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Abstract: Increasing evidence shows that many infections of COVID-19 are asymptomatic, becoming
a global challenge, since asymptomatic infections have the same infectivity as symptomatic infections.
We developed a probabilistic model for estimating the proportion of undetected asymptomatic
COVID-19 patients in the country. We considered two scenarios: one is conservative and the
other is nonconservative. By combining the above two scenarios, we gave an interval estimation of
0.0001-0.0027 and in terms of the population, 5200-139,900 is the number of undetected asymptomatic
cases in South Korea as of 2 February 2021. In addition, we provide estimates for total cases of COVID-
19 in South Korea. Combination of undetected asymptomatic cases and undetected symptomatic
cases to the number of confirmed cases (78,844 cases on 2 February 2021) shows that 0.17-0.42%
(89,244-218,744) of the population have COVID-19. In conclusion, to control and understand the true
ongoing reality of the pandemic, it is of outermost importance to focus on the ratio of undetected

check for asymptomatic cases in the total population.
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The coronavirus disease 2019 COVID-19 pandemic represents the biggest global shock
doi.org/10.3390/ijerph18094946

in decades affecting all major life aspects [1,2]. COVID-19 is an infectious disease caused

by novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is known

to have originated from the city of Wuhan, China in December 2019 [3]. COVID-19 was
initially divided into four types: mild, moderate, severe, and critical cases [4]. However,
with the global outbreak of coronavirus, there is increasing evidence that many infections of

COVID-19 are asymptomatic, but can transmit the virus to others. Asymptomatic infections

refer to the positive detection of nucleic acid of SARS-CoV-2 in patient samples by reverse

transcriptase-polymerase chain reaction (RT-PCR) but have no typical clinical symptoms
or signs and no apparent abnormalities in images, including lung computed tomography

published maps and institutional affil- (CT) [5’6]

{ations. Asymptomatic infections have the same infectivity as symptomatic infections [7].
Therefore, early detection of an infected person and cutting off the route of transmission are
the key points to controlling the spread of COVID-19 (test-trace-isolate strategy). However,

most asymptomatic patients do not seek medical assistance due to no obvious clinical signs

and poor prevention awareness, which has contributed to the rapid spread of COVID-19.

This has then become a great challenge in the prevention and control of this specific type of

patients globally, which has gained more worldwide attention.

South Korea saw its first imported case of COVID-19 on 20 January 2020 [8] and
conditions of the Creative Commons @ sharp increase in the number of COVID-19 cases was observed since then with most
Attribution (CC BY) license (https://  infections being reported from specific clusters [9]. Outbreaks of COVID-19 related to mass
creativecommons.org/licenses /by / gathering, religious activities, workplaces, and hospitals have accounted for the largest
40/). portion of cases in the national outbreak [10]. As of 2 February 2021, there was a total
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of 78,844 confirmed cases and 1435 deaths in the nation, according to the Korea Centre
for Disease Control and Prevention [11]. In addition, Korea’s three antibody titre results
confirms increase in the proportion of undetected cases among the general populations
(0.03%, 0.07%, and 0.07% in the 1st, 2nd and 3rd survey respectively especially among the
younger generation with a 0.22% in the 3rd survey) [12,13].

For the test-trace-isolate strategy to accurately work, it is therefore important that
true infected populations are estimated correctly. The rate of underestimation also differs
from country to country according to its testing policies or prevalence of asymptomatic
COVID-19 cases in their population. Making political decision such as lockdown or
maintaining social distancing polices without consideration of undetected asymptomatic
cases in the population may undermine the proper management of COVID-19 epidemic.
The objective of this study is to develop a probabilistic framework for estimating undetected
asymptomatic patients.

Several attempts to solve this problem have been made. The conventional way of
estimating asymptomatic ratio of a disease is done using seroprevalence data. However,
the collection of these data requires significant logistical effort, time, and cost [14]. Method
of estimating the asymptomatic ratio by using Bayes theorem was proposed by using
information on Japanese who were evacuated from Wuhan, China on charter flights.
This approach is intuitive and effective for robust estimation but had a small sample
size (n = 565), and the estimates relied on samples from Japanese evacuees from Wuhan.
By the simplicity of the model, it was hard to use the probabilistic model directly to
other situations in different countries [14]. There have been other methods that model
the dynamics of the COVID-19 disease and estimate undetected cases. One is ordinary
differential equation ODE based modelling which was done by dividing the population
into different categories. [15,16]. Methods that use machine learning based estimation were
also proposed [17]. These two approaches rely on the assumptions made by the researcher
and therefore the results are dependent on the model and often making it complicated
to understand.

Instead of employing ODE based modelling approaches, we developed a probabilistic
model that is easy to understand and more robust to the above assumptions made in
estimating undetected asymptomatic COVID-19 patients. This probabilistic model is a
general framework for estimating undetected asymptomatic patients and can be used in a
wide range of settings regardless of the specific situation each country is facing right now.

2. Methods
2.1. Data

To achieve the above objective, we used the publicly available data from Ministry of
Health and Welfare (MOHW) of South Korea [18]. MOHW through daily official briefings,
provides updates on the number of confirmed cases, tests performed, positivity rate
(positive tests/total tests), and other important data of COVID-19 in South Korea. In South
Korea, three types of screenings (recommended or mandatory, voluntary, and random
sampling) have been performed.

Firstly, results from regular screening centers are available. This is mandatory or
recommended screenings for individuals who show symptoms related to COVID-19 or
have epidemiological associations with infected persons. Secondly, results from temporary
screening centers are available. These are voluntary screenings for anyone who is willing
to be tested for free. From 14 December 2020, a total of 201 temporary screening centers
began testing for COVID-19 for managing the third wave (peak) in Korea. After one
month of operation of temporary screening centers (from 14 December 2020 to 13 January
2021), a total of 111,5478 cases were examined, and 3301 (0.3%) patients were found early.
Lastly, in Pohang city, South Korea, random sampling for each household over the whole
population was performed. On 25 January 2021, the mayor of Pohang, a small urban
city located at the southern part of South Korea with a population of 502,736, issued an
executive order requiring more than one person per household to undergo diagnostic
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tests as the spread of coronavirus infection continued. From January 26 to February
4, a total of 196,410 people were examined and 43 confirmed cases of COVID-19 were
discovered, giving a positivity rate of 0.02%. Out of 43 confirmed cases, 33 cases were
asymptomatic. MOHW reports an aggregated result which consists of different screening
results (mandatory + voluntary + Pohang); however, to carry out the estimation procedure
effectively, we not only use the aggregated screening results from MOHW but also utilize
the two specific screening results, from temporary screening centers and Pohang city, for
estimating probabilities for the unscreened group.

2.2. Statistical Analysis

Four random variables are defined as follows; D = {0,1}, denoting the infection status
of a person, where 1 represents infected and 0 otherwise; Sy = {0,1}, denoting symptoms
status of COVID-19, where 1 represents symptoms present and 0 otherwise; Sc = {0,1},
denoting screening status for COVID-19, where 1 represents screening performed and 0
otherwise; and finally, T = {0,1}, denoting results status from screening, where 1 represents
results positive and 0 negative. Relationship and diagram of the random variables defined
are represented in Figure 1. One thing to note is

(T=0}U{T=1} = {Sc =1} 1)

Korea population (Population size = N)

Sc=1

Figure 1. Representing four random variables Disease (D), Symptoms (Sy), Screening (Sc), Test result
(T) as a diagram when PPV =1 and NPV =1. T is defined in a population where Sc=1and D = 1.

By defining four different random variables, we can formulate probabilities regarding
the random variables above from the joint distribution P (D, Sy, Sc, T). Our interest is to
estimate P (D =1, Sy =0, Sc = 0). This is the probability of an individual being infected with
COVID-19 but not showing any symptoms and not screened. We restricted our analysis to
South Korea’s population and collected data until 2 February 2021. The objective of the
research is the estimation of undetected asymptomatic cases of COVID-19 in South Korea
as of 2 February 2021. In addition, two assumptions were made in the calculations, which
are Positive Predicted Value (PPV) being 1 and Negative Predicted value (NPV) being 1.
These assumptions are made to simplify computations in the estimation procedures.

To estimate P (D =1, Sy =0, Sc = 0) effectively, we factorized it into known probabilities
using chain rule of probability. The result is given as follows.

o - - o 52 P(SC = 0) - - -
P(D =1,y =0,5c=0) = &+ jt—15+P(Sy =0T = )P(T = 1),
_ P(D=1] Sc=1) _ P(Sy=0| D=1, Sc=0)
where, 81 = 55—y ad 82 = 5= D=1, 5c=1) -

b1 is the ratio of the prevalence of COVID-19 patients from the screened popu-
lation to that from the unscreened population while §; is the ratio of asymptomatic
patients among the undetected to that among the detected (screened) COVID-19 pa-

tients. PPV =1 and NPV =1 are assumed in the derivation of §; = %, 02



Int. J. Environ. Res. Public Health 2021, 18, 4946 4 0f9

IE)((SS;::(? || ?;11’, Séccji)) . Detailed derivation of §; and &, in P(D=1, Sy =0, Sc =0) = % *
%*P(Sy = 0|T = 1)P(T = 1), and factorizations of other probabilities in the joint
distribution are in the supplementary material. Table 1 shows all the factorization results

in the joint distribution.

Table 1. Derivation of the joint probability distribution P (D, Sy, Sc, T) using chain rule of probability.

Disease Symptoms  Screening  Test Result Factorized Probabilities
1 1 1 1 P(Sy =1|T = 1)« P(T =1)
1 1 1 0 0

5 , P(Sc=0)
1 1 0 - 5 * PSe=1) *
P(Sy =1|T = 1)+ P(T =1)
1 0 1 1 P(Sy =0|T = 1)xP(T =1)
1 0 1 0 0
5 , P(Sc=0)
1 0 0 - 5 * PSe=T) *
P(Sy = 1|T = 0)« P(T = 0)
0 1 1 1 0
0 1 1 0 P(Sy = 1|T = 0) P(T = 0)
8 ., P(Sc=0)
0 1 0 - 5 * PSe=T) *
P(Sy = 0|T = 0)+ P(T =1)
0 0 1 1 0
0 0 1 0 P(Sy = 0|T = 0)% P(T = 0)
5 , P(Sc=0)
0 0 0 - 5 * P(se=T) *

P(Sy = 0|T = 0)x P(T = 0)

P(Sc=0)

Using the MOHW data, we can estimate 52—+ *P(Sy = 0| T = 1)P(T = 1) and have
& P(Sc=1) y
partial information of 6; = % and 6y = W. Using the joint distri-

bution in Table 1, it can be easily shown that P(Sy =0 |D =1,Sc =1) =P(Sy =0|T =1);
therefore, denominator of 5, is equivalent to P(Sy = 0|T = 1) and we can use the estimates
from MOHW which is 0.4.

By the fact that the denominator of &, is estimated as 0.4, we can constrain &, to be
in the range of 1 < §; < 2.5. This is because we assume P (Sy =0/ D=1, Sc=0) >
P(Sy =0|D =1,Sc =1). Itis logical to assume people that are infected but not tested
will have a higher chance of being asymptomatic than people that are infected and tested;
therefore, 1 < 6;. Since the numerator of 0, is also a probability, the maximum value of &,
is 2.5 when the numerator P(Sy = 0| D = 1, Sc = 0) = 1. This is an extreme case where all
infected, yet tested population are asymptomatic.

51 is %, so we can interpret this value as ratio of infection rate in tested pop-

ulation to that of untested population. We assume that P(D = 1|Sc = 0) < P(D =1[Sc = 1)
is reasonable, since the population that is screened is more likely to have higher infection
rate. 81 can be influenced by testing policies of each countries. Countries that have higher
requirements on COVID-19 testing, such as letting only those who show severe symptoms
or who had close contact with an infected person be screened, will have higher §;, while
other countries that allow more people to take COVID-19 screening without many require-
ments will have lower value of §;. Therefore, 1 < §; and 6; = 1 is a special case where
screened population and unscreened population have same infection rate.

To summarize our methodology, our aim is to estimate P (D =1, Sy = 0, Sc = 0)

using probabilistic framework. To use the data and assumptions we made, we per-
P(Sc=0)
P(Sc=1)

formed chain rule of probability and factorized P(D =1, Sy =0, Sc = 0) to % *
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*P(Sy =0/ T = 1) * P(T = 1). All quantities are known except for 51, &, and &, is well
restricted in the range of 1 < §; < 2.5, while 1 < 8. Using some additional data collected
recently, we will estimate §; and present the estimated range of P (D =1, Sy = 0, Sc = 0) in
the result section using sensitivity analysis [19].

3. Results

In the result section, we first organize important probabilities from the MOHW
data in Table 2. These estimates from MOHW data are used in the estimation of

P(D=1,8y=0,Sc=0)= 2 gggjg «P(Sy =0| T =1)P(T = 1).

Table 2. Estimates of probabilities using data from Ministry of Health and Welfare of South Korea (MOHW) until 2 Febru-

ary 2021.
Probability Explanation Estimates from MOHW Data

P (Sc=0) proportion of unscreened persons in the total population 0.8923

P(Sc=1) proportion of screened persons in the total population 0.1077
P(T=0!Sc=1) proportion of negative test result given that person is screened 0.9860
P(T=11Sc=1) proportion of positive test result given that person is screened 0.0140
P(Sy=01T=1) proportion of symptomatic given that person is positive 0.4000
P(Sy=11T=1) proportion of asymptomatic given that person is positive 0.6000

P(T=0) P(T=0)=P(T=0,Sc=1)=P(Sc=1)+«P(T=0|Sc=1) 0.1062

P(T=1) P(T=1)=P(T=1,Sc=1)=P(Sc =1)+P(T=1|Sc=1) 0.0015

We present two estimation scenarios for estimating 81, using the voluntary screening
results from temporary screening centers and random sampling screening results from
the city of Pohang. Finally, putting these results together, we will provide an interval
estimate, for estimating proportion of undetected asymptomatic cases in South Korea on
2 February 2021.

3.1. First Scenario: Inference from Voluntary Screenings in Temporary Screening Centers

From 14 December 2020, 201 temporary screening centers were opened nationwide in
South Korea, enabling anyone to be tested for COVID-19. After one month of operation,
the Korean government reported that a total of 1,115,478 cases were examined and 3301
(0.3%) patients were found early. We use this result to estimate P(D = 1 | Sc = 0) as 0.0030.
Using this estimate, 81 is estimated to be 4.67, and accounting for 8, we have an interval
estimate of 0.0011-0.0027. In terms of population, the number of undetected asymptomatic
patients are estimated to be 57,000-139,900.

We consider this scenario as the worst case for South Korea, because even though
temporary screening centers allow anyone to be tested, it is more likely that people who
suspect they may have been infected with COVID-19 went on to get tested at the temporary
centers. Therefore, those populations that were tested in the temporary screening centers
do not represent true {Sc = 0} and estimates of P (D =1 | Sc = 0) in the first scenario are
expected to be somewhere between true P(D=1 | Sc=0) and true P (D=1 | Sc =1). Next,
we will look at second scenario that represent true {Sc = 0} better than first scenario.

3.2. Second Scenario: Inference from Random Sampling of Each Household from Total Population
in Pohang, South Korea

On 25 January 2021, city of Pohang issued an executive order requiring more than
one person to undergo diagnostic tests for every household. By this order, a total of
196,410 people were examined and 43 confirmed cases of COVID-19 (0.02%), while the total
population of Pohang is reported to be 502,736 by January 2021. Using this estimate, §; is
estimated to be 70, and accounting for 6; we have an interval estimate of 0.0001-0.0002. In
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terms of population, the number of undetected asymptomatic patients is estimated to be
5200-10,400. Instead of giving range to 5, we can estimate 5, as a point estimate using the
data from the 43 confirmed cases where 33 cases were asymptomatic patients. We will use
this information to estimate P(Sy = 0| D = 1, Sc = 0), resulting &, to be estimated as 1.88.
Combining &1, 5, we have point estimate of rate of undetected asymptomatic cases in total
population as 0.00013, in terms of population 6,900, which lies mid-way between the above
interval estimate.

This estimate is lower than that that from the first scenario since §; changed from 4.67
to 70. As expected, the result in temporary screening centers had higher positivity rate than
tests held in Pohang, showing those who went on to temporary screening centers were
more likely to be infected than those who were tested randomly from each household from
total population. Estimating P (D =1 | Sc = 0) with only the result from Pohang can be
biased because it is not accurate to assume P (D =1 | Sc = 0) in total population of Korea to
be the same as P (D =1 | Sc = 0) from the city of Pohang.

3.3. Estimation of the Proportion of Undetected Asymptomatic Cases

In the process of deriving the interval estimates from the two scenarios, we performed
sensitivity analysis by varying 6, values from 1 to 2.5, which we showed in the meth-
ods section. In the above two scenarios, the former scenario provides nonconservative
(0.0011-0.0027) and the latter conservative (0.0001-0.0002) estimates of the range of asymp-
tomatic patients and their estimates can be combined to provide a more encompassing
range of asymptomatic patients which takes into consideration random screening and
voluntary screening. For our interval estimates to be robust, it was therefore reasonable to
choose the lower bound value as the smallest value among the lower bounds of the two
scenarios and the upper bound as the highest value from the upper bounds of the two
scenarios. We set the lower bound of our estimate as 0.0001, minimum value from second
scenario, and upper bound as 0.0027, maximum value from the first scenario. Our final
estimate for the proportion of undetected asymptomatic cases of COVID-19 in South Korea
as of 2 February 2021 is 0.0001-0.0027 and in terms of the population, 5200-139,900. We
included the first scenario so that the true proportion of undetected asymptomatic cases is
not underestimated. Figure 2 summarizes estimation result for the two scenarios.

Estimation of undetected asymptomatic COVID-19 patients
South Korea Feb 2, 2021
1.254 8,

1151 Maximum(2.5)
1.104 Minimum(1)

Scenario2 : Obligatory testing in Pohang
Scenario1 : Temporary Screening Center
8,=70
o 0.651 5,=4.67 0.0001 < B (Sc = 0,D = 1,Sy = 0) < 0.0002
X 0604 0.0011 < B (Sc = 0,D = 1,Sy = 0) < 0.0027
- Estimated between 5,200—10,400

- Estimated between 57,000-139,900 - if 8, = 1.88, estimation is 6,900

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
&

Figure 2. Estimation of undetected asymptomatic COVID-19 cases in South Korea, 2 February 2021
for two different scenarios.
3.4. Estimation of Total COVID-19 Patients in South Korea

Along with the inference of the proportion of undetected asymptomatic patients,
it is also possible to estimate the total number of COVID-19 patients in the population
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(Total = undetected cases + detected cases (confirmed)). To estimate undetected cases, which
encompasses both undetected symptomatic cases and undetected asymptomatic cases, we
need an estimate for undetected symptomatic cases, also. This can be done in a similar way
of estimating undetected asymptomatic cases by using the result of P (D =1, Sy =1, Sc = 0)
from Table 1. Summing up the estimates of undetected symptomatic cases and undetected
asymptomatic cases, we estimate undetected yet infected cases to be 10,400-139,900, which
are the upper bound values from the conservative and nonconservative scenarios. This is
because as b, changes from 1.0 to 2.5, the proportion of undetected asymptomatic cases
changes from 40% to 100% leaving the remaining proportion for symptomatic cases. As of
2 February 2021, there were a total of 78,844 confirmed cases in the nation, according to the
Korea Centre for Disease Control and Prevention [11]. Therefore, adding our estimates to
the confirmed cases, the total number of COVID-19 patients in South Korea is estimated to
be 89,244-218,744 people in the population that have COVID-19. This result encompasses
both worst case and conservative scenarios of the pandemic situation of Korea.

4. Discussion

After the first confirmed case of coronavirus appeared in Korea on 20 January 2020,
many strategies and efforts were undertaken to stop the spread of the disease. By combining
testing, contact tracing, early isolation, and the free treatment of positive cases, two days
per week transparent press briefings on COVID-19, voluntary engagement of citizens and
businesses, combined with digital technologies without taking to “lockdown” measures,
South Korea has been able to contain pandemic situation considerably when compared to
other countries, especially in 2020.

However, with the ban on gatherings of more than five persons as part of the gov-
ernment’s special antivirus measures, still 300 to 600 new cases were being reported daily
in February 2021. One can attribute this to the undetected asymptomatic patients that
spread the disease silently since asymptomatic infections have the same infectivity as symp-
tomatic infections. To control and understand the true ongoing reality of the pandemic,
it is therefore of importance to focus on the ratio of undetected asymptomatic cases in
total population.

Our research findings show that as 6; increases, estimates for undetected asymp-
tomatic cases change inverse proportionally. This shows that even though two countries
might have a similar data of confirmed cases, which is what we usually observe from
outside, the ratio of undetected asymptomatic cases could be very different according to

_ P(D=1]Sc=1) . e . .
o1 (— PD=1[5=0) ) 81 can vary according to country’s criteria on screening and knowing

this quantity can explain how the pandemic is really happening inside each country. One
way of estimating 6 is by conducting two-way diagnostic tests. Main diagnostic testing
should focus on the population that is more prone to be infected, which reduces unneces-
sary testing costs and resources and used to make an estimate for P(D =1 | Sc = 1). The
other test should be designed to target the populations {Sc = 0}, which are not suitable for
main diagnostic testing, and it should be used to make an estimate for P(D =1 |Sc =0). In
South Korea, two tests (voluntary and Pohang) that are different from the regular screening
centers were performed which made the estimation of P(D = 1 | Sc = 0) possible.

One can argue that our estimate of P(D =1 | Sc = 0) using data from Pohang can
be biased as it may not represent the whole COVID-19 situation of the country. That
is, there is no evidence that P(D =1 | Sc = 0) = P(D = 1| Sc = 0, Pohang) holds for the
whole country. It would be best to use the data from obligatory random sample test result
nationwide, for estimation of P(D = 1 | Sc = 0); however, this is the best estimate that
can be made with current available data. Secondly, for calculation simplicity we made
two assumptions, PPV =1 and NPV = 1. This is unlikely to be true in real world testing;
therefore, relieving these assumptions could be the next step in making better estimates.

In the future, we hope to find a way of estimating P(D = 1 | Sc = 0) without re-
sorting to two-way tests, which can be done by understanding the relationship between
P(D=1|Sc=0),P(D=1|Sc=1) and screening policy of a country. Since not all coun-
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tries are performing two-way diagnostic test as South Korea does, it is difficult for our
probabilistic model to be expanded internationally directly. However, provided a range
of values 6; and 0, that reflect if we find a way to estimate P (D =1 | Sc = 0) using
P (D=1 1 Sc=1) and screening policy of a country, our model would be expanded to serve
those other regions in the world. Finding an exact relationship between those quantities
could be difficult; therefore, data-driven machine learning technique could be utilized in
the estimation of P (D =1 | Sc = 0) using other data that are relevant for estimating. There
have been many studies related to asymptomatic cases worldwide and variations in screen-
ing policies and genetics among different countries could be useful data for estimating
P(D =11 Sc=0)[20,21]. Lastly, in the process of this analysis, we discovered a Bayesian
approach for the estimation of asymptomatic patients and hope to include this approach in
our future analysis to expand our probabilistic model into more sophisticated statistical
frameworks [22].

5. Conclusions

From this study, we developed a general probabilistic model for estimating the pro-
portion of undetected asymptomatic patients among the population in South Korea. We
devised two scenarios for the estimation using real-world data from temporary screening
centers nationwide and the random sampling tests held in Pohang. By combining these
two real world scenarios, we gave an interval estimation of 5200-139,900 to be the number
of undetected asymptomatic cases in South Korea as of 2 February 2021. We also gave
an interval estimation of total COVID-19 patients (undetected + detected cases) in South
Korea to be 89,244-218,744. We observe that the estimated total number of confirmed cases
is higher than the current number of confirmed cases (78,844). These results show the role
of asymptomatic cases in the spread of COVID-19 which emphasizes the importance of
considering these asymptomatic cases in any prevention plans designed to curb the spread
of COVID-19.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jerph18094946 /51, Detailed derivation of factorized probabilities from the joint distribution
P (D, Sy, Sc, T).
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