is
resistant to bamlanivimab and evades antibodies induced by infection and vaccination. Cell Rep 2021 Jul 20;36(3):109415
[FREE Full text] [doi: 10.1016/j.celrep.2021.109415] [Medline: 34270919]

Ferreiral, Datir R, Papa G, Kemp S, Meng B, Rakshit P, et al. SARS-CoV-2 B.1.617 emergence and sensitivity to
vaccine-elicited antibodies. bioRxiv. 2021. URL : https://www.biorxiv.org/content/10.1101/2021.05.08.443253v 1 [accessed
2022-09-16]

Kumar A, Asghar A, RazaK, Narayan R, JhaR, Satyam A, et al. Demographic characteristics of SARS-CoV-2 B.1.617.2
(Delta) variant infections in Indian population. medRxiv. 2021. URL: https://www.medrxiv.org/content/10.1101/2021.09.
23.21263948v1 [accessed 2022-09-16]

Kolozsvari LR, Bérczes T, Hajdu A, Gesztelyi R, Tiba A, Vargal, et a. Predicting the epidemic curve of the coronavirus
(SARS-CoV-2) disease (COVID-19) using artificial intelligence: An application on the first and second waves. Inform
Med Unlocked 2021;25:100691 [FREE Full text] [doi: 10.1016/j.imu.2021.100691] [Medline: 34395821]

KibriaH, Jyoti O, Matin A. Forecasting the spread of the third wave of COVID-19 pandemic using time series analysisin
Bangladesh. Inform Med Unlocked 2022;28:100815 [ FREE Full text] [doi: 10.1016/j.imu.2021.100815] [Medline: 34961844]
Sharif O, Hasan M, Rahman A. Determining an effective short term COVID-19 prediction model in ASEAN countries.
Sci Rep 2022 Mar 24;12(1):5083 [FREE Full text] [doi: 10.1038/s41598-022-08486-5] [Medline: 35332192]

Mohan S, Solanki A, TalujaH, Anuradha, Singh A. Predicting the impact of the third wave of COVID-19 in India using
hybrid statistical machine learning models: A time series forecasting and sentiment analysis approach. Comput Biol Med
2022 May;144:105354 [FREE Full text] [doi: 10.1016/j.compbiomed.2022.105354] [Medline: 35240374]

https://bioinform.jmir.org/2022/1/e36860 JMIR Bioinform Biotech 2022 | vol. 3 |iss. 1| 36860 | p. 7

(page number not for citation purposes)


https://europepmc.org/abstract/MED/34423834
http://dx.doi.org/10.1093/cid/ciab721
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34423834&dopt=Abstract
https://doi.org/10.3389/fimmu.2022.877101
http://dx.doi.org/10.3389/fimmu.2022.877101
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35572518&dopt=Abstract
https://doi.org/10.15585/mmwr.mm7107e2
http://dx.doi.org/10.15585/mmwr.mm7107e2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35176007&dopt=Abstract
https://www.who.int/europe/news/item/19-07-2022-rapidly-escalating-covid-19-cases-amid-reduced-virus-surveillance-forecasts-a-challenging-autumn-and-winter-in-the-who-european-region
https://www.who.int/europe/news/item/19-07-2022-rapidly-escalating-covid-19-cases-amid-reduced-virus-surveillance-forecasts-a-challenging-autumn-and-winter-in-the-who-european-region
https://europepmc.org/abstract/MED/34648303
http://dx.doi.org/10.1126/science.abj9932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34648303&dopt=Abstract
http://dx.doi.org/10.1016/s2666-5247(21)00123-3
http://dx.doi.org/10.1126/science.abm5154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34990216&dopt=Abstract
http://dx.doi.org/10.1038/s41586-021-03777-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34237773&dopt=Abstract
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://outbreak.info/situation-reports?pango=B.1.617.2)
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---18-may-2021
https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---18-may-2021
http://dx.doi.org/10.1056/nejmoa2108891
https://www.biorxiv.org/content/10.1101/2021.05.05.442760v1
https://linkinghub.elsevier.com/retrieve/pii/S2589-0042(21)01310-9
http://dx.doi.org/10.1016/j.isci.2021.103341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34723159&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2211-1247(21)00828-7
http://dx.doi.org/10.1016/j.celrep.2021.109415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34270919&dopt=Abstract
https://www.biorxiv.org/content/10.1101/2021.05.08.443253v1
https://www.medrxiv.org/content/10.1101/2021.09.23.21263948v1
https://www.medrxiv.org/content/10.1101/2021.09.23.21263948v1
https://linkinghub.elsevier.com/retrieve/pii/S2352-9148(21)00175-1
http://dx.doi.org/10.1016/j.imu.2021.100691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34395821&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2352-9148(21)00280-X
http://dx.doi.org/10.1016/j.imu.2021.100815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34961844&dopt=Abstract
https://doi.org/10.1038/s41598-022-08486-5
http://dx.doi.org/10.1038/s41598-022-08486-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35332192&dopt=Abstract
https://europepmc.org/abstract/MED/35240374
http://dx.doi.org/10.1016/j.compbiomed.2022.105354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35240374&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR BIOINFORMATICS AND BIOTECHNOLOGY Kumar et a

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

Yang Z, Zeng Z, Wang K, Wong S, Liang W, Zanin M, et al. Modified SEIR and Al prediction of the epidemics trend of
COVID-19 in Chinaunder public health interventions. J Thorac Dis 2020 Mar;12(3):165-174 [FREE Full text] [doi:
10.21037/jtd.2020.02.64] [Medline: 32274081]

Thakur S, Patel D, Soni B, Raval M, Chaudhary S. Prediction for the Second Wave of COVID-19 in India. In: Bellatreche
L, Goya V, FujitaH, Mondal A, Reddy PK, editors. Big Data Analytics. BDA 2020. L ecture Notes in Computer Science,
vol 12581. Cham: Springer; 2020:134-150.

Salvatore M, Purkayastha S, Ganapathi L, Bhattacharyya R, Kundu R, Zimmermann L, et a. Lessons from SARS-CoV-2
inIndia: A data-driven framework for pandemic resilience. Sci Adv 2022 Jun 17;8(24):eabp8621 [FREE Full text] [doi:
10.1126/sciadv.abp8621] [Medline: 35714183]

Chen Z, Azman AS, Chen X, Zou J, Tian Y, Sun R, et al. Global landscape of SARS-CoV-2 genomic surveillance and data
sharing. Nat Genet 2022 Apr;54(4):499-507 [FREE Full text] [doi: 10.1038/s41588-022-01033-y] [Medline: 35347305]
Oude Munnink BB, Worp N, Nieuwenhuijse D, SikkemaR, Haagmans B, Fouchier R, et al. The next phase of SARS-CoV-2
surveillance: real -time molecular epidemiology. Nat Med 2021 Sep;27(9):1518-1524. [doi: 10.1038/s41591-021-01472-w]
[Medline: 34504335]

Global Initiative on Sharing All Influenza Data (GISAID). URL: https://gisaid.org/ [accessed 2022-09-16]
Indiacoronavirusdata. Worldometer. URL : https.//www.worl dometers.info/coronavirus/coronavirus/country/indial [accessed
2022-09-16]

Dasgupta R. After India’s brutal coronavirus wave, two-thirds of population has been exposed to SARS-CoV2. The
Conversation. URL: https://theconversation.com/after-indias-brutal -coronavirus-wave-two-thirds-of -popul ati on-has-been
-exposed-to-sars-cov2-165050 [accessed 2022-09-16]

Smith M, Trofimova M, Weber A, Duport Y, Kiihnert D, von Kleist M. Rapid incidence estimation from SARS-CoV-2
genomes reveals decreased case detection in Europe during summer 2020. Nat Commun 2021 Oct 14;12(1):6009 [FREE
Full text] [doi: 10.1038/s41467-021-26267-y] [Medline: 34650062]

Yadav PD, Nyayanit DA, Majumdar T, Patil S, Kaur H, Gupta N, et a. An Epidemiological Analysis of SARS-CoV-2
Genomic Sequences from Different Regions of India. Viruses 2021 May 17;13(5):925 [FREE Full text] [doi:
10.3390/v13050925] [Medline: 34067745]

Long S, Olsen R, Christensen P, Bernard D, Davis J, Shukla M, et al. Molecular Architecture of Early Dissemination and
Massive Second Wave of the SARS-CoV-2 Virusin aMajor Metropolitan Area. mBio 2020 Oct 30;11(6):30 [FREE Full
text] [doi: 10.1128/mBi0.02707-20] [Medline: 33127862]

Ahammad |, Hossain M, Rahman A, Chowdhury Z, Bhattacharjee A, Das K, et al. Wave-wise comparative genomic study
for revealing the complete scenario and dynamic nature of COVID-19 pandemic in Bangladesh. PLoS One
2021;16(9):e0258019 [FREE Full text] [doi: 10.1371/journal.pone.0258019] [Medline: 34587212]

Maher M, Barthal, Weaver S, di lulio J, Ferri E, Soriaga L, et a. Predicting the mutational drivers of future SARS-CoV-2
variants of concern. Sci Trans Med 2022 Feb 23;14(633):eabk3445 [FREE Full text] [doi: 10.1126/scitransimed.abk3445]
[Medline: 35014856]

Nagpal S, Pal R, Ashima, Tyagi A, Tripathi S, Nagori A, et al. Genomic Surveillance of COVID-19 Variants With Language
Modelsand Machine L earning. Front Genet 2022;13:858252 [ FREE Full text] [doi: 10.3389/fgene.2022.858252] [Medline:
35464852]

Hill V, Ruis C, Bajaj S, Pybus O, Kraemer M. Progress and challenges in virus genomic epidemiology. Trends Parasitol
2021 Dec;37(12):1038-1049 [FREE Full text] [doi: 10.1016/j.pt.2021.08.007] [Medline: 34620561]

deHoffer A, Vatani S, Cot C, CacciapagliaG, Chiusano M, Cimarelli A, et al. Variant-driven early warning viaunsupervised
machine learning analysis of spike protein mutations for COVID-19. Sci Rep 2022 Jun 03;12(1):9275 [FREE Full text]
[doi: 10.1038/s41598-022-12442-8] [Medline: 35661750]

AdigaR, Nayak V. Emergence of Novel SARS-CoV-2 variantsin India: second wave. J Infect Dev Ctries 2021 Nov
30;15(11):1578-1583 [FREE Full text] [doi: 10.3855/jidc.15484] [Medline: 34898481]

Maslo C, Friedland R, Toubkin M, Laubscher A, Akaloo T, KamaB. Characteristics and Outcomes of Hospitalized Patients
in South Africa During the COV1D-19 Omicron Wave Compared With Previous Waves. JAMA 2022 Feb 08;327(6):583-584
[FREE Full text] [doi: 10.1001/jama.2021.24868] [Medline: 34967859]

Jassat W, Abdool Karim SS, MudaraC, Welch R, Ozougwu L, GroomeMJ, et a. Clinical severity of COVID-19in patients
admitted to hospital during the omicron wave in South Africa: a retrospective observational study. The Lancet Global
Health 2022 Jul;10(7):€961-e969. [doi: 10.1016/s2214-109x(22)00114-0]

Dyson L, Hill E, Moore S, Curran-Sebastian J, Tildesley M, Lythgoe K, et al. Possible future waves of SARS-CoV-2
infection generated by variants of concern with arange of characteristics. Nat Commun 2021 Sep 30;12(1):5730 [FREE
Full text] [doi: 10.1038/s41467-021-25915-7] [Medline: 34593807]

Murhekar MV, Bhatnagar T, Thangaraj JWV, Saravanakumar V, Kumar MS, Selvargju S, ICMR Serosurveillance Group.
SARS-CoV-2 seropreval ence among the general population and healthcare workersin India, December 2020-January 2021.
Int JInfect Dis 2021 Jul;108:145-155 [FREE Full text] [doi: 10.1016/}.ijid.2021.05.040] [Medline: 34022338]

https://biocinform.jmir.org/2022/1/€36860 JMIR Bioinform Biotech 2022 | vol. 3 |iss. 1| e36860 | p. 8

(page number not for citation purposes)


https://doi.org/10.21037/jtd.2020.02.64
http://dx.doi.org/10.21037/jtd.2020.02.64
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32274081&dopt=Abstract
https:///www.science.org/doi/10.1126/sciadv.abp8621?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1126/sciadv.abp8621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35714183&dopt=Abstract
https://europepmc.org/abstract/MED/35347305
http://dx.doi.org/10.1038/s41588-022-01033-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35347305&dopt=Abstract
http://dx.doi.org/10.1038/s41591-021-01472-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34504335&dopt=Abstract
https://gisaid.org/
https://www.worldometers.info/coronavirus/coronavirus/country/india/
https://theconversation.com/after-indias-brutal-coronavirus-wave-two-thirds-of-population-has-been-exposed-to-sars-cov2-165050
https://theconversation.com/after-indias-brutal-coronavirus-wave-two-thirds-of-population-has-been-exposed-to-sars-cov2-165050
https://doi.org/10.1038/s41467-021-26267-y
https://doi.org/10.1038/s41467-021-26267-y
http://dx.doi.org/10.1038/s41467-021-26267-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34650062&dopt=Abstract
https://www.mdpi.com/resolver?pii=v13050925
http://dx.doi.org/10.3390/v13050925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34067745&dopt=Abstract
https://journals.asm.org/doi/10.1128/mBio.02707-20?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
https://journals.asm.org/doi/10.1128/mBio.02707-20?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1128/mBio.02707-20
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33127862&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0258019
http://dx.doi.org/10.1371/journal.pone.0258019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34587212&dopt=Abstract
https://europepmc.org/abstract/MED/35014856
http://dx.doi.org/10.1126/scitranslmed.abk3445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35014856&dopt=Abstract
https://doi.org/10.3389/fgene.2022.858252
http://dx.doi.org/10.3389/fgene.2022.858252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35464852&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1471-4922(21)00205-1
http://dx.doi.org/10.1016/j.pt.2021.08.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34620561&dopt=Abstract
https://doi.org/10.1038/s41598-022-12442-8
http://dx.doi.org/10.1038/s41598-022-12442-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35661750&dopt=Abstract
http://www.jidc.org/index.php/journal/article/view/34898481
http://dx.doi.org/10.3855/jidc.15484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34898481&dopt=Abstract
https://europepmc.org/abstract/MED/34967859
http://dx.doi.org/10.1001/jama.2021.24868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34967859&dopt=Abstract
http://dx.doi.org/10.1016/s2214-109x(22)00114-0
https://doi.org/10.1038/s41467-021-25915-7
https://doi.org/10.1038/s41467-021-25915-7
http://dx.doi.org/10.1038/s41467-021-25915-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34593807&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(21)00442-2
http://dx.doi.org/10.1016/j.ijid.2021.05.040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34022338&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR BIOINFORMATICS AND BIOTECHNOLOGY

48.

49,

Jahan N, Brahma A, Kumar M, Bagepally B, Ponnaiah M, Bhatnagar T, et al. Seroprevalence of 1gG antibodies against

SARS-CoV-2in India, March 2020 to August 2021: a systematic review and meta-analysis. Int J Infect Dis 2022
Mar;116:59-67 [FREE Full text] [doi: 10.1016/j.ijid.2021.12.353] [Medline: 34968773]

Chakraborty C, SharmaA, BhattacharyaM, Agoramoorthy G, Lee S. The current second wave and COVID-19 vaccination
gtatusin India. Brain Behav Immun 2021 Aug;96:1-4 [FREE Full text] [doi: 10.1016/j.bbi.2021.05.018] [Medline: 34022371]

Abbreviations

©Ashutosh Kumar, Adil Asghar, Prakhar Dwivedi, Gopichand Kumar, Ravi K Narayan, Rakesh K Jha, Rakesh Parashar, Chetan
Sahni, SadaN Pandey. Originally published in IMIR Bioinformatics and Biotechnology (https://bioinform.jmir.org), 22.09.2022.
This is an open-access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in IMIR Bioinformatics and Biotechnology, isproperly cited. The complete bibliographic
information, a link to the origina publication on https://bicinform.jmir.org/, as well as this copyright and license information

GISAID: Global Initiative on Sharing All Influenza Data
VOC: variant of concern

VOI: variant of interest

WHO: World Health Organization

Kumar et al

Edited by A Mavragani; submitted 28.01.22; peer-reviewed by R Rastmanesh, M Nali; comments to author 20.07.22; revised version
received 26.08.22; accepted 12.09.22; published 22.09.22

Please cite as:

Kumar A, Asghar A, Dwivedi P, Kumar G, Narayan RK, Jha RK, Parashar R, Sahni C, Pandey SN

A Bioinformatics Tool for Predicting Future COVID-19 Waves Based on a Retrospective Analysis of the Second Wavein India: Model
Development Study

JMIR Bioinform Biotech 2022; 3(1): 36860

URL: https:.//bioinform.jmir.org/2022/1/e€36860

doi: 10.2196/36860

PMID: 36193192

must be included.

https://biocinform.jmir.org/2022/1/€36860

RenderX

JMIR Bioinform Biotech 2022 | vol. 3 |iss. 1| e36860 | p. 9
(page number not for citation purposes)


https://linkinghub.elsevier.com/retrieve/pii/S1201-9712(21)01251-0
http://dx.doi.org/10.1016/j.ijid.2021.12.353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34968773&dopt=Abstract
https://europepmc.org/abstract/MED/34022371
http://dx.doi.org/10.1016/j.bbi.2021.05.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34022371&dopt=Abstract
https://bioinform.jmir.org/2022/1/e36860
http://dx.doi.org/10.2196/36860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36193192&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

