as we have found, implies that the epidemic is highly un-
likely to be contained by solely isolating symptomatic indi-
viduals. Published models (9-11, 32) suggest that in practice
manual contact tracing can only improve on this to a lim-
ited extent: it is too slow, and cannot be scaled up once the
epidemic grows beyond the early phase, due to limited per-
sonnel. Using mobile phones to measure infectious disease
contact networks has been proposed previously (33-35).
Considering our quantification of SARS-CoV-2 transmission,
we suggest that this approach, with a mobile phone App
implementing instantaneous contact tracing, could reduce
transmission enough to achieve R < 1 and sustained epidem-
ic suppression, stopping the virus from spreading further.
We have developed a web interface to explore the uncertain-
ty in our modelling assumptions (24). This will also serve as
an ongoing resource as new data becomes available and as
the epidemic evolves.

We included environmentally mediated transmission
and transmission from asymptomatic individuals in our
general mathematical framework. However, the relative im-
portance of these transmission routes remain speculative
based on current data. Cleaning and decontamination are
being deployed to varying levels in different settings, and
improved estimates of their relative importance would help
inform this as a priority. Asymptomatic infection has been
widely reported for COVID-19, e.g., (I4), unlike for SARS
where this was very rare (36). We argue that the reports
from Singapore imply that even if asymptomatic infections
are common, onward transmission from this state is proba-
bly uncommon, since forensic reconstruction of the trans-
mission networks has closed down most missing links.
There is an important caveat to this: the Singapore outbreak
to date is small and has not implicated children. There has
been widespread speculation that children could be fre-
quent asymptomatic carriers and potential sources of SARS-
CoV-2 (37, 38).

We calibrated our estimate of the overall amount of
transmission based on the epidemic growth rate observed in
China not long after the epidemic started. Growth in West-
ern European countries so far appears to be faster, implying
either shorter intervals between individuals becoming in-
fected and transmitting onwards, or a higher R,. We illus-
trate the latter effect in figs. S18 and S19. If this is an
accurate picture of viral spread in Europe and not an arte-
fact of early growth, epidemic control with only case isola-
tion and quarantining of traced contacts appears
implausible in this case, requiring near-universal App usage
and near-perfect compliance. The App should be one tool
among many general preventative population measures
such as physical distancing, enhanced hand and respiratory
hygiene, and regular decontamination.

An App-based intervention could be more powerful
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than our analysis here suggests, however. The renewal equa-
tion mathematical framework we use, while well adapted to
account for realistic infectiousness dynamics, is not well
adapted to account for benefits of recursion over the trans-
mission network. Once they have been confirmed as cases,
individuals identified by tracing can trigger further tracing,
as can their contacts and so on. This effect was not modeled
in our analysis here. If testing capacity is limited, individu-
als who are identified by tracing may be presumed con-
firmed upon onset of symptoms, since the prior probability
of them being positive is higher than for the index case, ac-
celerating the algorithm further without compromising
specificity. With fast enough testing, even index cases diag-
nosed late in infection could be traced recursively, to identi-
fy recently infected individuals before they develop
symptoms, and before they transmit. Improved sensitivity of
testing in early infection could also speed up the algorithm
and achieve rapid epidemic control.

The economic and social impact caused by widespread
lockdowns is severe. Individuals on low incomes may have
limited capacity to remain at home, and support for people
in quarantine requires resources. Businesses will lose confi-
dence, causing negative feedback cycles in the economy.
Psychological impacts may be lasting. Digital contact tracing
could play a critical role in avoiding or leaving lockdown.
We have quantified its expected success and laid out a series
of requirements for its ethical implementation. The App we
propose offers benefits for both society and individuals, re-
ducing the number of cases and also enabling people to con-
tinue their lives in an informed, safe, and socially
responsible way. It offers the potential to achieve important
public benefits while maximising autonomy. Specific issues
exist for groups within the population that may not be ame-
nable to such an approach, and these could be rapidly re-
fined in policy. Essential workers, such as health care
workers, may need separate arrangements.

Further modelling is needed to compare the number of
people disrupted under different scenarios consistent with
sustained epidemic suppression. But a sustained pandemic
is not inevitable, nor is sustained national lockdown. We
recommend urgent exploration of means for intelligent
physical distancing via digital contact tracing.
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Table 1. Parameters of the infectiousness model.

Name Symbol Description Central value Uncertainty Source
Parameters directly calculated from data
Doubling time T2 The time taken for the epidemic to double in 5.0 days 95% Cl4.2-6.4 20)
size during the early uncontrolled phase of
expansion
Incubation period s(t) lognormal meanlog 1.644 95% Cl1.495 -1.798 21)
(2 parameters) lognormal sdlog 0.363 95% C10.201-0.521
Generation time w(t) Weibull shape 2.826 95% Cl1.75-4.7 This paper
(2 parameters) Weibull scale 5.665 95% Cl4.7-6.9

Parameters with Bayesian priors informed by anecdotal reports or indirect evidence

Proportion Pa The proportion of infected individuals who 0.4 Prior = beta(a=1.5,8=1.75) Mediareports g

asymptomatic are asymptomatic Mode =0.4 (Diamond Princess) §

Mean = 0.46 s?_)

)

Relative Xa The ratio of infectiousness of asymptomatic 0.1 Prior = beta(a=1.5, p=5.5) Observation of few e

infectiousness of individuals to infectiousness of symptomatic Mode =0.1 missing links in Singa- g

asymptomatics individuals Mean =0.21 pore outbreak to date. =

Suggestion from (19) .é*'

&

Fraction of all Re/Ro Self-explanatory 0.1 Prior = beta(a=1.5, p=5.5) Anecdotal observation £

transmission that Mode =0.1 that many infections 3

is environmentally Mean =0.21 can be traced to close g

mediated contacts once detailed %-

tracing is completed. 3

@

3

Environmental E() Rate at which a contaminated environment 3 Box function (O,n) days, (39) - variety of values &

infectiousness infects new people after a time lag | Prior for n = Gamma(shape  for many different )

=4, rate =1) surfaces. <

Mode =3 S

Mean =4 _5

=

N

N

Table 2. Ro and its components. =
Pre-symptomatic Symptomatic Environmental Asymptomatic Total Ro

Absolute

Fraction
of Ro

Point estimate: 0.9
Uncertainty median: 0.7
Cl:0.2-11

Point estimate: 0.47
Uncertainty median: 0.35
Cl:0.11-0.58

Point estimate: 0.8
Uncertainty median: 0.6
Cl:0.2-11

Point estimate: 0.38
Uncertainty median: 0.28
Cl:0.09-0.49

Point estimate: 0.2
Uncertainty median: 0.4
Cl:0.0-13

Point estimate: 0.1 by
assumption

Uncertainty median: 0.19
Cl: 0.02 - 0.56

Point estimate: 0.1
Uncertainty median: 0.2
Cl:0.0-1.2

Point estimate: 0.06
Uncertainty median: 0.09
Cl:0.00-0.57

Point estimate: 2.0
Uncertainty median: 2.1
Cl:1.7-25

1 by definition
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Fig. 1. Quantifying transmission timing in 40 transmission pairs. Left panel: our inferred generation time distributions,
in black; thicker lines denote higher support for the corresponding functional form, with the Weibull distribution being the
best fit. For comparison we also include the serial interval distributions previously reported by (12) (in light blue) and (22)
(in grey), and the incubation period distribution we used here from (21) (dashed red line). Right panel: the distribution of
the posterior probability of pre-symptomatic transmission for each of the 40 transmission pairs. The red vertical line
shows the mean probability.
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Fig. 2. Our model of infectiousness. The average infectiousness (rate of infecting others), B, as a function of the
amount of time since infection, 1. The total colored area found between two values of t is the number of transmissions
expected in that time window. The total colored area over all values of t is the number of transmissions expected over
the full course of one infection, i.e., the basic reproduction number Rq. The different colors indicate the contributions of
the four routes of transmission (stacked on top of one another), so that the total area of one color over all values of t is
the average number of transmissions via that route over the whole course of infection: Rp, Rs, Rg, and Ra for pre-
symptomatic, symptomatic, environmentally mediated, and asymptomatic transmission respectively. Values are
rounded to one decimal place. Stopping disease spread requires reduction of R to less than 1: blocking transmission,
from whatever combination of colors and values of T we can achieve, such that the total area is halved.
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Fig. 3. Quantifying intervention success. Heat map plot showing the exponential growth rate of the epidemic r as a
function of the success rate of instant isolation of symptomatic cases (x axis) and the success rate of instant contact
tracing (y axis). Positive values of r (red) imply a growing epidemic; negative values of r (green) imply a declining
epidemic, with greater negative values implying faster decline. The solid black line shows r=0, i.e., the threshold for
epidemic control. The dashed lines show uncertainty in the threshold due to uncertainty in Ro (see figs. S15 to S17). The
different panels show variation in the delay associated with the intervention - from initiating symptoms to case isolation
and quarantine of contacts.
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Fig. 4. A schematic of app

Time

-based COVID-19 contact tracing. Contacts of individual A (and all individuals using the app)

are traced using GPS co-localisations with other App users, supplemented by scanning QR-codes displayed on high-
traffic public amenities where GPS is too coarse. Individual A requests a SARS-COV-2 test (using the app) and their
positive test result triggers an instant notification to individuals who have been in close contact. The App advises

isolation for the case (indiv
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idual A) and quarantine of their contacts.
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