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Summary 
Background As of May 1, 2020, there had been over three million of officially 
confirmed cases of novel coronavirus (COVID-19) infections reported worldwide. The 
pandemic originated from a severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a virus similar to severe acute respiratory syndrome (SARS). The dynamics 
of the pathogen incurred the incidence of the unidentified cases that were potentially 
substantial in magnitude. Unparalleled extensive measures, either in terms of 
medical quarantine or non-medical containment, were taken to deplete the growth of 
infected population and thereafter settle down the outbreak. We aimed to estimate 
the gap in sizes and peak dates between the confirmed and unconfirmed, and how 
containment measures impacted the dynamic trajectory of the COVID-19 in Japan. 
We performed simulations and desired to provide meaningful insight for the 
upcoming responses to the outbreak, for which much still remained to be unknown. 
 
Methods To examine the differentiation between identified and unidentified cases, 
and how heterogeneity of medical quarantine and non-medical control were 
associated with the advancement of the outbreak dynamics, we employed the 
susceptible-infected-removed-contained (SIR-C) model that derived from the basic 
SIR concept where the target population was divided into three differentiated 
compartments: (S)usceptibles (be subject to infections), (I)nfected (confirmed 
infections) and (R)emoved (not in the procedure of transmission due to the reason of 
either recovered or died). By applying the transmission model to the latest outbreak 
data in Japan, we established the least-squares fitted estimates parameters and the 
epidemiological trajectory of the COVID-19 pandemic. In compliance with the 
estimated framework, we simulated the ongoing trend of outbreak in Japan by 
calibrating the potential changes in measures ceteris paribus starting April 7, the 
date when the state of emergency was declared. We assumed a variety of settings and 
simulated how the heterogeneity in containment shifted the subsequent 
advancement of the outbreak.  
 
Findings The epidemiologically estimated outcomes with least-squares fitting 
indicated a gap between the confirmed and unconfirmed cases in terms of size and 
peak dates. The saturation size of the reported infections was comparative to the 
unidentified infections in magnitude contingent on the duration of infection (DOI). 
However, peak dates for the former delayed by nearly two-and-half months. The 
declaration of state of emergency incurred changed patterns in social behaviors and 
sub-exponential growth of the outbreak. Medical and non-medical measures were 
effective in controlling the outbreak of COVID-19. By assuming a changed pattern of 
containment measures since April 7, a diminishing growth of infections and reduced 
saturation of cases were to be observed, accompanied by an earlier arrival of peak 
dates. However, the modelled effects of quarantine and control measures vary with 
the unclear infectiousness and the attributes of containment. 
 
Interpretation As the number of infected cases, especially of those asymptomatic, 
mild symptomatic and infection-route-unknown cases, was growing over time, it was 
of importance to verify the assumption of the potential existence of the gap in size 
between those already identified and those not. Our analysis reinforced this by 
quantifying this magnitude. The trend curve of reported cases differentiated from 
unidentified cases with a time-lagged effect. Containment measures, if followed 
effectually, would probably help reduce the spread of epidemic. Our simulations 
suggested that 1% of growth in rate of non-medical containment could approximately 
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predate the peak by 18 days and reduce the peak size by one-thirds. Commensurate 
level of containment effect was to be reached when the rate of medical quarantine 
was increased ten-folds. We thus projected that changes in interventions could lead 
to an earlier peak date but reduced peak size, which could be flattened by calibrating 
the interventions gradually. Limitations of our research include the uncertainties in 
the estimates of duration of infection and the reproduction number.  
 
Funding Philosophy and Social Sciences Association in FuJian, Science and 
Technology Development Center of the Ministry of Education. 
 
 
Research in context 
Evidence before this research 
COVID-19 pandemic was reported to emerge in late 2019 and cases were reported 
ever since. China adopted multiple options of efforts including medical quarantine 
and non-medical measures, such as isolation of cases, physical distancing, contact 
tracing, school closure and workplace shutdown, at a national level to break down 
the spread of COVID-19. By significantly decreasing the likelihood of close proximity 
person-to-person contact, these measures took effect and by the end of March 2020 
the reported cases lowered dramatically. Japan identified its first case of COVID-19 
on Jan 22, 2020 and dynamic exponential-like growth of cases was observed since. 
The investigation of epidemiological feature for containment measures in other 
countries attracted much attention; in contrast, the trajectory for Japan remained to 
be unclear. We searched web of science and science direct for research published in 

English from 2019 up to May 6, 2020, with the terms“coronavirus control or 

containment measures” in combination with “Japan”and identified 6 and 5 results 
respectively. Relatively little was known about the gap in size and in peak time 
between the confirmed and unconfirmed in Japan; how containment measures 
influenced its trajectory of COVID-19 since the state of emergency was declared; and 
how the shift of the pandemic was influenced by the containment.  
 
Added value of this study 
The measures studied were divided into two broad ranges in Japan: medical 
quarantine and non-medical containment. Medical quarantine typically 
corresponded to cases with severe symptoms that need urgent care; in comparison, 
non-medical measures consisted of a wider variety of control by complementing the 
effect of quarantine and corresponded to cases such as asymptomatic, pre-
symptomatic, mild symptomatic patients and the susceptibles. We found that the 
declaration of state of emergency incurred social behaviors change and was in 
connection with subsequent sub-exponential growth of cases. Our study implied the 
essential existence of gap, subsequently quantified its asymptotic size and its peak 
timing between the identified and the unidentified. Time-delaying effect in 
saturation was meaningful in that it provided the information to understand the 
intrinsic intra-correlation of an epidemic like COVID-19. The outcomes of simulation 
implied that early containment measures which linked to a reduced and predated 
peak, were crucial to control further spread. A dynamic transmission model was 
employed to assess the potential trajectory starting the point of emergency 
declaration.  
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Implications of all the available evidence 
The efficacy of containment has been identified in China and induced changes of 
behaviors in individuals responsive to the pandemic where asymptomatic, mildly 
symptomatic and infection-route-unknown cases were not to be ascertained. This 
might be of great importance for developing control strategies for currently yet to be 
convergent communities or possibly subsequent cyclical outbreaks of COVID-19. It 
was of difficulty to estimate the accurate gap in practice; however, asymptotic 
measures could deliver information that tended to be ignored. Medical quarantine 
and non-medical measures were at work during the COVID-19 outbreak and the test 
of heterogeneity on its quantitative and qualitative efficacy in different countries 
might assist to uncover more on the unknown of this pathogen. Parameter-fitted 
simulations could provide decision makers with scenarios not reflected in the 
available information and thus the insights on timely and prioritized decisions even 
in the uncertainties such as COVID-19. 
 
 
Introduction 
The COVID-19 epidemic incurred viral respiratory diseases and pneumonia 
outbreaks worldwide. Countries such as France found that it was already spreading 
in December 2019, a month before the official first cases in the country. It was 

projected that COVID-19 epidemic might have started much earlier than assumed.1 

As of May 1, 2020, confirmed infections reached 3,145,407, including 221,823 deaths 
(i.e., average mortality rate of nearly 7·05%) based on the report by WHO.2 The 
accurate number of unconfirmed cases were to be ascertained. This has potentially 
changed the past concept of local and sporadic outbreaks of epidemics to an 
extensive and compounding cycle of response and recovery.3 A variety of unrivalled 
medical quarantine and non-medical containment measures has been employed in 
response to the SARS-CoV-2 pandemic.4  While comprehensive adverse effects on the 
infected and biological attributes of the pathogen were to be uncovered, countries 
and communities with early isolating of cases, curtailing person-to-person contacts, 
physical distancing, tracing close contact in combination with hygiene practices (e.g., 
utilization of masks or disinfectant) have obtained meaningful control and the 
practice may be of interest to other communities where divergent growth of the 
infections was still under way and where later growth tended to drastically shift from 
earlier baseline at a pace out of expectation. 4, 5  
    The dynamics of human-to-human transmission risk correlated with the external 
interventions coupled with interactions of individuals and other time-contingent 
factors that might impact the trajectory.6 In the unpredicted occurrence where 
information on the transmission fluctuation and routes was incomplete, prompt 
containment, timely screening and isolation evolved to be crucial in control of the 
spread risk of the pandemic. Medical (i.e., pharmaceutical) quarantine was used in 
numerous affected countries, and non-medical (i.e., non-pharmaceutical) measures 
such as physical distancing and contact tracing effectively influenced the trajectory of 
progression in shrinking the outbreak of COVID-19. Local residents were typically 
called upon to stay home when able and to perform physical distancing and hygiene 
practice when not. Control measures aimed at reducing the contact in the population 
delayed the peak and reduced the ultimate size of the epidemic. 7,8  

Discrete spreading events in connection to a later explosion of spread had been 
identified for past SARS outbreak and were not exceptional for COVID-19 epidemic 
as well, unmanageable and random mass movement deteriorated the spread. Hence, 
early shutdown of the transmission routes of these discrete events was of importance 
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to diminish the further spread.9,10 Another concern was that subclinical transmission 
typically caused by asymptomatic or pre-symptomatic individuals might worsen the 
pandemic. WHO estimated that COVID-19 outbreak was still at its preliminary stage, 
thus it was vital to gain updated understanding of the potential effects of available 
control measures in terms of medical and non-medical perspective on the evolution 
trajectory of the pandemic.  

If infectious individuals were to be identified timely and effectively then the 
efficacy of measures could be increased significantly and thus concentrating effort on 
the quarantining of the most infectious cases would be at work than mere random 
control.9 However, such kind of mechanism was compromised during a pandemic in 
which transmission established prior to the onset of symptoms.10 As the rate of 
spread hinged partially on the dynamics of the pathogen such as basic reproduction 
number R0 and the duration of infection, which were defined as the average 
secondary infections for each index case and the inverse of removal rate 
respectively.11 And the greater of these values, the more difficult for the outbreak to 
settle down. Hence, stringent implementation of measures was critical in effective 
interruption of the chains of transmission.12 

Outbreaks of SARS characterized marked differences between the affected regions 
in total infections and epidemic duration, even for those where outbreaks started and 
identical control measures were enacted simultaneously.13 Knowledge was still 
insufficient about COVID-19. Preventing further spread and controlling subsequent 
occurrence of pandemic remained to be a global priority.14 And the existence of 
asymptomatic and pre-symptomatic infections complicated the trajectory of 
epidemic.15 Human-to-human transmission was confirmed in other places of Japan 
since its first identified case.16 Countries could migrate to be worldwide epicenters of 
outbreak unless substantial health interventions at a variety of levels were 
implemented instantly. Large scale of asymptomatic and pre-symptomatic 
transmission in the absence of public health interventions would induce 
international seeding and subsequent local establishment of epidemics inevitable.17,18  

To quantify the gap between the confirmed and unconfirmed cases in terms of 
sizes and peak dates and anticipate how the trend of COVID-2019 spread was 
influenced by the containment, we first performed least-squares fitted parameters 
analysis based on outbreak surveillance data in Japan and then forwarded to the 
simulations of the spread trajectories contingent on the fitting outcome by assuming 
containment changes triggered since the emergency declaration. 
 

State of emergency over COVID-19 

A state of emergency declared by the government as of April 7, 2020 for Tokyo, 
Osaka and five other prefectures to curb the outbreak of COVID-19 effective through 
May 6, 2020 after an alarming rise of infections was observed and extended to 
nationwide later on. A cut of at least 70 percent in human-to-human contact was 
expected. By May 4, it was further extended until the end of that month. The 
declaration enabled prefectures to employ stronger preventive measures, ranging 
from instructing citizens to stay home, avoid “3Cs” (i.e., closed spaces where crowds 
gathered in close proximity), restricting the operation of schools and other facilities. 
It hinged greatly on self-compliance of individuals and no legal penalties for 
noncompliance up to that point.  Government issued a series of economic assistance 
by then, including a uniform subsidy of 10 thousand JPY to each individual and 
support programs for firms in response to the epidemic. 19 
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Methods 

SIR-C model 

The dynamics of the transmission of COVID-19 over time are to be governed by the 
set of differential equations as follows: 

This SIR-C model derives from the standard SIR. 𝑆(𝑡)、𝐼(𝑡) 𝑎𝑛𝑑 𝑅(𝑡) denote the 
time-contingent fraction of the susceptibles, infected and removed cases respectively. 
The total number of population is N with initial infection of one individual and initial 
removed individual of zero. The size of N was acquired from the computation by 
Statistics Bureau of Japan as of April 1, 2020 and fixed to 125·96 million by 
assumption. The outbreak data used the official surveillance information from the 
Ministry of Health, Labor and Welfare of Japan. To account for the potential effects 
on the population resulting from the containment, one new time-contingent 
compartment 𝐶(𝑡) was introduced to quantify the dynamic fraction being medically 
quarantined (e.g., severe cases) and non-medically contained (e.g., susceptibles, 
asymptomatic or mild cases). The sum of both containment is termed as the social 
health effort in outbreak control. In general, 𝐼(𝑡) is the fraction of infections in 
population unable to be exactly identified in practice accounting for aforementioned 
factors. The assumption is that 𝐶(𝑡) maintains a positive and close relation with the 
empirically identified naive cases and thus approximates to the reported cases. 𝜃0 
denotes the rate of non-medical control such as staying at home, physical distancing, 
and hence in general captures the uniform effect on the population including 
asymptomatic, mild-symptom individuals, susceptibles and removed individuals; in 
contrast, 𝜃 typically captures the effect of rate of medical quarantine on the infected 
with severe symptoms. Or equivalently, measures influence the susceptibles, 
asymptomatic, mild- and severe-symptom individuals in an identical way. 
Parameters 𝛼 and 𝛽 quantify the rate of transmission and removal respectively.  For 
this set of first-order differential system, symbolic solution for eq. (1) is: 

 
At its transmission stage, we assume that containment measures impact the 
progression of outbreak in a more dominant way such that the influence resulting 
from the transmission process is to be negligible. Consequently approximated 
solution for the susceptible simplifies to the following:20 

𝜕𝑆(𝑡)

𝜕𝑡
= −𝛼𝑆(𝑡)𝐼(𝑡) − 𝜃0𝑆(𝑡)   (1) 

𝜕𝐼(𝑡)

𝜕𝑡
= 𝛼𝑆(𝑡)𝐼(𝑡) − 𝛽𝐼(𝑡) − 𝜃0𝐼(𝑡) − 𝜃𝐼(𝑡)   (2) 

𝜕𝑅(𝑡)

𝜕𝑡
= 𝛽𝐼(𝑡) + 𝜃0𝑆(𝑡)   (3) 

𝜕𝐶(𝑡)

𝜕𝑡
= (𝜃0 + 𝜃)𝐼(𝑡)   (4) 

𝑆(𝑡) + 𝐼(𝑡) + 𝑅(𝑡) = 1   (5) 

                                     𝑆(𝑡) = 𝑒𝑥𝑝(−𝜃0𝑡) · 𝑒𝑥𝑝 (−𝛼 ∫ 𝐼(𝑡′)𝑑𝑡′
𝑡

0

)   (6) 
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Substitute (7) into eq. (2) and derive the general solution for the practically 
unidentifiable fraction of infected as: 

for the case 𝜃0 ≠ 0 and: 

for the case where  𝜃0 = 0, which catches the effect in which non-medical control 
exerts trivial or no effect at all, or target population is not to respond to the 
containment in a noticeable way. The trend of infected 𝐼(𝑡) hinges on the parameters 
of transmission rate, removal rate, rate of non-medical or medical containment and 

the time. In the non-zero scenario, if F.O.C 
𝜕𝜆(𝑡)

𝜕𝑡
> 0, then unidentified infected 𝐼(𝑡) 

increases over time. In contrast, if F.O.C 
𝜕𝜆(𝑡)

𝜕𝑡
< 0 the opposite trend is to be observed. 

At the locus where 
𝜕𝜆(𝑡)

𝜕𝑡
= 0, 𝐼(𝑡) reaches its saturation (i.e., peak), from which we 

derive the relationship below: 

Where 𝑅𝑐 =
𝛼

𝛽+𝜃0+𝜃
  denotes the effective reproduction number when external control 

measures are to be enacted and 𝑅0 =
𝛼

𝛽
 is the basic reproduction number of no 

containment respectively. Thus, when the rate of non-medical containment increases 
ceteris paribus, 𝑅𝑐 decreases accordingly. Similar trend applies to the case of medical 
quarantine ceteris paribus. Both types of reproduction number capture the 
subsequent infections for each index case on average prior to the removal from the 
transmission. Reduced reproduction number was associated with the slowed-down 
or ceasing spread of epidemic. When the rate of non-medical control measure  𝜃0 is 
infinitely close to zero, the value of  𝑡∗ potentially approximates to a large value such 
that the spread is hard to diminish. In contrast, a larger value of 𝜃0 implies greater 
effort in containment, leading to smaller value of  𝑡∗ and thus an earlier arrival of 
peak dates. Similar analysis applies to medical quarantine rate 𝜃. To establish the 
fitted parameters, we employed the non-linear least-squares of Levenberg–
Marquardt.20 Then a Taylor-series expansion around the point 𝑡: 

Where 𝛥𝑡 is set as the step-size for the asymptotic computation. There are two types 
of intrinsic errors involved in this approach: First, the truncation of the Taylor series 
incurs error that limits the ultimate accuracy of the model. Second, utilization of the 
approximation of 𝐼(𝑡) given by the previous iteration when computing 𝐼(𝑡 + 𝛥𝑡) 
generates an additional disturbance that may accumulate over successive iterations, 

𝑆(𝑡) = 𝑒𝑥𝑝(−𝜃0𝑡)   (7) 

𝐼(𝑡) = 𝐼0𝑒𝑥𝑝 {
𝛼 

𝜃0
((1 − 𝑒−𝜃0𝑡)) − (𝜃0 + 𝜃 + 𝛽)𝑡} = 𝐼0𝑒𝑥𝑝(𝜆(𝑡))   (8) 

𝐼(𝑡) = 𝐼0𝑒𝑥𝑝{(𝛼 − 𝛽 − 𝜃)𝑡}   (9) 

𝑡∗ = 𝑎𝑟𝑔𝑚𝑎𝑥(𝐼) =
1

𝜃0
· 𝑙𝑜𝑔 (

𝛼

𝛽 + 𝜃0 + 𝜃
)   (10) 

𝐼(𝑡 + 𝛥𝑡) = 𝐼(𝑡) +
𝜕𝐼(𝑡)

𝜕𝑡
𝛥𝑡 +

1

2

𝜕2𝐼(𝑡)

𝜕𝑡2
𝛥𝑡2 + 𝑂(𝛥𝑡3)   (11) 
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and hence affects the quantitative sensibility of the method. The approximate 
number of unconfirmed infections at time 𝑡 can be determined by:  

And the inherent association between time-adjacent unidentified infections is given 
by: 

 
In contrast, confirmed cases are to be asymptotically decided by the relation below: 20 

 

 
 
 
To estimate and simulate, part of the parameters was attained from published 
literature as presented in Table, for the remaining we least-squares fitted in 
calibration to outbreak data of Japan. The estimates utilized the cases from January 
22 to May 3. The effect inherent in the containment was to be reflected by the fitting 
outcome, and analysis was performed to evaluate the fitting between discretely 
observed infections and the fitted curves. In the second scenario, since state of 
emergence was formally declared as of April 7, we assumed changed patterns in 
medical quarantine and non-medical containment respectively starting that day and 
simulated the trajectory of outbreak beyond the point contingent on the least-
squares fitted parameters ceteris paribus. Research estimated that the mean basic 
reproduction number of SARS-CoV-2 was to range between 2 and 7.11,22 The practice 
in China had also shown that a value of 6.2 for the basic reproduction number 
qualitatively worked well.20 The effective reproduction number was estimated to be 
2.48 in our study. Transmission dynamics of COVID-19 caused it difficult to identify 
and target risk groups. The virus was highly infectious and had a long but still 
uncertain transmission window as partial infections were ascertained to start prior to 
the onset of symptoms. According to announcement by WHO, the incubation period 
of COVID-19 ranged from 1 to 14 days with median estimates of 5 days.  The removal 
rate consisted of the sum of recovery and mortality rate, it was known that variation 
existed in the removal procedure for the infected contingent on the status of sickness 
and the potential lasting health problems resulting from COVID-19. The duration of 
infection was defined as the inverse of the removal rate, and heterogeneity was found 
in its distribution. The variation of duration of infection was estimated to be in a 
fuzzy range of [3d, 20d].20 However, this duration could potentially also vary in a 

𝐼(𝑡) = 𝐼0𝑒𝑥𝑝{𝑡[𝛼𝑅𝑐
−0.5(1 + 0.5𝑙𝑜𝑔(𝑅𝑐)) − (𝛽 + 𝜃 + 𝜃0)] − 0.5𝛼𝜃0𝑅𝑐

−0.5𝑡2}   (12) 

𝐼(𝑡 + 1) = 𝐼(𝑡)𝑒𝑥𝑝{[𝛼𝑅𝑐
−0.5(1 + 0.5𝑙𝑜𝑔(𝑅𝑐)) − (𝛽 + 𝜃 + 𝜃0)]

− 0.5𝛼𝜃0𝑅𝑐
−0.5(1 + 2𝑡)} 

  (13) 

�̃�(𝑡) = 𝐼0 (
𝜋

2
)

0.5
· (𝜃 + 𝜃0) · (𝛼𝜃0)−0.5𝑅𝑐

−
2𝛽+2𝜃+𝜃0−2𝛼𝑅𝑐

−0.5

4𝜃0 ·

𝑒𝑥𝑝 (
𝛼2𝑙𝑜𝑔2(𝑅𝑐)+4(𝛼−𝑅𝑐

0.5(𝛽+𝜃+𝜃0))
2

8𝛼𝜃0𝑅𝑐
0.5 

) · {𝑒𝑟𝑓 (
−𝛼𝑙𝑜𝑔(𝑅𝑐)+2𝑅𝑐

0.5(𝛽+𝜃+𝜃0)+2𝛼(𝜃0𝑡−1)

80.5𝛼0.5𝜃0
0.5𝑅𝑐

0.25 ) −

𝑒𝑟𝑓 (
−2𝛼+𝛼(−𝑙𝑜𝑔(𝑅𝑐))+2𝑅𝑐

0.5(𝛽+𝜃+𝜃0)

80.5𝛼0.5𝜃0
0.5𝑅𝑐

0.25 )}  

  (14) 
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narrower interval of [5d, 20d].21 We found that a 16-day of duration fitted the 
outbreak well.  To check, we explored how the differentiation in duration of infection 
affected the trajectory of outbreak by increasing its values from 8 to 18 days with a 
step of 2-day increment. The least-squares estimate for 𝜃 was close to the boundary, 
which implied that the medical quarantine was not at work in its equilibrium and a 
low capacity of healthcare was to be assumed. 
 

 
 

 Value References 

Base reproduction number without any 

containment:  𝑹𝟎 =
𝜶

𝜷
 

6·2 Maier et al20 

Transmission rate: 𝜶 [d-1] 0·39 Calculated from 𝑅0 and 𝛽 

Duration of infection:
𝟏

𝜷
 [d] 16 Assumed 

Medical quarantine rate: 𝜽 7·6e-10 Least-squares Fitted 

Non-medical containment rate: 𝜽𝟎 0·016 Least-squares Fitted 
Effective reproduction number with 

containment: 𝑹𝒄 =
𝜶

𝜷+𝜽+𝜽𝟎
 

2·48 Least-squares Fitted 

Table: Parameters of the SIR-C model 

 

 

 

The typical scenarios in which containment is to be employed in response to an 
epidemic can be summarized in their simplest (Figure 1). This applies to a setting in 
which the capacity or quality of healthcare is not at full performance or the capacity 
is of relative tininess. In the case in which equilibrium of healthcare is not to be 
presumed, treatment of infections is to be differentiated depending on infectiousness, 
symptoms and the accommodation capacity of the healthcare system. Privilege is 
given to severely symptomatic cases and thus immediate medical quarantine is 
needed. In contrast, asymptomatic or mild-symptom patients are typically 
recommended to comply with the strategy of non-medical containment by staying 
home or at locally assigned places. The dynamics of COVID-19 updates this by either 
deteriorating to severe infections or recovering from it. Severe symptomatic patients 
might recover or die from the intense medical quarantine by chance. For the general 
population, non-medical containment is enacted such as the necessity of hygiene 
practice or physical distancing.  
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                                 mild or asymptomatic             
 
A:Susceptibles     Infected                                                                                       Removed 

 
                                                severe            
 
B:Susceptibles    Infected                                                                             Removed 

 

                                         
       mild or asymptomatic                                   severe 
 
 
C:Infected                                                                                                                             Removed                                                                                                                                  

 

          susceptible to infection 

 
D:Susceptibles            

 

                             

          likelihood of re-infection is unclear 

 
E:Recovered 
 

Figure 1: SIR-C model and procedure of containment contingent on symptoms, infectiousness 
and capacity of healthcare 
We divided the population into Susceptibles, Infected, Removed (either recovered or died) and Contained 
(either medically quarantined or non-medically contained) individuals. SIR-C= susceptible- infected-removed-
contained. Each denotes one scenario that potential control is to be employed in response to the outbreak. 

 
 

Results 
In the first scenario, we estimated the least-squares fitted results for the confirmed 
and unconfirmed cases with presumed effective reproduction number as well as 
duration of infection (presented in table) by using outbreak data of Japan from late 
January to early May (figure 2). In the subsequent scenarios, we then inherited all 
the fitted parameters but the rate of control with the utilization of an increment of 
one-day step. We calibrated the changes with respective to each containment starting 
the state of emergence to forecast the preliminary evolution trajectory of the 
outbreak beyond that point (figure 3; figure 4).  

The estimates implied that the peaks of the unconfirmed and the confirmed did 
not coincide. The dates of peak for the former occurred around May 6 whereas it was 
delayed almost two-and-half months for the latter, which reached its peak around 
late July. In contrast, the ultimate saturation in magnitude for both was at a 
commensurate level, indicating approximately 34 thousand cases. At a time in 
between the two spikes, identified cases were to continue growing but unidentified 
cases started to decrease. Prior to the saturation of the unidentified, the size of gap 
was increasing over time but the opposite was to be observed after its summit was 
past and thereafter the pandemic faded gradually out or became the next starting 
point of recurrent outbreaks, as would be corrected by the dynamics of COVID-19.  
The estimate indicated that at a certain point after the state of emergence, the 
confirmed infections shifted to a sub-exponential or algebraic growth. Hence, it was 
projected that the state of emergence took effect and slowed down the initially 
exponential-like trajectory of outbreak (figure 2).   

medical quarantine 

non-medical containment 

non-medical containment medical quarantine 

non-medical containment 

non-medical containment 
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Figure 2: Estimates of confirmed 𝑪(𝒕) and unconfirmed 𝑰(𝒕) cases of COVID-19 
in Japan from late January to early May 
Parameters estimates were performed in calibration to reported cases predating May 4 
based on least-squares fitting. Basic reproduction number without containment and 
duration of infection were set to be 16 days respectively. The effective reproduction 
number with containment was estimated to be 2·48. April 7 was the first date of state of 
emergence. The model predicted the inherent gap in size between the confirmed and the 
unconfirmed cases. The former peaked around July 21. In contrast, the latter saturated 
around May 6, almost two-and-half months earlier. Peak magnitude for both was at the 
commensurate level, approximated to 34000 cases. Lines of markers corresponded to the 
outbreak surveillance data of Japan from January 22 to May 3. 

 
 

 

 

The simulations presented the association between the trend of unrevealed cases and 
the change in rate of non-medical containment ceteris paribus. Suppose an existence 
of change in containment rate starting April 7, in the case in which the rate of 
containment increased by 1%, the saturation date was projected to antedate nearly 18 
days compared to no concurrent change at all, shifting to an earlier date of April 18, 
accompanied by a reduced peak size of 22590 cases (almost one-thirds decrease). It 
was to observe a greater downsize trend if the rate of containment increased by 5%, a 
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near 37·4% of reduction in peak and date of saturation occurred almost three weeks 
earlier. The slowing-down effect was to shift to a decaying trend when rate of 
containment inflated by 20% or more, causing a faster pace of dying out of the 
outbreak. To achieve significant decrease in the unidentified cases such as 90% or 
more cut down in size by May 6, more stringent containment had to be enacted. It 
was postulated that increasing the rate of non-medical containment by 50% or more 
might potentially achieve this objective (figure 3). 
 

 

 
Figure 3: Simulations for confirmed and unconfirmed cases of COVID-19 with a 
change in rate of non-medical containment  
All parameters in the simulations were time in-variant and inherited from the least-squared fitted 
values except the rate of non-medical containment. We assumed rate changes took place as of 
April 7, when the state of emergence was declared. The data inside the arrows denoted the dates of 
saturation and its magnitude. 

 

 

In the scenario where rate of medical quarantine changed, the reduction in effective 
reproduction number would cause the pandemic to slow down or extinguish. This 
hinged on factors such as the capacity and quality of healthcare. Simulations 
conditional on this assumption illustrated the potential reduction in size as of April 7. 
If the rate of medical quarantine grew by 10-folds, it was projected that the peak date 
would come roughly 17 days earlier with a reduced peak size of 23144 infections. This 

is at a commensurate degree of cutting compared with one percent of growth in the 
rate of non-medical containment. The more increase in the rate, the greater 
curtailing effect on the peak size and earlier arrival of peak dates. A quarantine rate 
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of 0·03 per day or larger could cause a decaying trend in the number of unidentified 
cases and thus a speedier extinguishment of the pandemic (figure 4). The curves also 
indicated that to achieve an at least 90% of depletion in cases, the rate of medical 
quarantine was to change at a value of 0·08 per day or more. Note that initial least-
squares estimate of it was to fluctuate around the boundary, therefore this suggested 
a remarkable change in the quarantine. 
 

 
 

 
Figure 4: Simulations for confirmed and unconfirmed cases of COVID-19 
with a change in rate of medical quarantine 
All parameters in the simulations were fixed to the least-squared estimated values but 
the rate of medical quarantine. We assumed a sole change of quarantine rate occurred as 
of April 7. The data inside the colored arrows stood for the dates of maximum unrevealed 
infections and the magnitude. When rate of quarantine increased from 0·005 to 0·01 per 
day, dates of saturation occurred roughly three days earlier and reduction of almost 1500 
cases. A decaying effect was to be observed at a point in between rate of 0·01 and 0·03. 
And a rate of 0·3 per day caused the outbreak to be controlled with efficacy by the end of 
three months since the first case was detected. 

 
 
 
 
 

To evaluate how differentiation in DOI impacted the trajectories of confirmed and 
unconfirmed cases, we altered its size from 8 to 18 days following a step of two-day 
increment. The difference of 10 days in DOI incurred 13399 (or around 56%) cases 
of increase for the unconfirmed, and the dates of peak relocated from April 22 to 
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May 10, from which 18 days of shift was estimated. Similar trends were to be 
observed for the confirmed cases. By late July, all the curves of confirmed cases 
approximated to their saturation in magnitude asymptotically. Hence, the longer 
days of DOI, the longer of time to get to the peak of outbreak and the larger of peak 
size.  This applied to trajectories of the confirmed and the unconfirmed identically. 
By asymptotical computation, every two-day increase of DOI was to linearly 
postpone the peak dates by three to four days; however, the growth in peak size did 
not present a similar linear trend. Initial growth of 1529 cases then rose to 2103 on 
the subsequent step, thereafter 2656, 3232 and 3879 respectively. Thus, in a similar 
vein when the DOI was to be lengthy, the saturation magnitude of the outbreak was 
projected to be sizeable. In contrast, when the DOI was relatively short, the spread 
was to be contained more rapidly. At low levels of DOI, the peak magnitude of the 
unconfirmed potentially surpassed the magnitude of the confirmed, and this trend 
shrank with the increase in DOI. Uncertainty in the dynamics of pathogen might 
partially contribute to this, however, the size of both generally maintained at 
comparable levels. 
 

 
Figure 5: Effect of different duration of infection (DOI) on the confirmed 
and unconfirmed COVID-19 cases 
Change DOI from 8 to 18 days by a two-day increment of step, the dates of saturation 
switched from April 22 to May 10 and the peak size increased from around 24 thousand 
to around 38 thousand cases. By late July, all confirmed infections tended to saturate at 
commensurate levels. 
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Discussions 
We found the quantitative and qualitative correlation between the revealed and 
unrevealed cases in peak dates and sizes contingent on presently available 
surveillance data. The dates of saturation for the unidentified did not occur 
simultaneously with the formally identified, implying the fundamental existence of 
the gap. It predated by nearly two-and-half months. In contrast, the peak size of both 
was at a comparative level. Both estimates hinged on the duration of infection. Prior 
to the saturation of the unidentified, the gap in size increased over time; in contrast, 
the opposite was to be observed when the summit was reached. A lengthier duration 
postponed the peak dates and enlarged the peak size accordingly, causing the 
outbreak more difficult and thus costly to settle down. The changes in the rate of 
medical quarantine and non-medical containment could quell the trend of 
unidentified cases and thus the spread. In a setting where the capacity of healthcare 
was presumed with relative stability, non-medical containment such as staying home 
or at local places, physical distancing and tracing close contact was to implement 
with priority. Our simulations implied that it could potentially incur a comparative 
level of effect when effectively followed.  We projected that under an interval [8d,18d] 
for duration of infection, the peak size of COVID-19 outbreak in Japan would be of a 
range 24 to 38 thousand of  unidentified infections, the peak dates of which would 
potentially fluctuate between late April and mid of May. Although a commensurate 
level of peak size could be expected for the confirmed cases, the time of saturation 
presented a delaying effect and converged until late May to late July hinging on the 
strength of the infectiousness. The declaration of state of emergency changed the 
initial exponential growth to the extent where peak date of outbreak would occur at a 
point around July.  For the unidentified, this saturation might come at an earlier 
time, probably within the window of the emergency or by the end of May. 

The trajectory of epidemic reflected the interactions of external containment 
strategies and the transmission factors coupled with changed behaviors in response 
to the outbreak. The heterogeneity in confirmed and unconfirmed cases, rate of 
quarantine and containment did influence the trajectory of outbreak. And this 
heterogeneity prospectively played its role during the first couple of months. One 
percentage increase in the rate of non-medical antedated the peak date by nearly 18 
days and a size reduction of almost one-thirds. If the rate of medical quarantine 
increased by 10-folds, the peak date would arrive roughly 17 days earlier with an 
almost 33 percent cutting in peak size. We projected that confirmed cases were to 
saturate in late July or that time around and unidentified cases were to peak prior to 
that time, almost two-and-half months earlier. More stringent containment was of 
necessity in order to acquire greater diminishing effect on the outbreak. 

The forecasts could potentially be impacted by other omitted factors such as 
capacity (e.g., pathogen testing capacity) and quality of healthcare, changing 
biological effects, social (e.g., the degree of shared sense of crisis in population) and 
spatial heterogeneities.23,24 Spatial variations such as structure of population mixing 
were found to exist, as the prefectures close to Tokyo were most populated in Japan. 
And for these communities, more stringent quarantine adherence was needed to a 
more flattened curve of outbreak.25 In the case resistance to drastic disease-control 
measures was at work, rising infection rates and mortality, coupled with scientific 
uncertainty about COVID-19, the curve of infections would fluctuate with larger 
uncertainty. We estimated the scenarios where medical quarantine and non-medical 
containment impacted the trends of COVID-19 pandemic. Preventing further 
transmission by decreasing the potential channels of infections and effective 
reproduction number. However, the feasibility of these strategies was to be 
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compromised if the number of infected reached a threshold of the total population. 
One critical factor was how asymptomatic, pre-symptomatic and mild-symptomatic 
individuals responded to COVID-19 in regard to the feasibility of prevention of a 
second-time outbreak. Other factors that might impact the trajectory of the COVID-
19 pandemic were not accounted for in our model as well. In the case where 
presumed assumptions were relaxed, the likelihood in connection with differentiated 
scenarios would increase. The simulation based on the fitted parameters indicated 
that the unidentified cases were generally larger than the reported cases. We 
investigated a range of scenarios where the heterogeneity of containment changed 
the trajectory of the transmission. As uncertainty existed in the factors such as the 
interval of infectiousness for asymptomatic, non-medical containment would be of 
importance to enhance the effect of control in combination with medical quarantine. 
The model could be modified to incorporate other unaccounted factors impacting the 
dynamics of the transmission, which would implicitly alter the trend of the COVID-
19 outbreak. To avoid and control spread in randomness, the first couple of months 
might be of great importance. 7,8 As clinical knowledge of this novel pathogen and its 
dynamics accrues, it is feasible that outcomes will improve. It therefore will be of 
concern to revise these estimates as epidemics unfold.26  

And because of the asymptotic approach utilized, qualitative evidence was to be 
established. The inherent relationship between the confirmed and unknown cases 
was asymptotically identified and hence its precision was up to the point where the 
inherent approach applied. The analysis could not differentiate the efficacy of 
specific containment, nor could it differentiate the effect for the asymptomatic, pre-
symptomatic, symptomatic and infection-route-unknown compartment respectively. 
However, it reinforced other findings by showing that medical and non-medical 
control, when timely and successfully implemented, were feasible in decelerating or 
even diminishing the spread of the pandemic: with an earlier arrival of peak dates 
and reduced peak sizes.  This could be informative when it was too lengthy for the 
outbreak to converge and when it was to accurately interpret the outbreak as “plus 𝛼” 
resulting from the dynamics. The meaning of this study partially lied in that we 
asymptotically identified the quantitative size of this. Containment measures were 
preferred to be performed at an earlier stage and the effectiveness has been 
identified in other countries and past outbreaks. Changes of behaviors were observed 
in response to the epidemic where asymptomatic, mild- and pre-symptomatic 
infections were not to be ascertained. The might be of great importance for 
developing control measures for presently widely spread  secondary or future 
recurrent outbreaks of COVID-19.  

While Japan may not be one of the countries with the highest infections or highest 
mortality rate of COVID-19 per capita worldwide to date, it has been listed as one of 
the chains transmissions resulting in extensive spread.2 Multiple important lessons 
emerged in that integration of healthcare services across sectors amplified the 
resilience to respond to shock; misinformation remained to be unresolved and the 
mutual trust of patients, professionals, and society as a whole in response to the 
health crisis.27 As the capacity of healthcare became overwhelmed, the coordination 
between local healthcare providers and local government was to be another 
challenge. To avoid recurrent outbreaks of SARS-CoV-2 after the initial pandemic 
wave, it was critical that the capacities of healthcare were not to exceed its saturation 
absent other interventions. Discussions thus far hovered over the comparatively low 
number of Covid-19 tests in Japan, less than 2 per 1,000 individuals compared with 
12 in South Korea and 18 in the US up to the point. "Personnel-related bottlenecks" 
was supposed to hinder the broader use of polymerase chain reaction (PCR) to 
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screen for the virus. In contrast, the effectiveness of pathogen testing has been 
confirmed in other countries.28 The dynamics of COVID-19 caused the intrinsic 
existence of individuals with undetected SARS-CoV-2 infection. It is of priority to act 
according to WHO’s recommendations of a combination of measures: rapid and 
adequate diagnosis, immediate isolation of confirmed cases, rigorous tracking and 
precautionary self-isolation of close contact. Medical quarantine and non-medical 
control have been implemented by other countries to prevent further spread and 
helped reduce the imported or exported cases.18  

While it is critical to balance the control of spread and economic impact from 
COVID19, when this is not feasible then priority is to be taken.29,30 The transmission 
of COVID-19 was supposed to be more infectious than past SARS outbreak.31 
Infectiousness was estimated to peak on or before symptom onset, and thus many 
infections potentially took place in an unnoticeable way. Disease control measures 
should be adjusted to account for probable substantial subclinical transmission.32  
COVID-19 had more severe pre-symptomatic and asymptomatic infections than 
influenza A and SARS and clinical studies were to evaluate the viremia and the 
dynamics in individuals. Heterogeneities might exist in the between-communities 
measures as well as in the responses to containment, growth in sporadic events could 
overwhelm the contact tracing system, leading to the necessity for broader-scale 
social interventions. Ongoing data collection, epidemiological analysis and alongside 
clinical research on COVID-19 are therefore essential parts of assessing the impacts 
of measures.29 Prolonged or intermittent non-medical measure such as social 
distancing may be of necessity years ahead.31 This might potentially redefine the 
daily routine that we are experiencing by this time.23  

It was shown that the crude size of epidemic could be roughly estimated based on 
its initial dynamics under certain public health interventions. The possible 
trajectories of an outbreak hinged on the levels of public health interventions such as 
quarantine and precautionary measures.33 The uncertainty of the timing and 
duration of peak was contributable to multiple factors, including stochasticity in 
early dynamics, heterogeneities in contact patterns, spatial variation and dynamics of 
the epidemiological parameters.29 

SARS was eventually contained by means of prompt isolation, strict quarantine of 
contacts, and top-down enforcement of community containment and COVID-19 
outbreak of the first wave has been controlled in some countries to date. Striking 
similarities between SARS and COVID-19 were identified, but more difference was to 
be ascertained. Even if traditional public health measures are incapable to 
completely contain the outbreak of COVID-19, they will still be operative in reducing 
the peak incidence and mortality when no vaccine is available.34 

While rigorous control policies were to associate with a slower growth in cases, in 
the extremity where stay-at-home restrictions are unlikely to be the one-shot deal, a 
gradual approach to restrictive measures might be of necessity.23 It will be 
particularly meaningful to design measures for long-term medical and non-medical 
control of COVID-19, along with large scale testing and contact tracing and isolation. 
Research should concentrate on refining specific estimates of susceptibility to 
infections, which is instrumental to appraise the impact of these strategies.28 In the 
absence of effective measures, pandemic spread widely and thus considerable effort 
at a variety of levels was of necessity for the outbreak to settle down. Such efforts will 
be essential to quench local outbreaks and reduce the risk of further global 
dissemination.35,36 Protective measures would compromise the effectiveness as cases 
accrue or the later dynamics altered significantly, in which optimization of the 
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treatment and the development of specific medicine would be of priority when the 
costs of herd immunity were misestimated.37,38 

In conclusion, the dynamics of COVID-19 incurred the intrinsic gap in the peak 
sizes and the peak dates between confirmed and unconfirmed cases. Interventions 
based on medical quarantine and non-medical containment present a strong 
potential to reduce the magnitude of peak sizes and cause an earlier arrival of peak 
dates of COVID-19 outbreak in Japan. Lowering and flattening of the pandemic peak 
is particularly of concern, as this reduces the acute pressure on the healthcare system 
as well as on the society. When it is of difficulty to pinpoint the next epidemic, the 
measures taken as of today would matter. 16,39 
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