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Abstract 

Background:  Understanding the characteristics and natural history of novel pathogens is crucial to inform success‑
ful control measures. Japan was one of the first affected countries in the COVID-19 pandemic reporting their first case 
on 14 January 2020. Interventions including airport screening, contact tracing, and cluster investigations were quickly 
implemented. Here we present insights from the first 3 months of the epidemic in Japan based on detailed case data.

Methods:  We conducted descriptive analyses based on information systematically extracted from individual case 
reports from 13 January to 31 March 2020 including patient demographics, date of report and symptom onset, symp‑
tom progression, travel history, and contact type. We analysed symptom progression and estimated the time-varying 
reproduction number, Rt, correcting for epidemic growth using an established Bayesian framework. Key delays and 
the age-specific probability of transmission were estimated using data on exposures and transmission pairs.

Results:  The corrected fitted mean onset-to-reporting delay after the peak was 4 days (standard deviation: ± 2 days). 
Early transmission was driven primarily by returning travellers with Rt peaking at 2.4 (95% CrI: 1.6, 3.3) nationally. In the 
final week of the trusted period (16–23 March 2020), Rt accounting for importations diverged from overall Rt at 1.1 
(95% CrI: 1.0, 1.2) compared to 1.5 (95% CrI: 1.3, 1.6), respectively. Household (39.0%) and workplace (11.6%) expo‑
sures were the most frequently reported potential source of infection. The estimated probability of transmission was 
assortative by age with individuals more likely to infect, and be infected by, contacts in a similar age group to them. 
Across all age groups, cases most frequently onset with cough, fever, and fatigue. There were no reported cases of 
patients < 20 years old developing pneumonia or severe respiratory symptoms.

Conclusions:  Information collected in the early phases of an outbreak are important in characterising any novel 
pathogen. The availability of timely and detailed data and appropriate analyses is critical to estimate and understand 
a pathogen’s transmissibility, high-risk settings for transmission, and key symptoms. These insights can help to inform 
urgent response strategies.
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Introduction
Japan’s response to the COVID-19 pandemic in the 
first three months was successful in preventing an ini-
tial severe wave of SARS-CoV-2 transmission despite 
the absence of stringent lockdown policies adopted in 
other high-income countries [1]. Emphasis was placed 

Open Access

*Correspondence:  n.imai@imperial.ac.uk

MRC Centre for Global Infectious Disease Analysis, School of Public Health, 
Jameel Institute, Imperial College London, London, UK

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12879-022-07469-1&domain=pdf


Page 2 of 9Imai et al. BMC Infectious Diseases          (2022) 22:493 

on border control, intensive backward contact-tracing, 
and identification of clusters [2]. Detailed cluster inves-
tigations informed Japan’s “3-Cs” strategy of encouraging 
individuals to avoid “crowded places”, “close-contact set-
tings”, and “confined and enclosed spaces” that was sub-
sequently adopted by the World Health Organization. 
The “3-Cs” include spaces such as restaurants, crowded 
public transport, nightclubs, or close and/or pro-
longed social settings such as funerals [3–5]. When the 
first “state of emergency” (SOE) order was lifted on 25 
May  2020, 16,445 cases and 846 COVID-19 deaths had 
been reported in Japan [6]. However, community trans-
mission increased after the SOE was lifted and the emer-
gence of more transmissible variants of concern (VOCs) 
such as the alpha [7], delta [8], and omicron variants [9] 
drove multiple waves of transmission. As of 8 February 
2022, over 3.3 million cases and over 19,000 deaths have 
been reported nationally [10].

Understanding the characteristics and natural his-
tory of novel pathogens is crucial to inform success-
ful control measures. Here we analyse data from the 
first three  months of the COVID-19 epidemic in Japan 
and characterise the transmissibility, high-risk settings 
for transmission, age-dependent probabilities of trans-
mission, and clinical progression. These metrics are 
important for characterising the potential threat of the 
outbreak and to identify opportunities for interventions.

Methods
Data collection
We systematically reviewed case reports published by 
the Ministry of Health of Japan for the period 14 January 
(date of the first reported case) to 31 March 2020 [11]. 
Information on age (decade), sex, and geographic loca-
tion of the case, dates of report, symptom onset, symp-
tom progression, hospitalisation, death or recovery, and 
suspected exposure, healthcare seeking behaviour, and 
travel history were manually extracted. For cases with 
known epidemiological links, we also collected informa-
tion on the number and type of contacts.

Information on interventions implemented in Japan 
were collated from the Oxford COVID-19 Government 
Response Tracker (OxCGRT)  [12] and from a manual 
search of Ministry of Health announcements and media 
reports [11]. The two datasets were then cross-checked 
and collated (see supporting information). Mobility 
data were extracted from the V-RESAS website which 
reported the average percentage mobility change com-
pared to 2019 baselines [13].

Delay distributions
We fitted a discrete gamma distribution to the observed 
delay from symptom onset to case report. We estimated 

the peak of the observed symptom onset dates by mul-
tinomial bootstrapping sampling with replacement using 
the R package incidence [14], and estimated the growth 
or decay rate before and after this peak. As shorter delays 
are more likely to be observed during a growing epi-
demic, this can bias naïve estimates of delay distributions 
[15, 16]. We therefore corrected the fitted distribution 
accounting for the growth and decline of the epidemic 
before and after this peak.

Due to the delay in reporting of cases, the observed 
incidence is necessarily incomplete. We used the delay 
from symptom onset to report to identify a trusted 
period defined as the date by which 95% of the cases have 
been reported. We use the incidence in the trusted period 
to estimate the time-varying reproduction number, Rt.

Time‑varying reproduction number, Rt
We quantified the transmissibility as measured by the 
reproduction number (Rt, the average number of second-
ary cases infected by one individual) using an established 
approach [17–19] implemented using the R package 
EpiEstim [20] from case incidence by date of onset over 
a 7-day sliding window. We assumed a gamma distrib-
uted serial interval (time between symptom onset in a 
case and their infector in a chain of transmission) with 
mean 7.8 days and standard deviation 5.2 days [21]. We 
assumed that the daily incidence can be approximated by 
a Poisson process using the renewal equation:

where I localt  is the incidence of locally acquired cases on 
day t, Rt the reproduction number on day t, It−s is the 
total incidence cases on day t – s, and w is the probabil-
ity mass function of the serial interval. We truncated the 
incidence curve using the trusted period defined above to 
account for the symptom onset to reporting delay. Rt was 
only estimated over the trusted period. As a sensitivity 
analysis, we also used the naïve fitted onset-to-reporting 
delay to truncate the incidence and estimate Rt.

We accounted for imported cases which can bias the 
estimation of Rt [22] and compared this to estimates 
assuming all reported cases were locally acquired.

Contact types over time
Exposure types were aggregated from 32 unique initial 
categories into 8 broad categories; (i) care facility; (ii) 
cruise ship; (iii) health care; (iv) household or family; (v) 
live music venues; (vi) sport facilities; (vii) tourism; and 
(viii) workplace or education. We estimated the change 
in the cumulative proportion of cases with known and 

I localt ∼ Poisson
(

Rt

∑t

s=1
It−sws

)

,
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unknown exposure types attributed to these 8 categories 
over time.

Age‑specific transmission matrix
We estimated the age-specific transmission matrix using 
transmission pairs where a case was linked to a known 
infector(s). Where multiple possible infectors were 
reported, one entry was included for each linked pair. The 
infector case was defined as the source of infection and 
the secondary case was the infectee. Linked transmis-
sion pairs were defined as pairs of COVID-19 cases with 
known contact within a specified timeframe (≤ 10 days). 
Any pairs with missing data on age or date of symptom 
onset were excluded. Serial intervals between the linked 
pairs were calculated and pairs with negative serial inter-
vals greater than ten days were excluded. A bootstrap 
approach, using random sampling with replacement, was 
used to estimate the probability of linked transmission 
pairs of each age-group. From the full line-list of linked 
transmission pairs, N samples were drawn (where N 
is the number of all linked pairs) and the probability of 
transmission occurring between age-groups i and j was 
calculated as follows:

where the numerator describes the frequency of all 
transmission events from an infector in age-group i to 
an infectee in age-group j and is divided by N. This was 
repeated 1000 times, and the median, 2.5th  and 97.5th 
quantiles are presented.

Symptom progression
We examined the progression of symptoms after reported 
onset. Symptoms were classified into common groups, 
for example, “difficulty breathing” or “breathlessness” 
were both classified as “respiratory symptoms”. The first 
date that each symptom type was reported was extracted 
from the case reports to produce a distribution of time 
to first report of each symptom group for each decadal 
age group. To assess for significant differences between 
the progression of symptoms in each age group, we per-
formed a two-sample Kolmogorov–Smirnov test [23, 24]. 
This tests the hypothesis that both samples, in this case 
the samples of time from reported onset of any symptom 
to first occurrence of a specific symptom for each age 
group, are drawn from the same continuous distribution. 
We reject this hypothesis if the p-value of the statistic is 
below 0.05. For some individuals, a particular symptom 
group may not be reported at any stage. To emphasise 
that this symptom progression was different, we set the 
symptom onset time for these individuals by sampling 

p
transmissioni→j=

∑ infectori :infecteej
N

,

from a normal distribution with mean minus  100 and 
standard deviation 1. Note that in age groups with few 
individuals, there may be insufficient samples to produce 
a significant result and thus fail to reject the hypothesis 
that the samples are drawn from the same distribution.

All analyses were conducted in R version 3.6.3 [25].

Results
Demographics, travel history, and exposure types
A total of 2,116 cases of PCR-confirmed SARS-CoV-2 
were reported in Japan between 14 January and 31 March 
2020. 1,487 cases had a reported date of symptom onset 
ranging from 3 January to 31 March 2020. 178 (8%) indi-
viduals were asymptomatic at the time of testing positive, 
and 15 (0.7%) cases were repatriated from Wuhan City, 
China. 247 cases (12%) had a recent history of interna-
tional travel, and 1,617 cases (76%) were locally acquired. 
Travel history was unknown for 252 cases (12%). Of the 
imported cases with known travel origin, the majority 
(n = 151, 61%) were from Europe, 28 (11%) were from 
USA, 26 (11%) were from China, and the remainder from 
other countries and regions. Of the cases with reported 
sex, 58.2% (n = 1101/1,893) were male. Age was reported 
to the nearest decile with the highest number of cases 
reported in the 50- to 60-year-old age group (n = 338, 
18%, Additional file 1: Fig. S1). By 31 March 2020, 45 of 
47 prefectures (96%) had confirmed cases of COVID-19 
with Tokyo (n = 485, 26%), Osaka (n = 227, 12%), Hok-
kaido (n = 172, 9%), Aichi (n = 155, 8%), and Hyogo 
(n = 140, 7%) the top five affected prefectures. 38% of 
cases (n = 798) had a known contact or contact type with 
a SARS-CoV-2 PCR-confirmed case. Household and/or 
family contacts were the most frequently reported close 
contact type (39.1%), followed by care homes (21.6%) and 
workplaces (11.6%) (Additional file 1: Fig. S2).

Interventions and transmission
Japan quickly designated SARS-CoV-2 as a quarantin-
able infectious disease and established the COVID-19 
Task Force two-weeks after the first reported case. Travel 
restrictions to and from Hubei and Zheijang provinces in 
China were implemented on 1 February 2020, and testing 
was expanded on 12 February to include anyone with res-
piratory symptoms or a fever regardless of travel history. 
From 25 February a series of interventions [2] were intro-
duced including self-isolation if symptomatic, requested 
suspension of large-scale gatherings, information cam-
paigns for hygiene measures, and the establishment of 
the Cluster Response Team (Additional file 1: Table S1). 
Although none of these measures were legislated, 
national school closures on 2 March led to a gradual 
decline in population mobility to 15% lower than 2019 in 
the equivalent week by the end of March 2020 (Fig. 1).
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The estimated peak of the observed cases by symp-
tom onset between 3 January and 31 March 2020 was 19 
March 2020 (95% CI: 17 March, 23 March). The estimated 
growth or decline rate before and after the peak was 0.06 
(95% CI: 0.06, 0.07) and − 0.24 (95% CI: − 0.35, − 0.12), 
respectively. These rates correspond to a doubling time of 
11.06 days (95% CI 9.87–12.57 days) and halving time of 
2.92  days (95% CI 1.98–5.57  days), respectively. Adjust-
ing for this decline, the mean fitted onset to report-
ing delay after the peak was 4 days (standard deviation, 
sd: ± 2 days) corrected from 5 days (sd: ± 2 days). Based 
on this adjusted distribution (Additional file 1: Fig. S3) we 
estimated that 95% of cases that had symptom onset by 
23 March would have been reported by 31 March 2020 
and estimate Rt up to this date. Figure 1 shows how esti-
mates of Rt varied over time within this trusted period. 
Rt peaked twice, on 31 January at 2.4 (95% CrI: 1.6, 3.3) 
then again on 14 February at 2.3 (95% CrI: 1.9, 2.8). Up to 
this point, the overall Rt did not differ significantly from 
Rt accounting for imported cases. However, in the final 
week Rt accounting for importations diverged from over-
all Rt at 1.1 (95% CrI: 1.0, 1.2) compared to 1.5 (95% CrI: 
1.3, 1.6) respectively.

Exposures and age‑specific transmission matrix
Of 2116 reported cases in the first wave, 563 had been 
linked to at least one primary COVID-19 case. Figure 2A 
shows early cases with known exposures were associated 
with travel (tourists visiting from Wuhan City, China) 

and any health care settings. The types of exposures then 
increased after the testing criteria was expanded on 12 
February. The proportion of cases with unknown expo-
sure types remained relatively constant over time (Addi-
tional file 1: Fig. S4) with household or family exposures 
being the most frequently reported contact type of the 
known exposures (Fig. 2A).

In total, 947 linked transmission pairs were identified 
(including multiple contacts or clusters for some cases), 
with the majority between ages 50- and 80-years. Of 
these, 86 were missing contact age data, 70 were miss-
ing contact onset date, 154 were duplicates pairs, and 17 
had large negative serial intervals (≥ 10  days), resulting 
in 620 retained linked pairs. The empirical median serial 
interval was 1 day (mode: 0 days, range: -10 to 21 days). 
Figure  2B shows age-assortative patterns with the high-
est probability of transmission amongst individuals aged 
50–59 years and 60–69 years reflecting the age distribu-
tion of reported cases.

Symptom progression
The most common symptom at symptom onset across all 
age groups was cough, fatigue, or fever (Fig. 3). Older age 
groups, 50 years and above, reported pneumonia or other 
severe respiratory symptoms earlier in their symptom 
progression compared to younger age groups. None of the 
33 cases aged 0–19 years with known symptom progres-
sion reported pneumonia or breathing difficulties, sug-
gesting a milder clinical course. Additional file 1: Table S3 

Fig. 1  Daily incidence of confirmed COVID-19 cases by date of symptom onset and the estimated time-varying reproduction number (Rt): overall 
(pink) and accounting for imported cases (black). The solid line shows the median and the shaded area the 95% credible interval. Top panel show 
the timing of key intervention and the change in mobility compared to 2019. Asterisk indicating basic control policies include: avoiding high risk 
settings; observing cough etiquette, and wearing a face covering [2]
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reports the significance of the Kolmogorov–Smirnov test 
for each significant pair of age groups in terms of symp-
tom occurrence. The onset of pneumonia varies most 
significantly between youngest and oldest age groups. 
We also estimate significant differences in the timing of 
the onset of cough between 20–29  years and 60–69 or 
80+ years and between 50–59  years and 80+ years and 
the onset of respiratory symptoms between 50–59 and 
80+ years. There were no significant differences in the 
timing of the onset of fever between age groups. These 
results suggest that symptom appearance and occurrence 
vary between age groups.

Discussion
This analysis of the first three months of the COVID-
19 epidemic in Japan highlights how detailed outbreak 
investigations can yield valuable information about trans-
missibility, at-risk settings or exposure types, and clini-
cal progression relevant for refining case definitions of a 
novel pathogen. Japan’s early response to COVID-19 was 
unique in pursuing an intensive cluster-based approach 
of backward contact-tracing without strict lockdown 
measures [26, 27]. A 19-fold greater odds of transmission 
in a closed environment compared to well ventilated set-
tings was estimated from rapid analysis of early clusters 
in fitness gyms, restaurant settings, hospitals, and festi-
vals or music venues [3, 26]. This informed Japan’s “3-Cs” 
strategy of encouraging individuals to avoid “crowded 
places”, “close-contact settings”, and “confined and 

enclosed spaces” that was subsequently adopted by the 
World Health Organization [3, 4]. Although measures 
could not be enforced, the government requested peo-
ple to cancel non-essential outings [2] which combined 
with school closures was estimated to have significantly 
reduced transmissibility [28]. It is also likely that cul-
tural and historical factors including less tactile forms of 
greetings (bowing rather than shaking hands or hugging), 
emphasis on “self-restraint”, and social coercion helped to 
increase adherence to social distancing guidelines despite 
the lack of legal enforcements [29].

We found that initial transmission was driven by trav-
ellers from mainland China followed by more localised 
transmission. However, the surge in case numbers in late 
March, when overall Rt and Rt accounting for importa-
tions diverged (Fig.  1), was due to returning travellers 
from Europe (49.7% of imported cases with known ori-
gin were from Europe) where national lockdowns were 
implemented in Italy, Spain, and the UK on the 11, 14, 
24 March 2020 respectively [12, 30]. Other studies have 
also found a strong positive correlation between the case 
numbers at prefecture level and the number of inter-
national travellers, with SARS-CoV-2 cases detected 
before March belonging to the Chinese lineages and to 
the European and American lineages after March 2020 
[31]. Mobility gradually decreased from late February, 
plateauing at minus 10% relative to 2019 levels with a 
corresponding decline in transmissibility (Fig.  1). Our 
Rt estimate assumes that reporting rates stay constant. 

Fig. 2  A Proportion of reported contact or exposure type over time by date of report (29 January to 31 March 2020). The vertical dashed line 
denotes when the testing criteria was expanded. B Age-specific transmission probability matrix by 10-year age groups. The colours represent the 
probability (red indicating high and blue indicating low) of infector-infectee transmission pairs in each 10-year age-group amongst cases reported 
up to 31 March 2020 in Japan
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Fig. 3  Distribution of symptom progression in days since symptom onset by 10-year age group. N presents the number of people in each age 
group. Each panel represents a 10-year age group, and each colour represents a different symptom showing the distribution in time of onset of 
each symptom
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Although PCR-testing increased in March (Additional 
file 1: Fig. S5) [10], this was a period when our estimated 
Rt was declining (Fig.  1). Therefore, the decreasing Rt 
after the second peak in mid-February is likely a true 
decline. Studies using detailed mobility data suggest that 
mobility was already decreasing in Tokyo, Kanagawa, 
Saitama, Chiba, Osaka, Hyogo, and Fukuoka prefectures 
before the first state of emergency on 7 April 2020 with 
the degree of reduction differing by age group [32], 
region, and type of establishment [33].

Adams et al. found that social settings were associated 
with younger and more secondary cases than household 
settings when controlling for age. Our results are consist-
ent with their observation that households were the most 
frequently (54.4%) identified transmission settings [34]. 
However, household contacts are easier to recall, trace, 
and test than social or workplace contacts. The change 
in known contact types over time (Fig. 2A) reflects this 
cluster-based approach with several large clusters iden-
tified from live music venues as well as health care set-
tings. Early in the epidemic, hospital-based clusters were 
frequently reported with over 60 hospitals affected by 
mid-April [35]. Up to 31 March 2020, we estimate that 
the proportion of cases with unknown exposure types 
remained relatively constant over time (Additional file 1: 
Fig. S4A). However, in late March, the National COVID-
19 Task Force highlighted the increasing proportion of 
cases across multiple prefectures that were not epidemio-
logically linked and warned that broader “lockdown type” 
control measures in addition to the existing cluster-based 
approach may be required to prevent an explosive growth 
in case numbers [36].

Detailed investigations of COVID-19 clusters (≥ 5 
cases with a common primary exposure) found that the 
most probable primary case of cluster outbreaks were 
20–39 years old with 41% of probable primary cases being 
presymptomatic or asymptomatic at time of transmis-
sion [26]. Amongst known transmission pairs, we esti-
mated the highest probability of transmission amongst 
older individuals aged 50–70  years old (Fig.  2B). How-
ever, this is also likely to reflect symptomaticity by age 
with symptomatic and severe infections increasing with 
age and thus more likely to be tested and reported [37, 
38]. Accounting for the varying clinical progression by 
age, with younger age groups less likely to report severe 
respiratory symptoms or pneumonia (Fig.  3), is critical 
for symptom-based screening and for refining case defi-
nitions especially for a novel pathogen. Equally the con-
sistent finding of early onset of fever, cough, and fatigue 
across all age groups is informative for self-isolation 

guidance when testing capacity may be limited at the 
beginning of an epidemic.

There are a number of limitations to our study. Whilst 
publicly available case reports were initially highly 
detailed, less information was released as the epidemic 
progressed. Data on date of symptom onset which we 
used to estimate Rt was missing for 30% of reported 
cases. However, the majority of cases with missing onset 
dates were reported after the end of our trusted period 
on 23 March so would not have affected our estimates 
of transmissibility. There was limited information on 
the age distribution of cases or symptoms especially for 
large clusters such as the care home outbreak in Chiba 
prefecture or the live music venues in Osaka. Similarly, 
the information released varied substantially by pre-
fecture with Tokyo, which was the worst affected, only 
releasing minimal information beyond age group and sex. 
This may have biased our estimates of the age-dependent 
probability of transmission especially for the younger and 
older age groups associated with these clusters. We did 
not follow the entire clinical progression for patients with 
symptom data. Therefore, patients may have later devel-
oped more severe symptoms that were not presented 
here. However, this should not affect the variation in 
symptom type at the time of symptom onset across age 
groups. Finally, in the absence of population-wide test-
ing, reported case numbers represent only a fraction of 
the true number of infections [39, 40]. In the early stages 
of an epidemic, surveillance is typically biased towards 
severe cases which can potentially bias the broader clini-
cal picture [41]. However, publicly available information 
on the number of COVID-19 deaths over time was lim-
ited during the study period meaning we could not cap-
ture the full spectrum of severity.

Conclusions
Detailed outbreak investigation and contact tracing data 
early in the epidemic was instrumental in guiding Japan’s 
response to COVID-19. The availability of timely and 
detailed data is important to rapidly determine the key 
characteristics and natural history of novel pathogens at 
the beginning of an outbreak. This is crucial for setting 
and implementing successful control measures, such as 
the “3-Cs” guidance, backward contact-tracing strate-
gies, or to inform optimal durations for case or contact 
isolation, to mitigate transmission. The data analysed 
here were the result of robust and timely investigations 
and demonstrates how retrospective analyses of early 
pandemic responses can provide important insights for 
future preparedness plans and the key questions that can 
be addressed with appropriate and timely data.
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