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Abstract

COVID-19 is quickly spreading around the world and carries along with it a significant threat
to public health. This study sought to apply meta-analysis to more accurately estimate the
basic reproduction number (Rg) because prior estimates of Ry have a broad range from 1.95
to 6.47 in the existing literature. Utilizing meta-analysis techniques, we can determine a more
robust estimation of Ry, which is substantially larger than that provided by the World Health
Organization (WHO). A susceptible-Infectious-removed (SIR) model for the new infection cases
based on Ry from meta analysis is proposed to estimate the effective reproduction number R;.
The curves of estimated R; values over time can illustrate that the isolation measures enforced
in China and South Korea were substantially more effective in controlling COVID-19 compared
to the measures enacted early in both Italy and the United States. Finally, we present the daily
standardized infection cases per million population over time across countries, which is a good
index to indicate the effectiveness of isolation measures on the prevention of COVID-19. This
standardized infection case determines whether the current infection severity status is out of
range of the national health capacity to care for patients.

Keywords infected cases; isolation measures; random effects; SIR model

1 Background

There was an unprecedented spike in the number of cases of lower respiratory tract infections
in Wuhan, China in December 2019. Most patients presented with symptoms resembling viral
pneumonia characterized by fever, dry cough, dyspnea, fatigue, and body aches. The outbreak in
Wuhan was found to be due to a novel strain of coronavirus that has a high virulence and trans-
missibility. On January 12th, 2020, the World Health Organization (WHO) named it COVID-19
(World Health Organization, 2020a). COVID-19 is the seventh member of the human-infected
coronavirus family (Chan et al., 2020). Other notable coronavirus family members include Se-
vere Acute Respiratory Syndrome (SARS) coronavirus and Middle East Respiratory Syndrome
(MERS). All have been responsible for massive outbreaks within the last 15 years. As with its
predecessors, COVID-19 may be transmitted from person to person by droplet, contact, or the
fecal-oral route (Wang et al., 2020). Because it is a novel strain, there is no herd immunity, which
partially accounts for its rapid spread; the strain is highly virulent, with a mortality rate well
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over 10-fold that of the illness caused by the seasonal Haemophilus influenzae virus. By Jan 23rd,
2020, Wuhan city was locked down, and shortly thereafter all of the other provinces in China
announced heavy restrictions on travel. However, COVID-19 had already escaped containment
and was rapidly spreading across the world.

As of this writing, there is no known anti-viral medication that directly eliminates COVID-
19. In addition to supportive care, when available, infected patients otherwise must rely on the
immune response to overcome the novel virus. The innate and adaptive immune response may
inhibit and then eliminate the virus by selecting and then producing antibodies specific to the
virus epitope(s). Because the virus is novel, human B-cells have no memory of the viral antigen
and thus their response is both delayed and diminutive. Thus, previously uninfected humans,
especially older individuals, people with poor immunity or on immunosuppression, or those with
underlying comorbidities are at relatively high risk of mortality. Scientists are actively working
on a vaccine that provides the previously uninfected human host with immunity by injecting a
non-virulent epitope of the virus so that the body may develop memory B-cells that can rapidly
and vigorously attack and eliminate the virus with specific anti-viral antibodies. Unfortunately,
even optimistic projections for the delivery date of an effective vaccine against COVID-19 would
arrive far too late to impede the massive wave of COVID-19 spread.

In the absence of an effective vaccine or anti-viral regimen to eliminate the virus, the best
mechanism to prevent rapid transmission and overutilization of available healthcare resources,
which may lead to unnecessary death, is the early and aggressive isolation of infected individuals
and at-risk populations. Isolation decreases the effective reproduction number by decreasing the
transmissibility of the virus. Strategies to limit the spread of COVID-19 have varied drastically
by countries and even by states and local governments/institutions in the United States (US).
The duration and aggressiveness of isolation necessarily depend on the stage of the outbreak
for the affected country. For example, China has reached a buffer period by using early and
aggressive quarantine measures. As of this writing, most of Europe is currently at its peak
period, and the US remains in a period of exponential case growth which may be due to late,
inconsistent, and relatively permissive isolation measures enacted by states in absence of an early
and unified federal response.

The number of people who are infected during the peak period depends mainly on the
efficacy of a quarantine in the absence of a vaccine, and so a quarantine has been carried out to
decrease the effective reproduction number of COVID-19. From the term of epidemic principles,
the virus usually has an initial basic transmissibility Ry. The basic reproduction number Ry is
an important index to determine the epidemic intensity, and so many studies have been carried
out to estimate it (Wu et al., 2020; World Health Organization, 2020b; Read et al., 2020). As
the efficacy of quarantine increases, the reproduction number decreases. If the declining trend
continues with the assumption of no resurge of the epidemic, the reproduction number will
drop below one. This means that each individual will, on average, infect less than one other
individual. After the effective reproduction number reaches one or less than one, the epidemic
will subsequently die off in a gradual manner. Also, the peak of the infection cases can be delayed
or reduced after government intervention by reducing the effective reproduction number R;, and
accordingly, it reduces the strain on healthcare systems which are set to run at near-capacity in
absence of an epidemic.

Therefore, the above epidemic scenarios motivated us to investigate the effectiveness of the
isolation policy implemented across different countries with real data because it is important for
public health to identify effective measures to prevent the spread of COVID-19. This study has
three purposes. First, since estimates of Ry range widely (1.95 to 6.47) in the existing literature,
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we utilize meta analyses to determine a more robust estimate for Ry. Second, we apply a
susceptible-infected-removed (SIR) model for the new infection cases based on Ry from our meta
analysis to estimate the effective reproduction number R; in order to evaluate the effectiveness
of isolation policies. Third, we standardize the infection cases to per million population as a
more conducive comparison of the distribution of COVID-19 and more readily show how the
infection case is beyond the health system capacity in some countries. We demonstrate that
the relative success of the isolation policy to control the effective reproduction number from the
statistical model based on real data. To this end, the results can supply some useful guidelines
for controlling the rapid spread of COVID-19 in the world.

One of the main contributions of this paper is that we give a robust estimator of Ry from
meta analysis. Base on this estimated R, we propose to use a Bayesian approach to estimate the
effective reproduction number R; from a SIR model, and then we use the effective reproduction
number R; to compare the effectiveness of the isolation measures across the countries. The rest
of this article is organized as follows. The proposed models are introduced in Section 2. Section 3
demonstrates the results from the proposed models. Conclusions are given in Section 4.

2 Method

We introduce the related statistical models in this section. Each infectious diseased has a repro-
duction number. If the reproduction number is higher, the spread of the disease in the absence
of quarantine measures (government isolation policy) is greater. The number of infected patients
at time ¢ depends on the infected patients at ¢ — 1, the effective reproduction number, and the
government isolation policy to stop the virus rapidly spreading from person to person.

Let Y; denote the number of the infected cases at time ¢, and X; is the government isolation
policy. We assume that Y; at time ¢ is dependent on Y;_1 at time ¢t — 1, the effective reproduction
number Ry at the time ¢, and the government isolation policy X;. The government isolation policy
X includes the local government measures such as a balance between freedom and permissiveness.
We do not focus on the construction of the function F' of Y; based on Y;_1, R;, and X; in this
paper.

The basic reproduction number Ry is an important pandemic index to indicate infection
intensity. The higher the basic reproduction number, the more people that will be infected given
no intervention as shown previously (Ridenhour et al., 2018; Delamater et al., 2019). However,
it is challenging to determine the true value of Ry (Delamater et al., 2019). For the pandemic
of COVID-19, many studies have been carried out to estimate the basic reproduction number
Ry in the existing literature, and these studies have given a wide range of Ry of COVID-19.
Therefore, we propose the meta analysis to estimate it in Section 2.1. To estimate the effective
reproduction number, we propose to use an epidemic susceptible-infected model in Section 2.2.
This standardized infection case per million population allows us to compare the intervention
effects against COVID-19 across countries. If the infection case exceeds the healthcare capacity,
the pandemic will cause a higher mortality rate. Therefore, the theory of healthcare capacity is
given in Section 2.3, and the relationship between the healthcare capacity and the peak of the
infection case in real data is given in Section 3.

2.1 Basic Reproduction Number R,

As mentioned in Section 1, the basic reproduction number Ry is an indication of the initial trans-
missibility probability of a virus. It represents the average number of newly infected patients
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generated by an already infected person. For example, if Ry is equal to 3, then each infected
patient can theoretically spread the infectious disease to 3 other people. We have done a system-
atic review of the reproduction number, and we find that a number of studies, such as Wu et al.
(2020); Cao et al. (2020); Read et al. (2020); Imai et al. (2020) and Riou and Althaus (2020),
have been carried out to estimate the basic reproduction number. Most of these studies were
based on the stochastic process and statistical growth models in the exponential distribution
family. The estimated values of Ry were different from each other with a wide range from 1.95 to
6.49. This huge difference of Ry motivated us to estimate the basic reproduction number by the
scientific meta-analysis method, which is a statistical tool that combines the results of multiple
scientific studies.

It is known that meta-analysis can be used to address the same question in multiple scientific
studies, where each individual study reporting measurement was expected to have some degrees
of errors. And so one of the advantages of this approach is to allow us to use a meta-analysis
approach to derive a pooled estimate closest to the unknown common truth of Ry. A benefit
of this approach was allowing us to aggregate the information leading to a higher statistical
power and a more robust point estimate than that is possible from the measure derived from
any individual study of Ry. Therefore, we have selected 13 independent studies (Wu et al., 2020;
Liu et al., 2020; Read et al., 2020; Majumder and Mandl, 2020; World Health Organization,
2020a; Shen et al., 2020; Riou and Althaus, 2020; Zhao et al., 2020; Imai et al., 2020; Tang
et al., 2020; Zhang et al., 2020; Kucharski et al., 2020; Zhu and Chen, 2020) to estimate Ry by
meta analysis in the current literature. In each of these selected studies, researchers collected a
random sample from a population with the COVID-19 disease. These random samples included
different sub-cohorts from different cities or different time periods.

Based on this, we propose to use the random-effects meta analysis model, which was de-
veloped by Hedges and Olkin (1985) and DerSimonian and Laird (1986). For K independent
studies, the random-effects meta analysis model is specified as

Ro; = Ro + pj + €, (1)

where Rp; is the estimate of Ry from the jth study, p; ~ N(0,72), € ~ N(O,ajz), and j =
1,2,...,K. The parameter 72 represents the between-study variability and is often referred to
the heterogeneity parameter. It represents the variability among the studies, beyond the sampling
variability. Our target is to estimate the true basic reproduction number Ry. We propose to use
the following weighted average as the estimator for Ry:

K

R = wiRo;

Ro= L*}( L, (2)
D1 W)

where w; = 1/(7% + 0]2-). From Equation (2), the estimate Ry is an unbiased estimate of Ry. The
approximate standard error for Ry is
~ 1
s.e.(Ry) = ————. (3)
K
Zj:l wy

This is a conditional standard error with the known 72 and 0]2-.

There are many methods to estimate the between-study variability 72 and the within-study

variance 032-. Most meteorologists used estimates s%, e ,s%( of 012, ,oK?. For example, s? =
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(UCI; — LCI;)/2/1.96)2, where UCI; is the upper limit of the 95% confidence interval in j
study, and LCI; is the lower limit of the 95% confidence interval. Here we compare three main
methods to estimate, 72, which causes different results for Ry and its corresponding standard
error s.e.(Ry). These methods include the non-iterative methods proposed by Cochran (1954)
and DerSimonian and Laird (1986), and an iterative method by Paule and Mandel (1982). The
Cochran’s ANOVA estimate for 72 is

1
2
T(CA) = e
(CA) = max O,K 1

M=

K
1
(Roj — Roa)® — T 253 ;
Jj=1 Jj=1

where Ry4 = (1/K) Zszl Ry;. The DerSimonian and Laird estimator for 72 is

S wjo(Roj — Rop)? — (K — 1)

K K K
Ej:l wjo — Zj:l wgz'o/ Zj:l wjo

where Ryp = Zszl wjoRo;/ Z]K:1 wjo, and wjo = 1/5?. The Paule and Mandel estimator for 72
is the solution to the estimating equation

7%(DL) = max |0,

)

K
F(r*) =Y W;j(Ro; — Roc)* — (K —1) =0,
j=1

where Ry = Z]K:1 Wjjo/Zjil W;, and W; = 1/(12 + s?) The solution, 72(PM), can be
determined through a simple iteration as shown in the paper DerSimonian and Kacker (2007).
When substituting 72(CA), 72(DL), and 72(PM) for 72, and 532. for 0]2. in Equation (2), we
can obtain the Cochran estimate Ry (CA), the DerSimonian and Laird estimate Ry (DL), and
the Paule and Mandel estimate Ry (PM) of Ry. Similarly, we can estimate their approximate
standard errors from Equation (3).

2.2 The Reproduction Number R;

COVID-19 is a global pandemic, and some countries have been hit harder than others. For
example, the US now leads the world in overall cases. The government in each country has
implemented its own policy requiring varying levels of isolation in their efforts to prevent the
spread of COVID-19. The effective isolation measures can decrease the effective reproduction
number R;. Therefore, the change curve of the effective reproduction number R; over time can
indicate whether the isolation measures of the governments are effective or not.

We consider an epidemic SIR model for the new infection cases. This SIR model was
developed by Bettencourt and Ribeiro (2008) as follows:

AYiss = exp [0 (R = D] AY:, (1)
where AY;5 = Y15 — Vs is the new infected cases over the period d, 5 is the contact rate, and

Ry is the basic reproduction number. The period ¢ is any time period. From this SIR model 4,
we obtain the effective reproduction number R; as follows:

(5)
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From Equation (5), the effective reproduction number R; reaches one when the number of new
infected cases reaches a peak point. For example, 6 = 1 day, then we have a simple equation:
Ry . AYiy

=14 —1 .
Ry=1+ 5 Ay, (6)

For known Ry and (3, we can estimate R; from Equation (6). However, this simple approach is
not valid and robust because it relies on the two-day data information at the times of £ and ¢+ 1.
For example, lags in data reporting and the increase of nucleic acid testing capacity can cause
a bias for daily case reports. Therefore, Bettencourt and Ribeiro (2008) proposed a Bayesian
approach to estimate R;.

Here we give a brief summary of our proposed Bayesian algorithm to estimate the most
likely value of R; of COVID-19 based on the basic reproduction number Ry from our meta
analysis in Section 2.1. For simplicity, we let 6 = 1 and assuming § = 1. The probability mass
function P(AY;4+1|R:) of new cases AYyy1 in terms of R, is assumed to be a discrete probability
distribution. For example, a Poisson Distribution with the parameter A, = exp((R;—1)/Ro)AY;.
Using Bayes’ rule, we have

P(R;)P(AY;11|Ry) (7)
P(AYy)

P(Ri|AYi41) =

If the posterior probability of the previous period, P(R;—1|AY}), is used to substitue the prior
probability P(R;), then Equation (7) can be approximately approached by

P(Ri|AYi11)  P(Ri-1|AY;) P(AY;41 | R). (®)

If iterate Equation (8) across all the way back to the time 0, then we have the posterior probability

t
P(Ri|AYi41) o< [ [ P(AYi4a|R)). (9)
1=0

In summary, the initial value of R; is estimated from Equation (5) by choosing Ry from our meta
analysis and assuming 3 = 1. Then the Poisson distribution P(AY;4+1|R¢) is set up with the
estimated initial values R; and Ry. When substitue it into Equation (9), we can get the posterior
probability P(R;|AY;11). In the final step, we simulate random values of R; from this posterior
probability of R; given the new cases AY;y1. The most likely value of R; and it’s highest density
interval is estimated from the HDInterval R package. We only present the most likely value of
R; in result Section 3.2.

2.3 Hospital Capacity

To compare the effectiveness of isolation policies across the countries, we also standardize the
number of infection cases by population size (for example, the number of infected cases divided
by the total population multiplied by 1,000,000). After standardizing the infection cases to per
million population, we can more feasibly compare the effect of the government closure policy
across countries because it allows the reader to conceptualize the number of the total population
and the number of cases in a single measure. Furthermore, because the health system capacity in
a specific region is proportional to the total population, the infected cases per million population
can indicate whether the number of patients exceeds the hospital capacity. This is important
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Figure 1: The mountain curve denotes the infected cases without a controlled transmission,
the hill curve denotes the infected cases with a controlled transmission, and the short dash line
denotes the hospital capacity. The mountain and hill curves show how the infection case of
COVID-19 can reduce the burdens of the hospital capacity represented by the short dashed line.

to know because this scenario can cause higher morbidity. Therefore, the curves of the infected
cases per million population Y; in different regions are shown in result Section 3.3.

In order to reduce the burden on the hospital’s capacity, there are a number of measures
X, that may be taken to control the pandemic. For example, this may be done by the following
isolation measures X;: reducing the density of social contact via isolation of selected populations;
cancellation of public events; remote work and home-based education; exercising social distance
between persons; city lockdown, etc. These measures can greatly reduce the spread of the
pandemic. Hypothetically, after these isolation measures are enforced, the peak number of the
infected cases may be as shown in Figure 1. The mountain curve in Figure 1 denotes the infected
cases over time when no isolation measures are executed. The hill curve denotes the infected
cases over time when some or all of the isolation measures are executed. The short dashed line
denotes the hospital’s capacity. The peak number of infected cases in the mountain curve exceeds
the hospital’s capacity.

The different isolation measures have been put in place with the hope of reducing the overall
peak of COVID-19 infected cases in different countries. Early and aggressive isolation policies
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are indicated to be effective if the number of infection cases is represented by the hill curve.
Although the areas under both curves are equal, the hill curve never exceeds the capacity of the
healthcare system. For example, the areas under both the mountain curve and the hill curve are
the same with 10,000 infected cases in Figure 1, but the number of infected cases (1,000) at the
peak point in the hill curve was much lower than that (4,000) in the mountain curve. There are
not adequate resources to care for those with serious infections as well as those already requiring
hospital care for other health conditions if the peak number of patients is in the mountain curve.
The Chinese government has taken aggressive isolation measures. Contrary to China, Europe,
and the United States were relatively open at the beginning. Therefore, the daily infected cases
per million population over time would be different across these countries after the different
isolation measures were executed. The comparison of the isolation effectiveness in chosen typical
countries will be given in result Section 3.3.

3 Results

In this section, we apply the proposed methods in Section 2 to the real COVID-19 data in order
to answer the research questions addressed in Section 1.

3.1 The Basic Reproduction Number R,

We calculate 72(CA) = 1.438, 72(DL) = 0.651, and 72(PM) = 1.448 from the specific formulas
in method Section 2.1, and the sample variances 3?. Then we can get the Cochran estimate
Ry(C'A), the DerSimonian and Laird estimate Ry (DL), and the Paule and Mandel estimate Ry
(PM) of Ry when replacing 72 by corresponding 72(C' A), #2(DL), and 72(PM) in Equation (2).

The DerSimonian-Laird estimator Ry (DL) is very close to the Paule-Mandel estimator Ry
(PM). Both of them are slightly larger than the estimated Ry (CA). As shown in Section 2.1,
each study in the Cochran method is treated to be an equal weight while the DerSimonian—
Laird estimate Ry (DL) choose the weights to be inversely proportional to the within-study
sampling variances. The weights in the Paule-Mandel method are inversely proportional to the
total variance. And so the estimators Ry from the DerSimonian—Laird and the Paule-Mandel
methods are more robust through including the variance information in the weights. Therefore,
here we only present the estimator Ry (95% CI) from the DerSimonian-Laird method as shown
in Figure 2.

Our estimated Ry (DL) value 3.17 (2.69, 3.63) is larger than the value 1.95 (1.40, 2.50)
reported by the WHO (World Health Organization, 2020b), and it is similar to the estimated
Ry value 2.90 (2.32, 3.63) (Liu et al., 2020), which was based on the exponential growth model.
Different calculation methods for Ry were used with certain assumptions, and also calculations
were done at different samples of epidemics. The stochastic and statistical methods provided a
similar estimate with our estimate Ry, such as Liu et al. (2020) and Zhao et al. (2020). Most
mathematical methods produced larger estimates reported by Tang et al. (2020) and Shen et al.
(2020), but the values from some of the mathematical methods were within the range from the
statistical and stochastic methods. Our basic reproduction number of Ry is similar to that of
the severe acute respiratory syndrome (SARS) (Bauch et al., 2005).
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Study ID The basic reproductive number R_0 (95% CI)
Wu Jetal -- 2.68 (2.47,2.86)
LiuTetal —I— 2.90 (2.32, 3.63)
Read JM et al — 3.80 (3.60, 4.00)
Majumder M et al —— 2.55(2.00, 3.10)
WHO —a— 1.95 (1.40, 2.50)
Shen et al - 4.71 (4.50 ,4.92)
Riou J et al L 2.20 (1.40, 3.80)
Zhao et al —I— 3.58 (2.89, 4.39)
Imai et al —= 2.50(1.97,2.61)
Tang et al —_—a— 6.47 (5.71,7.23)
Zhang et al - : 2.28 (2.06, 2.52)
Kucharski et al L 2.35(1.15,4.77)
Zhu and Chen n 2.81(2.76, 2.86)
Overall summary
R_0(DL) —l— 3.17 (2.69, 3.63)
T T T T : T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75

Figure 2: Estimation of the basic reproduction number Ry from a meta-analysis, which included
13 studies with a range between 1.95 and 6.47. The DerSimonian-Laird estimator Ry (DL) is
3.17 (2.69, 3.63). This is larger than 1.95 (1.40, 2.50) reported by the WHO.

3.2 The Effective Reproduction Number R,
We apply the SIR model by Bettencourt and Ribeiro (2008) to National COVID-19 data to

estimate the effective reproduction number R; in this section. The recent article by Vaidyanathan
(2020) gave an updated algorithm to estimate R; of COVID-19 based on the SIR model by
Bettencourt and Ribeiro (2008). Therefore, we use the updated algorithm of Vaidyanathan
(2020) to fit the curve of the effective reproduction number R; across countries. We let Ry = 3.17
from our meta analysis, 5 =1, and § = 1 day in Equation. We use a Gaussian smoother with a
14-day rolling window for the daily new cases by following the smooth approach by Vaidyanathan
(2020).

We choose the starting date to impose the social distancing isolation measures in each
country as the index zero time in analysis so that we can compare the effectiveness of isolation
measures across the countries. For example, the starting point of the reproduction number curve
in China was Jan 23rd, 2020, when the aggressive isolation measures were executed. Italy started
to impose travel restrictions and closed schools in major cities on Feb 23rd, 2020. South Korea
was set on Feb 17th, 2020. The starting point in the US was set on March 1st, 2020, when
some states and local officials adopted social distancing measures. The curves of the effective
reproduction number R; of different countries are shown in Figure 3.
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Figure 3: The lines are the most likely value of R; since the starting date to impose the social
distancing isolation measures in each country. The solid (red) line of R; in China started on
Jan 23rd, 2020 when the aggressive isolation measures were executed. The other lines are the
effective reproduction number R; in other countries including Italy (green), South Korea (blue),
and the US (purple). The effective reproduction number in China was much smaller than Italy
and the US. The curve of the effective reproduction number in China reached 1.00 on the 25th
day post Jan 23rd, 2020. South Korea had a larger number of the reproduction number at the
beginning compared with China, and then decreased on the 22nd day post Feb 17th, 2020. The
curve of Italy reached 1.00 at about 42 days post Feb 23rd, 2020, and the US reached 1.00 at
about 44 days post March 1st, 2020.

The curve of the effective reproduction number in China reached 1.00 on the 25th day post
Jan 23rd, 2020. South Korea had a larger number of the reproduction number at the beginning
than China, and then the curve reached 1.00 on the 22nd day post Feb 17th, 2020. The curve of
Italy reached 1.00 at about 42 days post Feb 22th, 2020, and the US reached 1.00 at about 44
days post March 1st, 2020.

This effective reproduction number is changing over time because of the effectiveness of
the isolation measures and other measures. The number of infected cases reaches a peak when
the effective reproduction number reaches one, implying that the epidemic is controlled in the
community. The effective reproduction number of R; in China and South Korea indicated that the
isolation measures in the two Asian countries were more successful compared with the isolation
measures of the USA and Italy.
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Figure 4: We present the curves of infected cases per million population across four countries
here. The curve of China was becoming flat after about 25 days post Jan 23rd, 2020, and it
is similar for the curve of South Korea, which indicates that both countries have effectively
controlled the spread of COVID-19. The curve of Italy is becoming flat while the curve of the
USA is still at a climbing pattern.

3.3 Hospital Capacity

This section gives the comparison of the four hard-hit countries in terms of the daily new infected
cases and the cumulative infection cases per million population. Using this standard measure,
Italy had the cases with 3,500 per million population as shown in Figure 4, and it was becoming
flat. The USA was increasing very fast, and it has reached over 4,500 per million population.
The curves of China and South Korea were very flat, indicating that these two countries have
controlled the epidemic in an effective way. Compared with South Korea, China has relatively
fewer infection cases per million population.

As mentioned in Section 2.3, the peak number of infected cases can be delayed or reduced
by implementing social distancing measures. However, if the peak curve exceeds the capacity of
the healthcare system without a successful intervention, especially with a substantial influx of
patients with a serious infection in the intensive care unit, this will result in a higher mortality
rate.

The daily infected new cases per million population over time across four countries are
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Figure 5: The dashed line is the daily infected cases per million population from Jan 23rd,
2020 in China. The dotted line (blue) is the daily infected cases per million population from
Feb 17th, 2020, in South Korea. The solid line (purple) is the daily infected cases per million
population from Feb 23rd, 2020, in Italy. The solid line (green) is the daily infected cases per
million population from March 1st, 2020, in the USA. Both Italy and the USA reached over
100 infected cases per million population. Compared with the peak 3.5 per million population
in China and 16.5 in South Korea, both Italy and the USA have many more infected cases per
million population.

shown in Figure 5. The dashed line is the daily infected cases per million population in China
for a convenient comparison purpose. The dotted line (blue) is the daily infection cases per
million population in South Korea, the solid line (purple) is the daily infection cases per million
population in Italy, and the USA is the solid line (green). Both Italy and the USA have reached
over 100 cases per million population. Compared with 3.5 per million population in China
and 16.5 in South Korea, both Italy and the USA have much more infected cases per million
population than China.

The curves show that there were no immediate effective preventive measures to stop the
disease in the community in Italy and the USA compared with China and South Korea. Given
that hospital capacity per million population is similar, the epidemic in Italy may be beyond its
maximum national health capability. For example, hospital beds per 1,000 people reported from
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WHO in Italy were 3.4 as shown in the website of data (https://data.worldbank.org), hospital
beds per 1,000 people in the USA were 2.9, and hospital beds per 1,000 people in China were 4.2.
This may partially explain why the mortality rate of 11.9% (13,155/110,574) in Italy was much
higher than the mortality rate of 3.7% (3,312/88,554) in China as of April 1st, 2020. In other
words, government measures, such as city lockdown, have not been put in place to effectively
reduce the overall peak of the infection case curve, which has been mentioned in Figure 1 in
Section 2.3. Here we only give a comparison of the effectiveness of the isolation policy over time
among China, Italy, and the USA based on the daily infected cases per million population over
time at a specific point, since hospital capacity and the isolation measures are more complex.
These curves may indicate that Chinese isolation measures have worked in a more effective way
compared with other countries.

4 Conclusion

This paper develops statistical methods to address some challenging problems in COVID-19
research. The estimate of the basic reproduction number has been carried out in many studies,
which utilized different samples in different cities, different time periods, or simulation samples
from statistical or mathematics models. Prior estimates of the basic reproduction number varied
from 1.95 to 6.47. According to the existing literature, we choose independent studies to estimate
the Ry using a meta-analysis. We find that the estimated Ry (3.17) for COVID-19 from the meta-
analysis were considerably higher than the WHO estimate at 1.95. We also obtain the effective
reproduction number curve of the reproduction number of R; from a SIR model, and we apply
this model to four most-affected countries in the world. The curves of the effective reproduction
number illustrated the process of the COVID-19 outbreak. The effective reproduction number
of R; in China indicated that Chinese isolation measures were more successful when compared
with the isolation measures of the US and Italy. Similarly, the standardized daily infected cases
per million population in the hospital’s capacity Section may partially explain why the mortality
rate in Italy was much higher than the mortality rate in China.

There are several reasons for the success of the Chinese isolation policy. First, laboratory
testing, such as nucleic acid testing and computed tomography (CT) scans, have been widely
applied in China, which was helpful for identifying and isolating COVID-19 patients at the right
time and the right place. The timely screening of suspected COVID-19 patients can reduce the
peak of the infected cases of COVID-19, and then can reduce the burden on the health care
system in the whole country. Second, the large scale and strict closure policies, such as city
lockdown, were carried out to isolate infected people and to prevent them from contacting with
healthy people. Finally, China’s hospital system can increase the hospital’s capacity to take care
of more patients by quickly building up mobile cabin hospitals, which can partially reduce the
mortality rate.

These proposed methods of COVID-19 research are based on the current literature. All re-
sults from the proposed models are obtained by the existing data and literature. As the outbreak
continues its expansion to more regions in the world, the size of the peak value and the peak
time may depend on a number of factors, including the speed of diagnoses and hospitalization of
confirmed cases. Therefore, the model results may need to be refined in the future by updating
the data that drives the model.


https://data.worldbank.org
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Supplementary Materials

The data and R code needed to reproduce the results in this paper can be found at the Journal
of Data Science website.
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