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Background: The coronavirus disease (COVID-19) pandemic is slowing down, and countries are discussing whether preventive measures have remained effective or not. This study aimed to investigate a particular property of the trend of COVID-19 that existed and if its variants of concern were cointegrated, determining its possible transformation into an endemic.

Methods: Biweekly expected new cases by variants of COVID-19 for 48 countries from 02 May 2020 to 29 August 2022 were acquired from the GISAID database. While the case series was tested for homoscedasticity with the Breusch–Pagan test, seasonal decomposition was used to obtain a trend component of the biweekly global new case series. The percentage change of trend was then tested for zero-mean symmetry with the one-sample Wilcoxon signed rank test and zero-mean stationarity with the augmented Dickey–Fuller test to confirm a random COVID trend globally. Vector error correction models with the same seasonal adjustment were regressed to obtain a variant-cointegrated series for each country. They were tested by the augmented Dickey–Fuller test for stationarity to confirm a constant long-term stochastic intervariant interaction within the country.

Results: The trend series of seasonality-adjusted global COVID-19 new cases was found to be heteroscedastic (p = 0.002), while its rate of change was indeterministic (p = 0.052) and stationary (p = 0.024). Seasonal cointegration relationships between expected new case series by variants were found in 37 out of 48 countries (p < 0.05), reflecting a constant long-term stochastic trend in new case numbers contributed from different variants of concern within most countries.

Conclusion: Our results indicated that the new case long-term trends were random on a global scale and stable within most countries; therefore, the virus was unlikely to be eliminated but containable. Policymakers are currently in the process of adapting to the transformation of the pandemic into an endemic.
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Introduction

The World Health Organization (WHO) declared the SARS-CoV-2, commonly known for causing COVID-19, a global pandemic crisis on 11 March 2020 (1). According to the WHO, as of 16 September 2022, in total, there were 608,328,548 confirmed cases and 6,501,469 claimed deaths (1). It had been over 2.5 years since the declaration, and this epidemiological crisis has remained a controversial issue worldwide. Numerous challenges

came along with the pandemic. Scientists and researchers across the world were working around the clock to invent vaccines and strategies for curing COVID-19. Despite researchers across the world continuing to investigate the strategies to end the pandemic, including vaccination promotion, vaccine effectiveness toward variants of concern (VOCs), and quarantine effectiveness (2, 3), the pandemic was still ongoing.

The long fight against COVID-19 had led to an economic downturn, as many countries had imposed lockdowns, which had hugely limited global human mobility. In addition to the economic aspects, the healthcare system had been given extra resources and burdens (4). The WHO had provided operational guidance for maintaining essential health services while enhancing medical surveillance to contain the spread of COVID-19 (5). This has resulted in a large number of patients being affected and delayed their medical appointment schedules (6). Furthermore, countries are facing a dilemma in balancing the COVID-19 response and essential healthcare services. Various viewpoints were raised by different countries, with some of them insisting that preventive measures should be upheld while others preferred the world to return to normal without strict preventive measures against the virus. In this study, we aimed to investigate whether there is an uncontrollable, random trend of global new cases and to identify whether the COVID virus behaved like the influenza virus to be long-living and seasonally fluctuating with different VOCs (7) or as a one-off outbreak like severe acute respiratory syndrome (SARS) (8).



Method


Data extraction and processing

Daily reported new case numbers, and the ratio of major concerns of variants per each country from 02 May 2020 to 29 August 2022 were acquired from the GISAID database (https://ourworldindata.org/grapher/covid-variants-bar) (9). There were 10 time series representing the ratio of major concerns of variants per each country, Alpha, Beta, Gamma, Delta, Omicron (BA.1), Omicron (BA.2), Omicron (BA.4), Omicron (BA.5), Omicron (BA.2.12.1), and Omicron (BA.2.75), and 1 extra for other variants. The data were resampled on a biweekly basis due to data sparsity of variant ratio data. There were at most 61 data points per country. The missing data points were filled by the previous data point, which extended for at most 1 month, assuming that the monthly variations were not significant. Only countries with processed data for over two-thirds of the period, i.e., at least 41 data points, were analyzed to avoid misinterpretation of the results. A total of 48 countries met the inclusive criteria after filtering: Argentina, Australia, Austria, Bangladesh, Belgium, Brazil, Canada, Chile, Croatia, Czechia, Denmark, Estonia, Finland, France, Germany, Greece, Hong Kong, India, Indonesia, Ireland, Israel, Italy, Japan, Kenya, Latvia, Lithuania, Luxembourg, Malaysia, Mexico, Netherlands, Norway, Peru, Philippines, Poland, Portugal, Romania, Russia, Singapore, Slovakia, Slovenia, South Africa, South Korea, Spain, Sweden, Switzerland, Turkey, the United Kingdom, and the United States. Ratios of the submitted sequence of COVID variants of each country were then multiplied with the biweekly reported new case numbers of each country, yielding the expected number of biweekly new cases by a variant type for each country.



Long-term trends of worldwide biweekly new cases

By adding up the biweekly new cases of the included countries, a worldwide biweekly new case series was obtained. It was decomposed for the seasonal component analysis to analyze its trend, seasonality, and noise to remove the seasonality property of COVID (10). An additive model would be used if the series was homoscedastic (serial independence in regression residual) by time progression, which would be verified by the Breusch–Pagan test (11). Otherwise, a multiplicative model would be used (12). The cycle period was set at seven time steps, assuming a regular quarterly spatiotemporal fluctuation (13).
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where y(t) represented the worldwide biweekly new case series to be decomposed, T(t) was the trend component representing the long-term progression of the series, S(t) was the seasonality component representing the regular seasonal variation of the series, and ϵ was the residual noise.

In this study, the convolution method (linear kernel) was used to filter the trend and seasonality components (14). The trend component was extracted by the following moving average formula:

[image: image]

Then, by removing the trend component from the observed data, the seasonal component was obtained by the mean of every 7th data point from the detrended data starting from the 1st, 2nd, 3rd, 4th, 5th, 6th, and 7th data points:
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where
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The remaining unexplained component by trend and seasonality of the observed data was considered residual noise.

The regressed trend component T(t) was extracted as the smoothened series representing the trend of the worldwide biweekly new cases for studying the long-term trend. The percentage change per time step of this trend was tested with the one-sample Wilcoxon signed-rank test for zero-mean symmetrical distribution and augmented the Dickey–Fuller test for stationarity, with no lag-level difference allowed and a non-deterministic trend. We could identify the characteristics of the change of trend component to observe if a random or drifted long-term trend of the number of worldwide biweekly new cases existed.



Cointegration between expected new case numbers by variants within countries

Variants of concern (VOCs) were studied by individual countries. To verify if there exist any cointegration relationships between the time series of the estimated number of reported cases of different variants of each shortlisted country, i.e., if the case-by-variant series would have a long-term constant stochastic trend, a Vector Error Correction Model (VECM) with one seasonal lag level (7 data points) was regressed for the case of each country, under the hypothesis that there exist (1) at least one cointegration rank with case numbers by variants and (2) a constant long-term trend of case numbers such that the seasonal difference was a zero-mean normal variable.
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where yt was the case-by-variant vector at time t, ϕ0 was the regressed intercept term as the case-by-variant vector at time 0, Πyt−1 was the error correction term, Φ was the coefficient vector of the auto-correlated case-by-variant term for time t−1, and ϵt was white noise at time t. The error correction term Πyt−1 can be decomposed into αβT, where β could be extracted as the cointegrating vector for stationary testing (15).

The normalized dot product of the estimated cases by variants of each country and the corresponding cointegrating vector was obtained as the “cointegrated series” of the country. This series was tested by the augmented Dickey–Fuller test for stationarity, with no lag-level difference allowed and under a non-deterministic trend assumption. A stationary “cointegrated series” confirmed a constant long-term stochastic trend in the number of the combination of cases by variants of that particular country.

All data manipulation, visualization, modeling, and testing were carried out by Python 3.9.7 under Jupyter notebook environment, with the aid of the Pandas, NumPy, Matplotlib, SciPy, and Statsmodel libraries. The alpha values of all statistical tests were set as 0.05.




Results


Long-term trends of worldwide biweekly new cases

The trend of biweekly new cases over the globe and their expected compositions by variants are displayed in Figure 1. It was observed that the biweekly new case series had no deterministic or directional trend, except for the sudden surge in Omicron (BA.1 & BA.2) in early 2022. The Breusch–Pagan test results showed that the series was heteroscedastic (p = 0.002).
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FIGURE 1
 (A) Expected worldwide biweekly new cases. (B) Expected worldwide biweekly new cases by variants.


As observed in a near-quarterly cyclic fluctuation, the series was decomposed into a trend, seasonal and residual components, as shown in Figure 2, via a multiplicative model. The mean and variance of the percentage change in the smoothened trend component were 0.039 (+/– 0.155) but were symmetrically distributed in terms of zero-mean (p = 0.052) and non-deterministically stationary (p = 0.024). Figure 3 shows the estimated probability density function of the percentage change in the smoothened trend component. A heavy tail on the positive side might have skewed the distribution, explaining why the distribution was only weakly symmetric, given the p-value was very close to the threshold of rejecting the null hypothesis.
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FIGURE 2
 (A) Expected worldwide biweekly new cases. (B) Trend component. (C) Seasonal component. (D) Residual.
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FIGURE 3
 Estimated PDF of % change in trend of worldwide biweekly new cases.




Cointegration between expected case numbers by variants within countries

Table 1 and Figure 4 show that 37 out of 48 countries had their case-by-variants cointegrated. The cointegrated series of most countries were very stationary until some stirrings were observed in early- and mid-2022, which was the period when worldwide Omicron (BA.1 & BA.2) cases surged, but most of them returned to original levels afterward.


TABLE 1 Stationarity test on cointegration series by country.
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FIGURE 4
 Case-by-variant by country and their corresponding normalized cointegration series.





Discussion


Interpretation of research findings

Our results discovered that the percentage change in the underlying trend of the biweekly new case series was a zero-mean symmetrical distribution. The series was heteroscedastic, but meant differently for variance by time. However, the direction of the trend was indeterministic. This increasing randomness over time was very likely coming from the Omicron spike during early 2022. This development suggested that there existed random long-term biweekly COVID new case numbers after seasonal adjustment, which was difficult to model by any distribution. Given the percentage change in the symmetrical zero-mean distribution with non-deterministic variance, one might simulate the trend series by a Heston model (16). It was the collective result of all governments' interventions, people's actions, and environmental factors. As a result, it was likely that the trend in COVID new cases was uncontrollable, random, and unlikely to be diminished by human interference.

However, there were 77.1% of the involved worldwide nations, regardless of their geographical locations, side of the hemisphere, major ethnicity, or population structure and density, exhibited a relatively constant and stable seasonality-adjusted cointegration relationship between different VOCs. A recent study suggested that a variant would dominate a period and subside but then will be replaced by another strand in its ratio of all COVID new cases (17). Our study provides an additional quantitative proof of not only the ratio of the VOCs but also of their newly infected numbers which behaved in that way, resulting in seasonal fluctuation but consistent COVID infection numbers that never ended. The variant-cointegrated countries had a wide range of stringent measures in COVID response policies (18). This could suggest that the strength of COVID control might be able to control the virus spread but not the existence of the virus, as no measure could be taken to prevent the rise of a new variant. The different properties between global and regional scales suggested that the inconsistent policies between countries made the infection uncontrollable, whereas local consistent strategies could contain the spread, regardless of their extent.

It was noticeable that only the Omicron outbreak during early-to-mid 2022 had cause a significant shock in the cointegration series in most countries. That was likely due to the unusually high infectivity and transmitting ability of the VOC (19), causing the infection numbers to ramp up and down sharply. The unsmooth transition of dominating VOC thus disrupted the balance temporarily.



Policies implication

COVID-19 has added an extra burden to the medical system in every country regardless of preventive measures, medical expenses, and research development. Millions of individual lives have been claimed from all walks of life. We are all desperate for a cure to end this pandemic and achieve a healthy community. Owing to the enormous infection numbers and exposure to antigens due to vaccine administration (20), and from our results, the transmission of COVID-19 possibly stayed in a relatively loosely controllable range. Based on our results, over 70% of the country was cointegrated while the VOC continued to surge, and the infection control implemented within a region is sufficient for containment of the disease spread. These measures might be covariates that affect the seasonal property of the disease spread and the infection rate in some regions (10). However, these local interventions remained random in the long-term global biweekly new cases. Thus, extreme preventive measures were unlikely to control the infection number to its aim of total elimination. These results aligned with the results of previous studies (20). Elimination in the community might not be worthwhile given the large amount of medical and social resources allocated. Policymakers should be aware of this issue to balance public health concerns and economical activities.

As stated by the WHO in a media briefing on 14 September 2022, COVID-19 will continue but the wild pandemic situation is coming to an end (21). Our results serve as a quantitative proof of the statement. Our results indicated that the virus appeared to be continuing regardless of the scale and strictness of the implemented infection control policies, but the effectiveness of intracountry containment shall be appreciated. Regional infection control measures and personal hygiene should be sustained to contain the spread. However, further or upgraded anti-virus implementation including lockdowns may not be effective in containing the virus. At the same time, countries might shift their focus from eliminating the virus to avoiding seasonal outbreaks threatening the local healthcare systems. It might also add indications to the direction of preventive measures, especially those measures that are related to vaccine research. Instead of focusing on the current variants of concern, it might be useful to predict and select a few possible virus strands that might be susceptible to a possible outbreak for vaccination, just like the influenza virus.

There are several strengths to this study. This research provided quantitative proof and perspectives on the current trend, seasonal, and cointegration properties of the COVID-19 new case series. Unveiling the underlying structure, it served as a guide to an early adaption of a possible transformation from the COVID pandemic into a regular respiratory endemic. We also pinpointed the need for shifting the policy focus from tackling the current COVID-19 situation to preventing future unknown new variant outbreaks.

The data themselves could also be concerning. Since there were only at most 61 data points per country, the regressed models were sensitive to sharp changes such as the Omicron surge in early-to mid-2022. From Figure 2D, we were able to observe a heteroscedastic, periodic fluctuation in residual noise, which could be due to insufficiency in the decomposition model to capture the full feature of the underlying seasonal signals. Thus, the found trend and seasonal properties are uncertain due to unmodeled factors. Improvement in modeling the decomposition, as well as continued observation, is needed for consolidating the evidence and conclusion. In addition, the data were logged under voluntary input in the database and might not be able to fully reflect the actual ratios of variants. While no data from any African country were available after processing, they aggregated the lack of input data issue. This would affect the representativeness of the data to cover the world's situation.




Conclusion

In this study, a random long-term trend of biweekly global new COVID cases was identified with a seasonal property. There existed cointegration relationships of newly reported cases of different variants of concerns for most countries, regardless of their demographics and responses toward the virus. The results suggested that consistent strategies could contain the spread. In addition, extreme eliminatory measures may not be effective, and a high possibility of the COVID pandemic was transforming into an endemic.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

RC and KS contributed to the conceptualization, data curation, methodology, writing of the original draft, contributed to the writing and editing, and investigation. PC contributed to editing and supervision. IW contributed to editing and data curation. All authors contributed to the article and approved the submitted version.



Acknowledgments

We would like to sincerely thank everyone who has devoted themselves to providing help and support to the community during this pandemic. We especially acknowledge the efforts of all medical professionals, scientists, policymakers, and researchers who worked around the clock to save lives. We would also like to send our appreciation to people and parties that provided voluntary input of COVID-2019 data to the open-sourced databases.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. World Health Organization. WHO Coronavirus (COVID-19) Dashboard. Available online at: https://covid19.who.int/ (accessed September 18, 2022).

 2. Chu YK, Chung PH, Pang FC. Analysis of the effectiveness of measures on the COVID-19 vaccination rate in Hong Kong. Vaccines. (2022) 10:747. doi: 10.3390/vaccines10050747

 3. 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. New England J Med. (2021) 385:585–94. doi: 10.1056/NEJMoa2108891

 4. Gebru AA, Birhanu T, Wendimu E, Ayalew AF, Mulat S, Abasimel HZ, et al. Global burden of COVID-19: situational analysis and review. Hum Antibodies. (2021) 29:139–48. doi: 10.3233/HAB-200420

 5. World Health Organization. (2020). Maintaining Essential Health Services: Operational Guidance for the COVID-19 Context.

 6. Riera R, Bagattini ÂM, Pacheco RL, Pachito DV, Roitberg F, Ilbawi A. Delays and disruptions in cancer health care due to COVID-19 pandemic: systematic review. JCO Global Oncology. (2021) 7:311–23. doi: 10.1200/GO.20.00639

 7. Lowen AC, Steel J. Roles of humidity and temperature in shaping influenza seasonality. J Virol. (2014) 88:7692–5. doi: 10.1128/JVI.03544-13

 8. Noy I, Shields S. The 2003 severe acute respiratory syndrome epidemic: A retroactive examination of economic costs. Asian Develop Bank Econ Working Paper Ser. (2019) 7:591. doi: 10.22617/WPS190469-2

 9. Khare S, Gurry C, Freitas L, Schultz MB, Bach G, Diallo A, et al. GISAID's role in pandemic response. China CDC Weekly. (2021) 3:1049–51. doi: 10.46234/ccdcw2021.255

 10. Merow C, Urban MC. Seasonality and uncertainty in global COVID-19 growth rates. Proc Nat Acad Sci. (2020) 117:27456–64. doi: 10.1073/pnas.2008590117

 11. Breusch TS, Pagan AR. A simple test for heteroscedasticity and random coefficient variation. Econ. J. Econ. Soc. (1979) 1287–94. doi: 10.2307/1911963

 12. Dodge Y, Cox D, Commenges D. The Oxford dictionary of statistical terms. Oxford: Oxford University Press on Demand (2006).

 13. Townsend JP, Lamb AD, Hassler HB, Sah P, Nishio AA, Nguyen C, et al. Projecting the Seasonality of Endemic COVID-19. medRxiv (2022). doi: 10.1101/2022.01.26.22269905

 14. Box GE, Jenkins GM, Reinsel GC, Ljung GM. Time Series Analysis: Forecasting and Control. New York: John Wiley & Sons (2015).

 15. Feng Y, Palomar DP. A signal processing perspective on financial engineering. Foundations Trends Signal Process. (2016) 9:1–231. doi: 10.1561/2000000072

 16. Heston SL. A closed-form solution for options with stochastic volatility with applications to bond and currency options. Rev Financial Stud. (1993) 6:327–43. doi: 10.1093/rfs/6.2.327

 17. Barouch DH. Covid-19 vaccines—immunity, variants, boosters. New England J Med. (2022). doi: 10.1056/NEJMra2206573

 18. Hale T, Angrist N, Kira B, Petherick A, Phillips T, Webster S. Variation in Government Responses to COVID-19.

 19. Ren SY, Wang WB, Gao RD, Zhou AM. Omicron variant (B.11 529) of SARS-CoV-2: Mutation, infectivity, transmission, and vaccine resistance. World J Clin Cases. (2022) 10:1. doi: 10.12998/wjcc.v10.i1.1

 20. Murray CJ. COVID-19 will continue but the end of the pandemic is near. Lancet. (2022) 399:417–9. doi: 10.1016/S0140-6736(22)00100-3

 21. The end of the COVID-19 pandemic is in sight: WHO. UN News. (2022). Available online at: https://news.un.org/en/story/2022/09/1126621 (accessed September 18, 2022).



OPS/images/fpubh-11-1085020-t001.jpg
Cou p-value

Argentina 0.000000

Australia 0.000029 v
Austria 0.161500

Bangladesh 0008982 v
Belgium 0.422995

Brazil 0.001473 v
Canada 0.984466

Chile 0.000000 v
Croatia 0.000000 v
Czechia 0.000000 v
Denmark 0.008688 v
Estonia 0000012 v
Finland 0000001 v
France 0.000002 v
Germany 0.000013 v
Greece 0.000004 v
Hong Kong 0.000019 v
India 0.110762

Indonesia 0.000001 v
Ireland 0000015

Israel 0683367

Italy 0.000000 v
Japan 1.000000

Kenya 0.000000 v
Latvia 1.000000

Lithuania 0000000 v
Luxembourg 0.000000 v
Malaysia 0002662 v
Mexico 0.009539 v
Netherlands 0735694

Norway 0.000000 v
Peru 0.000001

Philippines 0369270

Poland 0.002056 v
Portugal 0.935441

Romania 0.000000 v
Russia 0.000068 v
Singapore 0.011175 v
Slovakia 0.000000 v
Slovenia 0.000828 v
South Africa 0.000000 v
South Korea 0.974641

Spain 0.000000 v
Sweden 0.000002 v
Switzerland 0.000095 v
Turkey 0.000037 v
United Kingdom 0.001633 v
United States 0.044868 v






OPS/images/math_1.gif
(0= T() +5(t) +¢  additive model
(1) = T(t) x S(t) x e multiplicative model





OPS/images/fpubh-11-1085020-g003.gif
SENUIRG PO ST S ™ a0 o weronite IS D soees

T,





OPS/images/fpubh-11-1085020-g004.gif





OPS/images/math_4.gif
A=[{izimod7=tmod7for 1<ieN<=n(X)}
N(A) = #of itemsin A






OPS/images/math_2.gif
T(t)= gr—7 L7 Xpyifort =7





OPS/images/math_3.gif
h
S0 =105 §[x,— T





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A global scale COVID-19 variants time-series analysis across 48 countries



		Introduction



		Method



		Data extraction and processing



		Long-term trends of worldwide biweekly new cases



		Cointegration between expected new case numbers by variants within countries







		Results



		Long-term trends of worldwide biweekly new cases



		Cointegration between expected case numbers by variants within countries







		Discussion



		Interpretation of research findings



		Policies implication







		Conclusion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Public Health

A global scale COVID-19 variants
time-series analysis across 48
countries





OPS/images/fpubh-11-1085020-g001.gif
TR R R R SR

R

g Y





OPS/images/fpubh-11-1085020-g002.gif
o
1] ot e






OPS/images/math_5.gif
Ty PRVt E
Ay,

e — Vi7









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Public Health





