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A B S T R A C T

Objectives: The COVID-19 pandemic caused by the novel SARS-CoV-2 coronavirus has drastically altered the
global realities. Harnessing national scale data from the COVID-19 pandemic may better inform policy makers in
decision making surrounding the reopening of society. We examined country-level, daily-confirmed, COVID-19
case data from the World Health Organization (WHO) to better understand the comparative dynamics associ-
ated with the ongoing global pandemic at a national scale.
Study design: Observational study.
Methods: We included data from 20 countries in Europe, the Americas, Africa, Eastern Mediterranean and West
Pacific regions, and obtained the aggregated daily new case data for the European Union including 27 countries.
We utilized an innovative analytic approach by applying statistical change point models, which have been pre-
viously employed to model volatility in stock markets, changes in genomic data, and data dynamics in other
scientific disciplines, to segment the transformed case data. This allowed us to identify possible change or turning
points as indicated by the dynamics of daily COVID-19 incidences. We also employed B-spline regression models
to express the estimated (predicted) trend of daily new incidences for each country’s COVID-19 disease burden
with the identified key change points in the model.
Results: We identified subtle, yet different change points (translated to actual calendar days) by either the mean
and variance change point model with small p-values or by a Bayesian online change point algorithm with large
posterior probability in the trend of COVID-19 incidences for different countries. We correlated these statistically
identified change points with evidence from the literature surrounding these countries’ policies regarding opening
and closing of their societies in an effort to slow the spread of COVID-19. The days when change points were
detected were ahead of the actual policy implementation days, and in most of the countries included in this study
the decision lagged the change point days too long to prevent potential widespread extension of the pandemic.
Conclusions: Our models describe the behavior of COVID-19 prevalence at a national scale and identify changes in
national disease burden as relating to chronological changes in restrictive societal activity. Globally, social
distancing measures may have been most effective in smaller countries with single governmental and public
health organizational structures. Further research examining the impact of heterogeneous governmental re-
sponses to pandemic management appears warranted.
1. Introduction

SARS-CoV-2 is a novel coronavirus responsible for COVID-19 illness.
mics and Modeling, Department

and Data Science, Department o

Berman), jiechen@augusta.edu (

1 November 2020; Accepted 26

evier Ltd on behalf of The Royal
COVID-19 infections were first detected in humans in late 2019 when a
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Health Organization (WHO) declared the disease a Public Health Emer-
gency of International Concern on January 31, 2020 and declared it a
pandemic on March 11, 2020. By March 16, 2020, the number of cases of
COVID-19 outside China had increased drastically and the number of
affected countries, states, or territories reporting infections to WHO was
143 [2]. During the COVID-19 pandemic, significant global COVID-19
epicenters include Italy, France, Spain, Iran, South Korea, Japan, Ger-
many, the United States, and the initial place of the outbreak, China [3].
From January to March 2020, the United States closed its borders to
travelers from China, Iran and Europe. In mid-March, the European
Union closed all of its external borders to prevent further spreading of the
virus [4].

Although there are different public health policy approaches to
COVID-19 containment and mitigation (e.g., quarantine, curfews, lock-
downs, travel restrictions, border shutdowns), the consistent theme has
been to reduce interactions between unidentified infected individuals
and noninfected individuals. Most national response strategies include
varying levels of contact tracing and self-isolation or quarantine; pro-
motion of public health measures such as handwashing, respiratory
etiquette, and social distancing; strengthening of health facility infection
control (including nursing homes and long-term care facilities); and
postponement or cancellation of large-scale public gatherings [2].

Monitoring the COVID-19 incidence trends and analyzing the data
will help make informed public health decisions while the global
pandemic is still not under containment. A recent study [5] on the effects
of non-pharmaceutical interventions (NPI) on COVID-19 using a sto-
chastic age-structured transmission model on COVID-19 cases and mor-
tality data in the United Kingdom (UK) revealed that restrictive measures
may be required to lower the COVID-19mortality rates and reduce excess
of demand for hospital beds, especially those in the intensive care units
(ICUs). To estimate the effect of very strict strategies of reducing social
mixing on containing the COVID-19 in Wuhan, China, use of an
age-structured susceptible-exposed-infected-removed (SEIR) model
revealed that if the strict measures were prolonged to April, it would
probably help to delay the pandemic peak [6]. A survival and mortality
analysis of monthly United States household survey data concluded [7]
that potential contagion prevention from school closures should be
carefully weightedwith the potential loss of health-care workers from the
standpoint of reducing cumulative mortality due to COVID-19, in the
absence of mitigating measures.

Although these recent works analyzed COVID-19 data for the effect of
health measures, NPI, or school closures in different countries respec-
tively, no work has been performed to detect subtle changes indicated in
the data to help inform the heath policy creation while simultaneously
providing preventive strategy and guidance for the future in such a
pandemic. Consequently, we sought to examine whether the COVID-19
public health policies have yielded impacts on the daily trend of new
cases from countries distributed across five global regions. We hypoth-
esized that applying the proposed novel analytic approach to monitor
COVID-19 surveillance data could help provide early detection of inci-
dence change pattern and reveal the impact of public health policy
implementation.

2. Methods

2.1. Data sources and the study design

This is an observational study. COVID-19 incidence data of 20 indi-
vidual countries in five WHO defined regions were obtained from the
WHO website (https://covid19.who.int/). These 20 individual countries
were selected by these considerations: i) following the rough timeline of
the outbreak of the disease: cases were first reported in China, then in
other Asian countries, Europe, North America, Africa and South America;
ii) the population sizes of the countries and the social-economic scales of
the countries, and iii) for those we are able to research their public health
policy documentations and publications. In addition, the aggregated
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daily new case data for the European Union including its 27 member
countries were also obtained.

2.2. Analytics

To fulfill the purpose of our study, we sought to better understand
how the implementation of public health policy measures at a national
scale is reflected in the actual trend of the daily new cases in each
respective country. Our analytic approach consisted of two parts. The
first was to use a B-spline model [8] to estimate the trend of the new
cases. With the daily case trend fitted by the splines, we hope to find
where the potential and subtle changes are in the trend for each country.
This question can be answered by using statistical change point models
[9–11], which is the second part of our analytics. The identified change
points combinedwith the spline-fitted trend can provide interpretation of
how the change points may have provided better or sooner mandate
dates for the implementation of public restrictive interventions in each
country. The proposed analytics were applied to the WHO daily new
cases for the period from January 2020 through May 11, 2020. In
addition, we computed a 95% a confidence interval (CI) for each coun-
try’s unknown true average incidence number between the change dates
using the updated incidence data from WHO until June 5th. For more
details of our analytics, please refer to the Supplemental Materials.

3. Results

For the European region, we analyzed both the aggregated data for all
27 countries in the European Union (EU) and individual country level
data for 6 countries: Italy, Germany, Great Britain, Spain, France, and
Turkey. The motivation to analyze the aggregated data for the 27
countries in the EU is based on two considerations: i) the 50 states of the
United States (US) have different approaches in this pandemic and have
different healthcare systems, yet the data of US is aggregated as the
country level data, therefore, examining the trend of the cases in EU as a
whole economic block in comparison with the US is of interest; and ii) as
a comparison to the EU, how the 6 selected countries in the EU are
individually doing is of interest.

Examining various reports on the pandemic in the Europe region
revealed that the first official case of COVID-19 in this region was re-
ported in France on January 24, 2020, followed by Germany only three
days later [4]. Within six weeks, all 27 countries of the European Union
were affected [4]. Our analysis of the EU data provided the detailed
dynamics of the incidences. Fig. 1 A illustrates the trend of daily new
cases in the European Union with green vertical line segments indicating
the change points (Fig. 1 B) identified by modeling the transformed cases
(see Methods). The daily cases changed from a single initial case to 7
cases on Feb 22 (a change point marked as the first green vertical line
(from the left) in Fig. 1 A, accumulated to 44 cases by this date). Then the
newly confirmed case number begins with 113 on Feb 23 and increased
to nearly 3000 on March 10 (the second identified change point). These
spikes of cases in early days may have contributed to decisions made by
EU member countries to implement area lockdowns or national lock-
downs around March 10 (the second change point). For example, Italy’s
national lockdown occurred on March 9, Germany closed schools and
borders on March 13, 2020, followed by Spain on March 14th, and
France on March 16, along with implemented

measures such as social distancing [4]. France started a national
lockdown on March 17th [12]. The daily cases continued to go up
because of the wide spread of the virus accumulated to that point. After
reaching the peak around March 28 (the blue dashed line in Fig. 1 A), the
cases started to go downward and by April 26 (another change point
identified as the third green vertical segment on Fig. 1 A) the daily cases
had the smallest increase thus showing the gradual containment of the
cases after April 26th in European Union countries. Arguably, if the
closure policy was implemented when the first change point (Feb 23rd)
occurred, the curve would have been flattened much faster. Of course,

https://covid19.who.int/


Fig. 1. B-spline fitting of the trend of new daily cases for 27 countries in
the European Union (panel A) with change points identified according to a
change point model (panel B). In this figure and all figures hereafter, the
horizontal axis in panel B represents the date index with 1 refers to the first day
of observed cases for the country understudy and the vertical blue based lines in
panel A are the estimated knots for the B-spline model. The three vertical green
lines in panel A are marked at the change points (red cricles in panel B) iden-
tified by the mean and variance change point model with p-values respectively
as 0.0000, 0.0000, and 0.0029. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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when the actual lockdown or closure policy was implemented at the
second change point (on March 10), it still prevented a potentially much
taller curve than the actual curve. It is reassuring to see that the trend of
cases was going down slowly after the third change point on April 25.
This could be partly due to the functional health care system in European
Union countries and various public policy measures installed during the
pandemic. The change dates detected and discussed above for the Eu-
ropean Union are summarized in column 2 of Table 1, along with other
countries’ change dates detected by our method. The earliest imple-
mentation date of public health policy, such as lock-down, border clos-
ing, travel bans, social distancing, etc., are given in column 3. The red
font date for a country indicates that the policy implementation date is
behind the first change point detected for that country. The CIs for the
different periods, segmented by the detect change dates, are summarized
in Table 2 for all countries. From Table 2, one can observe that for Eu-
ropean Union, the last CI from April 26 (after the last change pointed
detected on April 25th) to June 5th is narrower than the CI in the pre-
vious period between 2 change points (March 10 and April 25). It echoed
the downturn indicated in Fig. 1A, moreover, the CI gives the estimated
average incidence number in the interval of (6964, 8972), in comparison
with CI of (15129, 20540) for the previous period fromMarch 11 to April
25, indicating a slow downturn for European Union and the containment
has a long way to go.

Our analysis shows that the daily new COVID-19 cases of European
3

countries such as Italy, Germany, Spain, and France all have similar
trends (see Supplemental Figures 1-4, respectively) to the trend of the
combined European Union countries (Fig. 1) while the downward trend
was more obvious in Germany and France than in Fig. 1. The 95% CIs,
provided in Table 2, gives the range of average case number for Italy,
Germany, Spain, and France, respectively, for each of their last period
(from the last change point date to June 5), but the downturn is not that
obvious for Italy and France yet. In fact, on March 8th, 2020 the Italian
Government implemented extraordinary measures to limit viral trans-
mission, including restricting movement in the Lombardy region [13,14].
Italy introduced a national lockdown on March 8, 2020 [4,15]. From its
European origin in Italy, the novel coronavirus spread rapidly via global
mobility patterns of air passenger travel to Germany, Spain, and France
[4]. Germany implemented school and border closures beginning March
13, 2020 [4]. Spain followed on March 14th, and France on March 16th.
France implemented a lockdown of the country on March 17th [14]. By
March 18, 2020, more than 250 million people in Europe were in lock-
down [4].

The UK had its first two COVID-19 cases recorded on January 31
according to the WHO database. The initial focus of the UK public health
policy was on the identification of people infected with SARS-Cov-2,
contact tracing, and isolation of people with proven exposure [16]. In
the first two weeks of March, concerns were raised about government
inaction, including a failure to shut down sporting and racing events
[16]. Our analysis showed that the observed first spike occurred around
March 3 (as indicated by the change point detection method, the first
green vertical line on the trend plot (Fig. 2 A), and the schools were
officially closed on March 18, 2020 [16]. In the window between March
26 and April 1, the cases dramatically increased, indicated by the two
change points (the second and third circle in Fig. 2 B or the second and
third vertical green lines on Fig. 2 A). Factors that contributed to the
acceleration of dissemination in March included continued importation
of the virus by travelers infected elsewhere; attendance at professional
and social events; introduction of the virus into facilities or settings prone
to amplification such as long-term care facilities and high-density urban
areas; and challenges in virus detection [25]. Beyond April 1st (the last
detected change point for the UK, see Table 1), the trend was not having
any obvious downturn. The last 95% CI for the UK from April 2 to June 5,
was (3246, 4162) (see Table 2), showing that the average incidence
number is still not going down.

In the Americas region, the United States (US) identified its first
confirmed case on January 20 [26]. By mid-March, all 50 states, the
District of Columbia and four US territories had reported cases of
COVID-19 [27]. The number of daily new cases were in single digits for
about a month until the first change point was detected on February 20
(the first vertical green line, Fig. 3 A). The cases increased to 19 begin-
ning February 21 and continued with two-digits until March 6; and then
increased to three-digits on March 9 (three days later than the second
detected change point on March 6, or the second vertical green line,
Fig. 3 A). After March 15 (the third vertical green line, Fig. 3 A) the cases
moved upward and quickly escalated after March 20 (the fourth vertical
green line, Fig. 3 A) from three-digits to four-digits. Beyond March 28
(the fifth vertical green line, Fig. 3 A), the cases continuously lingered in
the 5-digit number range until May 11. The trend in Fig. 3 A shows that
beyondMay 11th the cases were not clearly entering a downturn phase in
the US. At the time of this writing, we continue to see daily 5-digit new
case numbers for the United States recorded in the WHO database. It was
noted that in the United States, the initial public health measures to
contain the epidemic included the identification of cases and contacts of
persons with COVID-19, and the assessment, monitoring, and care of
travelers arriving from areas with substantial COVID-19 transmission.28
These measures did not prevent the widespread transmission of the virus
in the United States but may have slowed the spread of illness while
providing additional time to better prepare state and local health de-
partments, health care systems, businesses, educational organizations,
and the general public [28]. By April, the governors of 21 states had



Table 1
Incidence change dates detected by the proposed method and earliest known policy implementation date (red date indicates the
policy date lagged the first change of incidence date). [17,19,20-22,24]
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issued statewide stay-at-home orders to reduce the spread of COVID-19,
and officials in 15 additional states ordered similar city- or county-wide
shutdowns [18]. These social distancing policies in different states may
have aided in slowing the spread of the COVID-19. The last 95% CI for the
average case number of the United States, from March 29 to June 5,
ranges from 23,766 to 26,439 (see Table 2), which echoes the observed
trend in Fig. 3 A, that there is no obvious downturn yet.

For the results of our analysis of incidence data of Turkey, Canada,
Mexico, Kenya, Nigeria, South Africa, Iran, Saudi Arabia, China, Korea,
Japan, Korea, Australia and New Zealand, please refer to the Supple-
mental Materials.

In summary, Table 1 reveals that there seems to be a long lag between
the implementation dates of the policies and the detected change dates in
the countries included in this study. If the health policy were made by the
early detected date of the changing pattern of incidences, the cases may
have been contained earlier. The confidence interval (CI) estimates given
in Table 2 are useful in the current pandemic as multiple organizations
are collecting COVID-19 incidence data and those data do not necessarily
compeletly match due to different data sources, how the data were
gathered, recording errors, etc. The last CI, from the last detected change
date to June 5th, gives a range of what the average incidence number was
for a country. If the last CI is wider than the CI interval in the proceeding
period, it indicates that the disease is not yet contained for that country as
of June 5th, or if the two ends of the last CI are still of two or more digits,
the situation is not optimistic for the country. These results indicate that
4

earlier implementation of health policies can shape a better picture for
the second wave of the pandemic and any future pandemic.

4. Discussion

Our analytics approach for the daily COVID-19 data demonstrated
that the change point detection methods can be very useful in identifying
subtle changes in the incidence trend. Unlike other methods that have
been used in epidemic modeling, the online change point detection al-
gorithm can provide the posterior probability of the next day being a
possible change point or not when new daily data become available. It
can be useful to predict future changes when the pandemic is still with us
based on past observed data and future incoming data.

The results indicate that public health policy measures instituted by
countries in different regions of the world yielded varying successes in
flattening their national COVID-19 epidemic curves. The goals of
containment and mitigation measures are to delay major surges of pa-
tients requiring in-hospital care, preserving adequate hospital resources
such as ventilators, while simultaneously protecting vulnerable people
(e.g., those with comorbidities and the elderly). When the total number
of cases in a country is small, containment measures such as isolation and
contact tracing may be successful in slowing or eliminating the spread of
COVID-19. However, once the number of cases exceeds a certain
threshold, mitigation measures become necessary to delay patient surges
and flatten epidemic curves. China’s approach to the COVID-19 outbreak



Table 2
The estimated 95% confidence intervals (CIs) for each country. The first CI for a country is computed using data from the first day of
incidences for that country to the first change point date, the next CI is between the first and second change point dates, etc., and the
last CI is from the last change point date to June 5. When the last interval is red, it indicates an upward case trend and when the last
interval is green, it indicates a downward trend for that country beyond June 5. All confidence limits were rounded to the nearest
whole number except the first interval for which one decimal point is kept as the first CI usually starts with 0 followed by a single
digit number of cases at the beginning.
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exceeded the classic definition of local confinement, lockdown, and
isolation [3]. The extraordinary community measures taken in Wuhan
are unlikely to be replicated elsewhere [14].

The positive experience of South Korea was due to extensive contact
tracing and use of mobile apps to monitor people who were quarantined.
The measures taken by South Korea appears to have flattened the
epidemic curve prior to any other country (roughly 10–15 days after the
outbreak) [23]. Additionally, the stringent lockdown policies adopted in
China, Italy, and Spain were among the most effective national-scale
policies we reviewed [29].

In Italy, the National Healthcare Service suffered financial cuts of
5

more than 37 billion Euros over the period 2010–2019; the healthcare
system in Italy is decentralized and fragmented [30]. Inadequate national
coordination likely restricted timely interventions and effectiveness [30].
Another important issue is the capacity of a country’s health care infra-
structure. In addition, the extent of international air travel varies across
countries (e.g., more limited air travel in large parts of Africa) possibly
influencing the slower spread of the pandemic across many African
countries.

With respect to limitations, COVID-19 case data have uncertainties
due to differences in testing, inconsistent diagnostics, incomplete and
under counting, and delayed reporting across countries [4]. This is a



Fig. 2. B-spline fitting of the trend of new daily cases for the United
Kingdom (A) with change points identified according to a change point
model (B). The three vertical green lines in panel A are the change points (red
cricles in panel B) identified by the mean and variance change point model with
p-values respectively as 0.0000, 0.0000, and 0.0015. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 3. B-spline fitting of the trend of new daily cases for the United States
of America (A) with change points identified according to a change point
model (B). The five vertical green lines are marked at the change points (red
cricles in panel B, adjacent circles were grouped together) identified by the
online change point detection algorithm with posterior probability respectively
as 0.7015, 0.6729, 0.7638, 0.9496, and 0.8879. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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retrospective observational study on how the health policy imple-
mentation is related to the actual subtle changes in the incidence data of
the pandemic. Policy interventions are not straight forward to examine as
there is no control group to use. The conclusions are applicable to only
the countries listed in this research. The analytics can be used to analyze
the incidence data for other countries which remain to be done.

5. Conclusions

The application of statistical techniques historically applied to
financial markets and bioinformatics allows for detection of subtle
changes in COVID-19 incidence trends at a national level. When com-
bined with health policy intervention data, we observe the effectiveness
of these measures in preventing increases in COVID-19 burden. Globally,
social distancing measures may have been most effective in smaller
countries with single governmental and public health organizational
structures. Further research examining the impact of heterogeneous
governmental responses to pandemic management appears warranted.
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