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Since the emergence of coronavirus disease 2019 (COVID-19), unprecedented movement restrictions and social distancing measures have
been implemented worldwide. The socioeconomic repercussions have
fueled calls to lift these measures. In the absence of population-wide
restrictions, isolation of infected individuals is key to curtailing transmission. However, the effectiveness of symptom-based isolation in preventing a resurgence depends on the extent of presymptomatic and
asymptomatic transmission. We evaluate the contribution of presymptomatic and asymptomatic transmission based on recent individuallevel data regarding infectiousness prior to symptom onset and the
asymptomatic proportion among all infections. We found that the majority of incidences may be attributable to silent transmission from a
combination of the presymptomatic stage and asymptomatic infections. Consequently, even if all symptomatic cases are isolated, a vast
outbreak may nonetheless unfold. We further quantified the effect of
isolating silent infections in addition to symptomatic cases, finding that
over one-third of silent infections must be isolated to suppress a future
outbreak below 1% of the population. Our results indicate that
symptom-based isolation must be supplemented by rapid contact tracing and testing that identifies asymptomatic and presymptomatic cases,
in order to safely lift current restrictions and minimize the risk of
resurgence.
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any countries, including the United States, are struggling to
control coronavirus disease 2019 (COVID-19) outbreaks.
Understanding how silent infections that are in the presymptomatic
phase or asymptomatic contribute to transmission will be fundamental to the success of postlockdown control strategies. The effectiveness of symptom-based interventions depends on the fraction
of infections that are asymptomatic, the infectiousness of those
asymptomatic cases, and the duration and infectiousness of the
presymptomatic phase. Empirical studies have indicated that individuals may be most infectious during the presymptomatic phase
(1), an unusual characteristic for a respiratory infection.
To quantify the population-level contribution of silent transmission to COVID-19 spread, we extended our previous model
(2, 3) to include asymptomatic infections and the presymptomatic stage, parameterized with data regarding the trajectory of
symptom onset and the proportion of secondary cases generated
in each stage of infection (1, 4). As empirical studies indicate
that asymptomatic infections account for 17.9 to 30.8% of all
infections (5, 6), for both of these values, we quantified the
proportion of the attack rate attributable to transmission during
presymptomatic, asymptomatic, and symptomatic stages. Furthermore, this quantification was combined with a series of
scenario analyses to identify the level of isolation required for
symptomatic or silently infected individuals, to suppress the attack rate below 1%. Our results highlight the role of silent
transmission as the primary driver of COVID-19 outbreaks and
underscore the need for mitigation strategies, such as contact
tracing, that detect and isolate infectious individuals prior to the
onset of symptoms.

www.pnas.org/cgi/doi/10.1073/pnas.2008373117

Results
Translating clinical data on infectiousness and symptoms (1) to
population-level epidemiological impact, our results indicate
that the majority of transmission is attributable to people who
are not exhibiting symptoms, either because they are still in the
presymptomatic stage or the infection is asymptomatic (Fig. 1).
Specifically, if 17.9% of infections are asymptomatic (5), we
found that the presymptomatic stage and asymptomatic infections
account for 48% and 3.4% of transmission, respectively (Fig. 1A).
Considering a greater asymptomatic proportion of 30.8% reported
in another empirical study (6), the presymptomatic phase and
asymptomatic infections account for 47% and 6.6% of transmission, respectively (Fig. 1B). Consequently, even immediate
isolation of all symptomatic cases is insufficient to achieve control
(Fig. 1). Specifically, mean attack rates remain above 25% of the
population when 17.9% of infections are asymptomatic and above
28% when 30.8% of infectious are asymptomatic.
Given the inadequacy of symptom-based isolation to control
COVID-19 outbreaks, we considered the synergistic impact of
isolation for presymptomatic and asymptomatic infections.
Combined with case isolation, our results indicate that 33% and
42% detection and isolation of silent infections would be needed
to suppress the attack rate below 1%, for asymptomatic proportions of 17.9% and 30.8%, respectively (Fig. 1C).
Discussion
Our results indicate that silent disease transmission during the
presymptomatic and asymptomatic stages are responsible for more
than 50% of the overall attack rate in COVID-19 outbreaks.
Furthermore, such silent transmission alone can sustain outbreaks
even if all symptomatic cases are immediately isolated. The results
corroborate recent contact tracing studies indicating a substantial
role of presymptomatic transmission among 243 COVID-19 cases
in Singapore (7) and 468 COVID-19 cases in China (8).
Our findings highlight the urgent need to scale up testing of
suspected cases without symptoms as noted in revised guidelines
by Centers for Disease Control and Prevention (9). Furthermore,
symptom-based surveillance must be supplemented by rapid
contact-based surveillance that can identify exposed individuals
prior to their infectious period (10). Specifically, our estimation
for isolation of silently infected individuals is a lower bound, as
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Fig. 1. Attack rates when the proportion of infections that are asymptomatic is (A) 17.9% and (B) 30.8%, for scenarios of case isolation including none
(yellow), all severe cases (red), and all symptomatic cases (blue). Bars indicate the proportion of attack rate attributable to transmission in different stages of
infections. (C) Attack rate when a percentage of silent (i.e., presymptomatic and asymptomatic) infections are detected and isolated in addition to immediate
isolation of both mild and severe symptomatic cases.

inevitable imperfections in isolation of symptomatic cases
translates to a greater need to prevent silent transmission. Delays
in contact tracing increase the risk of onward transmission, especially since those without symptoms are generally unaware of
their infection risk to others, and therefore are less likely to
curtail social interactions. Therefore, our estimates of the realized
transmission from a silently infected individual, and their relative
contribution to transmission under status quo, is likely to be
conservative. These dangers are particularly salient in the context
of deliberations about lifting social distancing restrictions.
Complicating future surveillance and control efforts of COVID19 is the possibility that the seasonal drivers of influenza might

comparably intensify transmission of COVID-19, such that a resurgence of COVID-19 would coincide with the next influenza
season in the Northern Hemisphere. Similarities in symptoms
between the two diseases may further erode the effectiveness of
measures that rely on symptoms. As plans are being implemented
for lifting mitigation measures, the benefits of contact-based surveillance should be evaluated to ensure adequate resources are
deployed to suppress ongoing outbreaks, prevent rebound, and
minimize the impact of future COVID-19 waves.
Materials and Methods
We extended our agent-based COVID-19 transmission model (3) to include
the presymptomatic phase and asymptomatic infections based on recent

Table 1. Model parameters and their distributions
Age group

Description
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Transmission probability per contact
during presymptomatic stage
Incubation period (days)

0 y to 4 y
0.0575, 0.0698

5 y to
19 y

20 y to 49 y

50 y to 64 y

≥65 y

Source

0.0575,
0.0575, 0.0698
0.0575, 0.0698
0.0575, 0.0698
0.0698
Log-normal (mean:
LogLog-normal (mean: Log-normal (mean: Log-normal (mean:
5.2, SD: 0.1)
normal
5.2, SD: 0.1)
5.2, SD: 0.1)
5.2, SD: 0.1)
(mean:
5.2, SD:
0.1)
Asymptomatic period (days)
Gamma (shape: 5, Gamma Gamma (shape: 5, Gamma (shape: 5, Gamma (shape: 5,
scale: 1)
(shape:
scale: 1)
scale: 1)
scale: 1)
5, scale:
1)
Presymptomatic period (days)
Gamma (shape:
Gamma
Gamma (shape:
Gamma (shape:
Gamma (shape:
1.058, scale: 2.174) (shape: 1.058, scale: 2.174) 1.058, scale: 2.174) 1.058, scale: 2.174)
1.058,
scale:
2.174)
Infectious period from onset of
Gamma (shape:
Gamma
Gamma (shape:
Gamma (shape:
Gamma (shape:
symptoms (days)
2.768, scale: 1.1563) (shape: 2.768, scale: 1.1563) 2.768, scale: 1.1563) 2.768, scale: 1.1563)
2.768,
scale:
1.1563)
Proportion of symptomatic cases with
0.95
0.9
0.85
0.60
0.20
mild symptoms
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Calibrated
to R0 = 2.5
(13)

Derived
from ref. 12

Derived
from ref. 1

Derived
from ref. 14

(2, 3)
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In the base case scenario, individuals are not isolated at any stage of infection. In order to test whether silent transmission is truly a driver of COVID19 outbreaks, we then modeled symptom-based case isolation in which
symptomatic cases were isolated immediately upon symptom onset and
would remain isolated until recovery; thus, one can only transmit the disease
during the presymptomatic stage. Case isolation was implemented by reducing the number of daily interactions to a maximum of three contacts, in
acknowledgment that household or hospital transmission may still occur
despite isolation efforts (2, 3). To identify whether outbreak control (defined
as <1% cumulative incidence) could be achieved by curtailing silent transmission, we further considered isolation of presymptomatic and asymptomatic infections. We therefore simulated scenarios in which a proportion
(in the range 0 to 50%) of presymptomatic and asymptomatic individuals
were isolated, in addition to all symptomatic cases. The model was populated with 10,000 individuals reproducing demography for New York City.
For both 17.9% and 30.8% as the asymptomatic proportion (5, 6), we calibrated the model to a reproduction number R0 = 2.5 in the absence of
control measures (13). Simulations were seeded with an initial infection, and
daily incidence of infection was averaged over 500 independent realizations.
Model code is available at https://github.com/ABM-Lab/covid19abm.jl.
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empirical evidence (1, 4). Each individual had an associated epidemiological
status: susceptible, infected and incubating, presymptomatic, asymptomatic,
symptomatic with either mild or severe illness, recovered, or dead. The daily
number of contacts for each individual was sampled from an age-specific
negative-binomial distribution based on an empirically determined contact
matrix (11). In the absence of case isolation, each individual has 10.21 (SD:
7.65), 16.79 (SD: 11.72), 13.79 (SD: 10.50), 11.26 (SD: 9.59), and 8.00 (SD: 6.96)
daily contacts in age groups 0 y to 4 y, 5 y to 19 y, 20 y to 49 y, 50 y to 64 y,
and 65+ y, respectively.
Transmission was implemented probabilistically for contacts between
susceptible and infectious individuals in the presymptomatic, asymptomatic,
or symptomatic stages (Table 1). A proportion of infected individuals
remained asymptomatic through recovery (5, 6), with an average infectious
period of 5.0 d (12). The remaining proportion of infected individuals developed symptoms after an average incubation period of 5.2 d, which was
sampled from a log-normal distribution (13). For symptomatic cases, the
incubation period included a highly infectious presymptomatic stage prior to
the onset of symptoms (1). The duration of the presymptomatic stage was
sampled from a Gamma distribution with a mean of 2.3 d (1). Infectious period
for symptomatic cases after the onset of symptoms was sampled from a
Gamma distribution with a mean of 3.2 d (14). Among symptomatic cases, we
applied an age-dependent probability of mild or severe illness (2, 3). Taking
into account that infectiousness is estimated to peak 0.7 d before symptom
onset (1), we calculated the transmissibility within each phase relative to the
presymptomatic phase. These relative transmissibilities were estimated as
11%, 44%, and 89%, calculated using R0 components of asymptomatic, mild
symptomatic, and severe symptomatic phases (4). To account for empirical
uncertainty in these parameters, we sampled these values from a uniform
distribution in the ranges of 0.05 to 0.16, 0.39 to 0.49, and 0.84 to 0.94, for
asymptomatic, mild symptomatic, and severe symptomatic, respectively.
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Data Availability. The computational system and parameters are available at
https://github.com/ABM-Lab/covid19abm.jl.

