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ARTICLE INFO ABSTRACT
Keywords: The coronavirus disease 2019 (COVID-19) emerged by end of 2019, and became a serious public health threat
COVID-19

globally in less than half a year. The generation interval and latent period, though both are of importance in
understanding the features of COVID-19 transmission, are difficult to observe, and thus they can rarely be learnt
Serial interval from surveillance data empirically. In this study, we develop a likelihood framework to estimate the generation
Incubation period interval and incubation period simultaneously by using the contact tracing data of COVID-19 cases, and infer the
Contact tracing pre-symptomatic transmission proportion and latent period thereafter. We estimate the mean of incubation
Statistical inference period at 6.8 days (95 %CI: 6.2, 7.5) and SD at 4.1 days (95 %CL: 3.7, 4.8), and the mean of generation interval at
6.7 days (95 %CIL: 5.4, 7.6) and SD at 1.8 days (95 %CI: 0.3, 3.8). The basic reproduction number is estimated
ranging from 1.9 to 3.6, and there are 49.8 % (95 %CI: 33.3, 71.5) of the secondary COVID-19 infections likely
due to pre-symptomatic transmission. Using the best estimates of model parameters, we further infer the mean
latent period at 3.3 days (95 %CI: 0.2, 7.9). Our findings highlight the importance of both isolation for symp-
tomatic cases, and for the pre-symptomatic and asymptomatic cases.

Generation interval
Latent period

1. Introduction Serial interval (SI) is defined as the time interval between the onset of
symptoms of an infector and that of the associated infectee (Fine, 2003;
The dynamics of the transmission of an infectious disease is largely White et al., 2009; Milwid et al., 2016; Vink et al., 2014), which is

determined by the pathogen’s infectiousness and the time interval be- commonly observable. By contrast, generation interval (GI) is defined as
tween the transmission generations of cases (Tuite and Fisman, 2020; the time interval between the time of infection (or time of being
Zhao et al., 2020a; Riou and Althaus, 2020). exposed) in a primary case (i.e., infector) and that in the associated
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secondary case (i.e., infectee) (Milwid et al., 2016; Wallinga and Lip-
sitch, 2007). Since it is generally difficult to determine the time points of
infection in two consecutive cases, i.e., in a pairwise transmission chain,
the GI is rarely observable. Fig. 1 illustrates the timeline in a pairwise
transmission chain, and the difference between GI and SI in a trans-
mission chain. It is worth noting that the SI could be negative when the
incubation period has a wide range, which has been reported in the
COVID-19 pandemic recently (Du et al., 2020; He et al., 2020; Zhao,
20205 Ali et al., 2020; Xu et al., 2020; You et al., 2020), but GI is strictly
positive by its definition.

Incubation period is defined as the time interval between the infec-
tion and onset of symptoms of a typical case (Yan, 2008). Although the
time of infection for an infector is difficult to observe, an infectee’s time
of infection can be determined by the contact tracing history of a
‘infector-infectee’ pair. Here, the ‘infector-infectee’ pair indicates there
is one and only one infector with epidemiological link with the infectee.
Hence, the incubation periods of infectees may be traceable. By contrast,
the latent period is defined as the time interval between the infection
and onset of infectiousness of one case (Milwid et al., 2016). Since the
onset of infectiousness is unobservable, the latent period is untraceable.
In most of the infectious diseases, the mean latent period is less than or
equal to the mean incubation period, which is shown in Fig. 1. In in-
fectious disease modelling, the latent period is of interest and used in the
differential equations based compartmental modelling frameworks
(Svensson, 2007).

Incubation period is of clinical importance for individual medication
and treatment, whereas latent period is important for disease trans-
mission at population scale. Pre-symptomatic transmission may occur if
latent period is sufficiently shorter than the incubation period, or in the
other words, the onset of infectiousness is prior to the onset of symptoms
(Tindale et al., 2020; Kong et al., 2020). When the onset of infectious-
ness is coincident with the onset of symptoms, i.e., latent and incubation
periods match, pre-symptomatic transmission will not occur. In most
situations, latent period may be shorter than incubation period, and
thus, pre-symptomatic transmission may occur. Occasionally, when the
onset of symptoms in the infectee occurs earlier than that in the infector,
the observed SI will be negative. In the real-world situation, the data of
SI are commonly used as a proxy to approximate the true patterns of GI
(Cori et al., 2013). This simple adaptation fails if there are negative SI
observations, and leads to biased estimates of reproduction number.
This approach may be biased or inefficient if there are negative SI ob-
servations (Wallinga and Lipsitch, 2007; Zhao, 2020; Yan, 2008). In the
following, we formulate an analytical approach to tackle this issue and
implemented on the COVID-19 dataset.
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COVID-19, caused by the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), was firstly reported in late 2019 (Huang et al.,
2020; Li et al., 2020a; Zhao et al., 2020b), and spread to over 200
countries globally in a short period of time (Wu et al., 2020; Zhao et al.,
2020c). In response to the COVID-19 pandemic, the World Health Or-
ganization (WHO) declared a public health emergency of international
concern on January 30, 2020 (ZZZ7Z7, 2021a). As of January 2021, there
are over 100 million COVID-19 confirmed cases globally including over
2 million associated deaths (ZZZZZ, 2021b). In previous studies (Du
et al., 2020; He et al., 2020; Zhao, 2020; Xu et al., 2020; You et al.,
2020), negative SIs are observed in the transmission events of COVID-19
(Ali et al., 2020; Adam et al., 2020), and considered as an evidence for
the pre-symptomatic transmission as well as a short latent period thus
difficult to control (Tindale et al., 2020; Kong et al., 2020; Liu et al.,
2020a). Hence, estimating the GI and inferring the latent period is
essential for understanding the features of the COVID-19 transmission.

In this study, we develop a likelihood-based framework to estimate
the incubation period and GI simultaneously by using the pairwise
contact tracing data of COVID-19 as an example. We infer the risk of pre-
symptomatic transmission and the latent period based on the best esti-
mates of incubation period and GI.

2. Data and methods
2.1. Data

We use the secondary COVID-19 contact tracing data retrieved from
official news releases of government health authorities and public sur-
veillance platforms through April 8, 2020. The dataset was previously
collected in (Ma et al., 2020) with systematic and strict ‘inclusio-
n-and-exclusion’ screening criteria based on plausible epidemiological
evidences, and rigorous consistency checking by several researchers
independently under the supervision of a senior author. Please see Ma
et al. for the detailed introduction of this dataset (Ma et al., 2020).

From this dataset, we extract the information that contains the
contact tracing history of 254 ‘infector-infectee’ pairs recorded in exact
date (instead of ranges of date), where there is one and only one infector
with epidemiological link with each infectee. For each ‘infector-infectee’
pair, the detailed information includes the time of infection of infectee,
and the onset of symptoms in both infector and infectee. Thus, we
extract the incubation period of each infectee, and the SI of each
transmission pair. Note that the time of infection is equivalent to the
time of infection.

Fig. 1. The demonstrative timeline of COVID-
19’s transmission chain. The latent periods (¢,
in green), incubation periods (&, in blue), in-
fectious periods (v, in red), and symptomatic
period (in orange) of both infector and infectee
are illustrated in the timeline. The SI (s, in or-
ange), GI (g, in green), and pre-symptomatic
transmission (1) period (in purple) are also
marked on the timeline of pairwise trans-
mission chain. For COVID-19, we expect the
latent period to be shorter than the infectious
period, which is illustrated here. (For interpre-
tation of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

timeline of the pairwise transmission chain
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2.2. Estimation of incubation period and generation interval

We denote the incubation period as &, and thus & > 0, see Fig. 1. Let &
and &; denote the incubation periods for a pair of infector and infectee in
consecutive transmission generations, respectively. The & and & are
considered as independent and identically distributed (IID) random
variables determined by a probability density function (PDF) denoted by
h(-). Following previous studies (Li et al., 2020a; Backer et al., 2020;
Lauer et al., 2020), we consider h(+) as a Gamma distribution, which is a
model assumption, with mean y; and standard deviation (SD) o¢. Thus,
the associated log likelihood profile to estimate the parameters in h(-),
denoted by I:(+), is defined as in Eq. (1).

ls(pe OelY1s <oy ) = ZIOgh(in/té,ag) €}

where y; is the observed incubation period of the i-th infectee.

The GI, denoted by g, is determined by a PDF §(-) with mean y, and
SD o,. Hence, the SI, denoted by s, is defined by s = g + &2 — &1, and
straightforwardly, the expectations of g and s are equal, i.e., E[g] = E(s).
The distribution of s is determined by a PDF denoted as f(:), and by
convolution, the f(s) can be formulated in Eq. (2).

765 = [ts =) { JEe +z)dz} dy @

Following previous studies (Du et al., 2020; Cowling et al., 2009;
Kwok et al., 2020; Nishiura et al., 2020a), we assume 5(-) following a
Gamma distribution. Thus, the distribution of f(:) can be obtained
empirically by large-sample-size Monte Carlo. Then, the log likelihood
profile of SI, Ii(-), can be defined as in Eq. (3).

ls(ﬂgro-ﬁ?,ugvo-g{xlv "'*,xn) = Zlogf(xj'|ﬂ§,lf§,ﬂg,5g) (3)
J

where the xjs are the observations of SI.
With Egs. (1) and (3), the overall log likelihood function of u¢, o, jig
and og is summated as in Eq. (4).

l(”@db”ygg}ylr cens Yy X1, "~w,-xu) = lf(/"[;vgé‘yla '-~7yn)
+ lx (ﬂf7af7ﬂg768 }xla ~~~7xu) (4)

As such, by fitting to the observations of incubation period and SI in
Ma et al. (2020), the means and SDs of £ and g, i.e., yi;, 0, yg and og, can
be estimated by using the maximum likelihood estimation approach.
The 95 % confidence intervals (95 %CI) are calculated by using the
profile likelihood estimation framework with a cutoff threshold deter-
mined using a Chi-square quantile (Fan and Huang, 2005; Bolker, 2008),
which is also adopted in (Tariq et al., 2020; He et al., 2010; Zhao et al.,
2018; Lin et al., 2018; Zhao et al., 2021; Ran et al., 2020).

2.3. Estimation of pre-symptomatic transmission

We are interested in the proportion of secondary infections due to
pre-symptomatic transmission, denoted by 5. By definition, # is the
probability that the time of infection of an infectee is prior to the time
when the associated infector symptoms onset occurs, which is given in
Eq. (5).

n=Pr(o® >eV) x = % 100% 5)

Here, o and e denote the time (or date) of symptoms onset and infection,
respectively. The superscript ‘(k)’ indicates infector (for k = 0) or
infectee (for k = 1) in one transmission pair. The subscript i denotes the i-
th transmission pair in the total of N = 254 transmission pairs. The
function I(-) is the indicator function that equals 1 if the condition is
true or O otherwise. Using Eq. (5), the 5 can be calculated empirically.
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With simple transformations, the # can be estimated by the proba-
bility of s < ¢ as formulated in Eq. (6).

n= Pr((o“) - 0(0)) < (0“> - e“))) =Pr(s < &) x 100% (6)

Eq. (6) or its other equivalent formulation is also adopted in previous
works (Zhao, 2020; Tindale et al., 2020; Ganyani et al., 2020). We es-
timate y by Monte Carlo simulation of a bivariate distribution ac-
counting for the dependency between the s and & The bivariate
distribution constructed by PDFs f(s) and h(¢) with a covariance matrix

" { o2 cov(s, &)
cov(s,¢) 6?
variances of SI and incubation period, respectively, which are estimated
from the likelihood framework in Section 2.2. The cov(s, £) denotes the
covariance between s and & which is calculated at 20.2 day® The
random variables are generated by using the inverse transform sampling
approach.

} between s and ¢. Here, 67 and ¢} denote the

2.4. Inference of latent period

Base on the 5 estimate, we approximate the latent period, denoted by
¢. In this approximation, we construct a formula based on two re-
lationships that include

e relationship (I): Pr[v < (E[¢] - E[{])] = 5, where v denotes the in-
fectious period; and

e relationship (II): E[¢] + [(a, + 1) / (2a,)]1-E[v] = E[g], where a,
denotes the shape factor of a Gamma-distributed PDF of v.

The relationship (I) follows the definition of pre-symptomatic
transmission straightforwardly, which refers to the time interval be-
tween incubation period (£) minus latent period ({) illustrated in Fig. 1.
The ‘Pr[ -]’ represents the Gamma cumulative distribution function with
mean E[v] and shape parameter a, for the infectious period. Namely, 7 is
the probability that transmission occurs before symptom onset, which
also follows definition in Eq. (5). In relationship (I), a constant risk of
transmission is assumed across the infectious period. The relationship
(1) is derived in section 5.1 of (Svensson, 2007) as well as adopted in
(Krylova and Earn, 2013), which captures the relationship among latent
period, infectious period and GI. To ensure both relationships being
biologically reasonable, we strict 0 < { < min(¢, g). We solve the latent
period, ¢, based on the best estimates of h(£) and §(g) in Section 2.2
numerically.

3. Results and discussion

The summary statistics of incubation period and SI are calculated
from the 254 selected transmission pairs empirically, see Table 1.
Assuming a Gamma distribution, we estimate the mean of incubation
period (1) at 6.8 days (95 %CI: 6.2, 7.5) and SD (o;) at 4.1 days (95 %CI:
3.7, 4.8), see Fig. 2A. The p. estimate is generally consistent with the
mean incubation period estimated in (Li et al., 2020a; Backer et al.,
2020; Lauer et al., 2020; Lin et al., 2020). We estimate the mean of GI
(ug) at 6.7 days (95 %CI: 5.4, 7.6) and SD (o) at 1.8 days (95 %CI: 0.3,
3.8), see Fig. 2B. The y, estimate is largely consistent with the mean SI or
GI of COVID-19 estimated in (He et al., 2020; Zhao, 2020; Ali et al.,
2020; Li et al., 2020a; Nishiura et al., 2020a; Ferretti et al., 2020). The o4
estimate is smaller than the empirical SD of SI estimated at 5.6 days in
this study or 4.8 days (95 %CI: 4.5, 5.1) in (Du et al., 2020). The larger
SD of SI implies that using SI as a proxy of GI directly is likely an inef-
ficient estimation, which may be due to the large variation in the in-
cubation period of COVID-19 in terms of coefficient of variable at (CV =
SD / mean = 4.4 / 7.1 =) 0.62. Assuming the intrinsic growth rate of
COVID-19 epidemic curve from 0.1 to 0.2 per day (Li et al., 2020a; Zhao
et al., 2020d; Musa et al., 2020; Zhuang et al., 2020), the basic repro-
duction number (Ry) is estimated from 1.9 to 3.6 by using the formula
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Table 1
The summary statistics of the epidemiological parameters calculated from the 254 selected transmission pairs.
parameter notation mean median SD 1Q 3Q 95 %P unit
incubation period £ 7.1 6 4.4 4 10 15 da
serial interval s 6.9 6 5.6 3 10 18 y
pre-symptomatic transmission n 0.53 not applicable unit-free
0.20 _(A) incubation period 025 _(B)SlorGl
(observed) Sl (observed)
(fitted) <-0 8l (fitted)
020 4 — Gl (fitted)
0.15
Foy Foy
C C
) 2 0.15
3 3
= 0.10 &=
[ [
= =
B g 0.10
[ [23
0.05
0.05
0.00 — g T 1 T | | 0.00 =" | T | | T
0 5 10 15 20 25 -5 0 5 10 15 20 25

incubation period (day)

Slor Gl (day)

Fig. 2. The observed and fitted (or estimated) probability density distributions of incubation period (panel A), and serial interval (SI) and generation interval (GI,
panel B) of COVID-19. In each panel, the histograms are the observed empirical distributions, and the dashed curves are the fitted distributions.

derived from the Euler-Lotka equation in (Wallinga and Lipsitch, 2007),
which is consistent with previous Ry estimates (Riou and Althaus, 2020;
Du et al., 2020; Li et al., 2020a; Zhao et al., 2020b; Wu et al., 2020; Ran
et al., 2020; Lin et al., 2020; Ferretti et al., 2020; Nishiura et al., 2020b;
Wang et al., 2020; Zhao et al., 2020e).

Empirically, we calculated the percentage of the secondary in-
fections due to pre-symptomatic transmission (1) at 53.4 %. By using Eq.
(6), we estimate 7 at 49.8 % (95 %CI: 33.3, 71.5). This 5 estimate appears
largely in line with 32 % (95 %CI: 10, 74) in (Zhao, 2020), 37 % (95 %CL:
28, 45) estimated in (Ferretti et al., 2020), 40 % (32 out of 80 trans-
mission events) in (Ren et al., 2020), 44 % (95 %CI: 25, 69) in (He et al.,
2020), and from 40 % to 80 % in (Tindale et al., 2020), respectively,
with the 95 %CIs largely aligned. In particular, the fraction of
pre-symptomatic transmission was estimated around 50 % after
adjusting the impacts of case isolation (Sun et al., 2021). On one hand, 5
of 49.8 % indicates that there will still be more than 49.8 % of the
secondary COVID-19 infections if isolation is merely implemented on

(A) latent period

15 7 E 15 7
i =
| ©
1 k=2
= ! =
210 7 | 210 -
2 i 2
2 | z
5 i 5
© 1 =
- % % i
o
0= 7 T T f T T 1 0~

0.1 0.2 05 1.0 20 50 10.0
shape term of infectious period (in log scale)

(B) incubation or GI

the symptomatic cases. On the other hand, if the isolation is imple-
mented on all symptomatic COVID-19 cases immediately after the onset
of symptoms, the controlled reproduction number less than (1 / 49.8 %
=) 2.0 (95 %CIL: 1.4, 3.0) is thus required for controlling the COVID-19
outbreaks. Given the basic reproduction number of COVID-19 is likely
close or larger than 2.0 (Riou and Althaus, 2020; Du et al., 2020; Li et al.,
2020a; Zhao et al., 2020b; Wu et al., 2020; Ran et al., 2020; Lin et al.,
2020; Ferretti et al., 2020; Zhuang et al., 2020; Nishiura et al., 2020b;
Wang et al., 2020; Zhao et al., 2020e; Liu et al., 2020b; Li et al., 2020b),
we note that even timely and effectively isolation of all symptomatic
cases is necessary but may be insufficient to mitigate the COVID-19
outbreaks, and thus quarantine for the pre-symptomatic and asymp-
tomatic cases, e.g., close contacts, is crucial (Fig. 3).

By using the best estimates of incubation period and GI of COVID-19,
we infer the mean latent period, E[{], at 3.9 days (95 %CI: 0.5, 8.1), 3.3
days (95 %CI: 0.2, 7.9), and 3.4 days (95 %CI: 0.2, 8.0) with the Gamma
shape (@) of infectious period (v) at 0.1, 1, and 10, respectively, which is

Fig. 3. The inferred latent period (panel A), and estimated
incubation period and generation interval (GI, panel B). In
panel A, the dots are the mean latent period estimates, and the
bars represent the mean + SD. The vertical dashed line in-
dicates the Gamma shape term (a,) of infectious period (v) at 1,
i.e., when a Gamma distribution is equivalent to an exponential
distribution as assumed in the classic ‘SEIR’ compartmental
modelling framework. In panel B, the summary statistics of
incubation period and GI are shown according to the best es-
timates. The diamond dots are the estimated means, rectangles
are the interquartile ranges, and the bars are the 90 % centiles
according to the Gamma distributions with best parameter
estimates.

incub. Gl
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consistent with the previous estimate at 3.3 days in (Zhao, 2020) and
from 3.4 to 3.7 in (Li et al., 2020b). We note that @, commonly ranges
from 0.1-10 in the real-world situations. The relationship between a,
and inferred ¢ is shown in Fig. 2. We find the inferred mean latent period
converges to 3.4 days as a, increasing, i.e., the variation in the infectious
period decreases. The mean latent period is lower than those of incu-
bation period and GI, which supports the pre-symptomatic transmission.
Additionally, according to the relationship (II) in Section 2.4, the mean
infectious period can also be inferred at 6.9 days when ¢, is assumed
same as ag = 13.8, where ay is the estimated shape of 6(-) for GI. We note
this inference is generally consistent with the findings in (Bi et al.,
2020). If we set a, = 1 that is commonly adopted in the compartmental
models of infectious diseases (Sahin, 2020), the mean infectious period
is inferred at 3.7 days, which is in line with the previous calculations in
(Wu et al., 2020; Li et al., 2020b; Kucharski et al., 2020).

As pointed out in (Champredon and Dushoff, 2015; Park et al., 2021;
Britton and Scalia Tomba, 2019), several definitions of SI and GI, e.g.,
forward or backward delay distributions, were studied based on a cohort
perspective at different stages during epidemic, as well as their impacts
on shaping the linkage between growth rate and reproduction number.
With respect to the infectees, the observations of SI or incubation period
are considered as random samples drawn from the backward delay
distributions as conceptualized in (Park et al., 2021). For the COVID-19
epidemic in China outside Hubei, the epidemic curve (by case onset
date) peaks by the end January 2020, which roughly occurred on
January 29 (Leung et al., 2020). We calculate the median of the onset
dates of all selected infectees on January 31, which matches the peak of
the epidemic curve. As such, the samples of SI and incubation period
extracted from the 254 selected samples (i.e., infectees) are considered
as good representatives of the infectees cohort during the complete
course of the early COVID-19 outbreak (as of April 8, 2020) in China
outside Hubei. As our dataset covered the case cohort during the entire
outbreak, the potential sampling bias occurred during periods of expo-
nential growth, or exponential decay, is less likely.

The study has limitations. First, the SI observations collected from
the public domains might be biased toward cases with ascertainable
symptoms, which was also pointed out in (Du et al., 2020). This limi-
tation might lead to an underestimation of the mean GI. In data
collection, the online source screening was conducted till April 8, 2020
when either mild or severe COVID-19 cases would be publicly reported.
There were 14062 out of 15358 (91.6 %) COVID-19 cases included in the
initial screening, and thus the initial samples are considered as good
representatives of the ascertained (or known) cases cohort during the
complete course of COVID-19 outbreak (as of April 8, 2020) in China
outside Hubei. As such, we consider this limitation is minor. Second,
recalling biasness might also be another factor causing an underesti-
mation of the mean GI because people are more likely to have precise
memory about recent events, e.g., contact history. Third, although there
existed unascertained COVID-19 infections, the difference between
observed and unobserved cases cannot be assess in this study due to lack
of information. Similarly, the cases with identifiable contacts might
appear different from those without traceable contact in terms of
epidemiological characteristics. In this study, more than 90 % of the
individual cases were excluded due to lack of the the information of
contact-tracing history or timeline of illness. Hence, the interpretation of
our estimates is limited to the COVID-19 cases that are ascertained and
with identifiable contacts. Fourth, we presumed the distributions of the
incubation periods of infector and infectee are IIDs, and thus E[&] = E
[£2]. This is a simplification of the real-world situation because the in-
fector’s £ is difficult to observe. We admit that difference in E[£1] and E
[£2] may affect the GI estimates, but we presume this difference is un-
likely large. Fifth, the estimation of # and inference of latent period ({)
are conducted under the assumption that individuals are equally infec-
tious before and after the onset of symptoms. Last but not the least, the
effects of nonpharmaceutical interventions (NPI), including the case
isolation, may shorten the mean of the observed SI samples (Ali et al.,
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2020; Sun et al., 2021; Zhao et al., 2020f), which is considered as the
effective SI rather than the intrinsic SI as distinguished in (Park et al.,
2020). If the isolation date of each infector were available, the likelihood
function of SI, Ii(+), in Eq. (3) could be extended to a right-truncated
version (Zhao et al., 2020g), and thus the intrinsic SI and GI can be
inferred. Similarly, the likelihood function of incubation period, I¢(-), in
Eq. (1) can be revised to an interval-censoring version when the
infectee’s time of infection is uncertain.

4. Conclusions

For COVID-19, we estimate mean of incubation period at 6.8 days
(95 %CI: 6.2, 7.5), and the mean of generation interval at 6.7 days (95 %
CIL: 5.4, 7.6). We estimate the basic reproduction number ranging from
1.9 to 3.6, and there are 49.8 % (95 %CI: 33.3, 71.5) of the secondary
COVID-19 infections are linked to the pre-symptomatic transmission.
The mean latent period is inferred at 3.3 days (95 %CI: 0.2, 7.9).
Moreover, we highlight the importance of both isolation for symptom-
atic cases, and quarantine for the pre-symptomatic and asymptomatic
cases.
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