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Appendix Methods
Mathematical Model

We assume infectiousness over time since infection follows a Weibull distribution, with a mean of 6 days
consistent with published estimates of the serial interval for COVID-19."2 This differs from SARS-CoV-2
shedding, which can be detected from about 3 days after infection (i.e. about 2 days before the onset of
symptoms) and persists for up to 2-3 weeks at declining levels.>* We denote infectiousness over time since
infection 7 by (7). The reproduction number R (expected number of secondary cases) is given by the integral
of B(t) over time since infection R = [ Ow B (7)drt, and the generation time distribution w(7) by unit
normalisation such that w(t) = B(7)/R.® We assume the mean generation time is equivalent to the observed
mean serial interval.

An infected individual may be symptomatic or asymptomatic and we define B, (7) and S () respectively as
their infectiousness over time since infection, which can be integrated to give their reproduction numbers R,
and R,. Assuming random mixing with respect to symptoms, the overall reproduction number is given by R =
(1 — s)R, + sR,, where s is the proportion of individuals who develop symptoms.

Effectiveness of self-isolation

If infected individuals self-isolate following the onset of symptoms, then their infectiousness can be written as

Bsi(1) = (1 = 8(1)Bs(7)

where 0 (1) is the proportion of these individuals who have developed symptoms and self-isolate by time . If
we assume that individuals self-isolate immediately at onset of symptoms, then @(7) is the cumulative
distribution function of the incubation period distribution, which we assume is gamma distributed with mean 5.5
days and variance 5.2 days as reported in Lauer et al. 2020.” We denote the reproduction number for

symptomatic infected individuals with self-isolation as Ry; = [ Ooo B () dt.

Average infectiousness for infected individuals when accounting for self-isolation is therefore

B(@) = (1 =5)Ba(7) +5(1 = O(1)Bs(7)

If the relative infectiousness of asymptomatic compared with symptomatic infections is r such that 8, (7) =
rBs(T), then the proportion of transmission that is from symptomatic individuals is s/(s + (1 — s)r). This
formulation means the effectiveness of self-isolation scales linearly with the proportion of transmission that is
presymptomatic in the absence of self-isolation, which we estimate from O (t) and S, (7) to be about 40% (or
26% for a median serial interval of 8 vs. 6 days), consistent with available data.®!° If different estimates of this
proportion become available, the effectiveness of self-isolation can therefore simply be scaled accordingly.

Effectiveness of regular screening

If PCR screening, for example of a HCW, identifies SARS-CoV-2 at time 7 after infection, assuming this
individual immediately self-isolates, then this would prevent a proportion of their transmission
“B®

p(®)=| —J—dt
t=1 R

In reality, self-isolation will not immediately follow sample collection. If we assume this takes x days, then the
impact of screening at time t after infection is reduced from p(7) to p(z + x).

We assume a constant hazard of infection among HCWs over time, such that if we test them every T days the
probability that they were infected at time ¢ for 0 < t < T is simply 1/T. If we had a test that was 100%
sensitive from day zero after infection and could isolate HCWs immediately, then the proportion of new
infections prevented by a strategy of screening every T days would be



n(T)=fT %T)dr

=0
For a test that has <100% sensitivity, we might miss infection the first time we screen. In this case
T Sz
H(T):f @r@ .
=0 T

where S(7) is the probability of detecting shedding of SARS-CoV-2 at time 7 after infection. After multiple
tests

m(T) = fiow dr + f:) a _S(T))5(7;+ ) p(T + 1) e s
fT 1_[(1 —S((n— DT + 1)) S(NT+T)TP(NT+T) -

where N is the maximum number of tests that would occur during a typical infectious period (and therefore
depends on the interval T).

We explored a range of assumptions for S(7) based on statistical synthesis of the literature. We identified 3
meta-analyses of test sensitivity over time since the onset of symptoms.>* Only one attempted to estimate
presymptomatic sensitivity,* but this was based on very limited data and used a cubic polynomial spline
regression that did not match the data in the first few days after onset of symptoms. We therefore assumed
presymptomatic sensitivity for days 1-4 post infection was proportional to infectiousness B(t) with a
proportionality constant that ensured the estimate on day 5 matched the empirical data from the day of onset of
symptoms. For day 5 onwards, we used the estimates from Wikramanata (2020)° for sensitivity from the day of
onset of symptoms, which fell between the estimates from the other two studies (Appendix Figure 1). We did
not include differing test sensitivity by symptoms because estimates of the proportion of infections that are
asymptomatic are largely based on PCR testing (in practice, this means that infections with very low viral load
that may not be detected and are unlikely to contribute to transmission are not included) and because of
uncertainty about the extent of viral shedding from asymptomatic compared with symptomatic individuals.'"*

Effectiveness of contact tracing and role of testing

To evaluate the effectiveness of contact tracing we consider the number of infections generated by the infected
contacts of someone infected with SARS-CoV-2 (index case), which we denote by R, (the number of infections
generated by a single infectious individual after two generations of transmission). R, will be the product of the
number of infections generated by the index case (first generation of infections), which is given by R when
symptomatic individuals self-isolate, and the number of infections generated by the contacts of the index case
(second generation of infections), which we estimate here.

We can estimate R, in the context of contact tracing by considering symptomatic and asymptomatic infected
individuals separately. We assume asymptomatic individuals are not the index case for contact investigations
(i.e. their contacts will not be traced). The contribution of asymptomatic infected individuals to R, is therefore
(1 — s)R,R, where R is the contribution to transmission of their contacts (who are not traced). We assume
symptomatic infected individuals are identified as index cases initiating contact tracing with probability u, and
their contacts are traced with probability v. These probabilities relate to the effectiveness of identifying index
cases and their contacts respectively, and will depend on the nature of the contact-tracing method (e.g. manual,
app-based, etc.) and the definition of a contact. The contribution to R, of symptomatic infections who are not
identified for contact tracing is (1 — u)sR; R (assuming the symptomatic index case self-isolates).

Finally, the contribution of symptomatic infected individuals where contact tracing is attempted depends on v
and the time at which contacts are identified relative to their onset of infection. This depends on the time at
which contact tracing is initiated relative to the onset of infection in the index case 7;, which we assume is given
by the distribution of the time to onset of symptoms 6(z;), the number of secondary infections generated by the
index case until that time, and the length of time these secondary infections are infected prior to their quarantine
(illustrated in Appendix Figure 4). This gives the expected number of secondary cases after two generations
from these symptomatic infected individuals identified for contact tracing as:



oo Ti Ti—T2+q
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where 7, is the time of quarantine with respect to the onset of infection in the contact, 7, is the time of
transmission from the index case relative to their onset of infection and q is the delay between initiating contact
tracing and quarantine of the case. Summing these contributions and simplifying gives

0 T Ti—T2+q
R, = vsuf 6 (‘L'i)f Bs (‘[Z)f B (tq) dtgdt, dt; + [s(1 —uv)Rs; + (1 — S)RL]R

The reproduction number for the second generation of transmission R} is simply R, /R. In the absence of
contact tracing and quarantine 7; = o then R, = R? (and R} = R). We introduce some notation to simplify this
expression. We write R, = A + B where A is the contribution to transmission from traced contacts, and B the
contribution to transmission from non-identified contacts:

R, =A+B
_vsu ©
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If symptomatic index cases only have their contacts traced if they test positive, then the probability of isolation
and contact tracing at time t; after their onset of infection becomes S,0(t;) where S, is the sensitivity of the test
on the day of onset of symptoms (assumed constant) and

vsu
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B =s(1—-uvS,)Rs; + (1 —5)R,

where for simplicity we ignore the contribution to transmission of false negative index cases after they receive
their test results and exit self-isolation. This contribution is minimal since test sensitivity after symptom onset is
a function of the quantity of virus being shed, but can result in a marginally higher R for ‘test and trace’
compared with self-isolation based on symptoms alone when sensitivity is low (therefore resulting in negative
effectiveness of this strategy).

In the next (third) generation of infection, the number of infected individuals (R3) will depend on whether
contact tracing is performed for symptomatic contacts of the index case who test positive (i.e. whether contacts
are themselves eligible for contact tracing). In addition, quarantine of successfully traced contacts will result in
an altered (shorted) serial interval for any onwards transmission. Where the delay from test to trace is short (<24
hours) the contribution of traced contacts to transmission is relatively small A/(A + B) < 15% for coverage up
to 80%. In this case, if we assume that traced symptomatic contacts are eligible as index cases for contact
tracing and that the probability of successful identification as a contact (v) is independent of the probability of
being identified for contact tracing (u), then we can ignore their altered serial duration and R = Rj and by
extension the reproduction number under a test-and-trace strategy is Ry = Rj. In reality u and v are likely to
be correlated because of behavioural factors, or if contact tracing is implemented through a smartphone app. In
this case, R+ will be higher, depending on the magnitude of the correlation and the extent of transmission from
untraced contacts, given by s(1 — uv)Ry;.

We can extend this model to consider testing of contacts and their release from quarantine if they test negative.
In this case

vsu [es) —T2+q
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with the additional term in B representing the contribution to transmission in the second generation of contacts
with false negative test results.



Appendix Table 1 Model parameter values.

Distribution for

Parameter Symbol  Value (range) sensitivity analysis Data source
Proportion of infections that are s 67 (50-80) uniform 1,14,15
symptomatic (%)
Relative infectiousness of r 0.5 (0.1-1.0) uniform 11-13
asymptomatic infections vs.
symptomatic infections
Generation time distribution in absence w(T1) Weibull (median 6 (5-8) days, uniform Based on published
of self-isolation shape 2.8) serial intervals
(1,2,10)
Incubation period distribution 6(1) Gamma (mean 5.5 days, shape NA 7
5.8) (fixed)
Sensitivity of SARS-CoV-2 test S(t) Empirical estimate (also NA 3-5
consider lower sensitivity
rescaled by 0.85)
Sensitivity of SARS-CoV-2 at S 90% (80-95%) uniform 3-5
Ssymptom onset
Proportion of index infections u 0-100 NA Varied in sensitivity
identified for contact tracing (%) analysis
Proportion of infected contacts v 0-100 NA Varied in sensitivity
successfully traced and isolated (%) analysis
Time from onset of symptoms in index q 0-72 NA Varied in sensitivity

case to quarantine of their contacts
(hours)

analysis

NA = not applicable



Appendix Figure 1 Estimated PCR test sensitivity over time since infection. The best estimates based on
analysis of published data is shown (solid line) and the values used in a sensitivity analysis assuming 15% lower
sensitivity (dashed line). See appendix methods for more details.
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Appendix Figure 2 Sensitivity analysis of the effectiveness of regular screening of HCWs. In A)
effectiveness (reduction in transmission from HCWs) is shown as a function of testing interval and timeliness of
self-isolation for a median serial interval of 8 days instead of 6 days. In B) effectiveness of weekly screening
with a 24-hour delay to results is shown as a function of the proportion of infections that are asymptomatic and
their relative infectiousness compared with symptomatic infections (6 days serial interval). In C) the same
effectiveness is shown but for test sensitivity over time since infection rescaled by 0.85 (i.e. 15% reduction).
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Appendix Figure 3 Sensitivity analysis of the effectiveness of test-and-trace. In A) effectiveness is shown as
a function of the proportion of infections that are asymptomatic and their relative infectiousness compared with
symptomatic infections. In B) effectiveness for different timeliness and coverage of test-and-trace is shown as
for Figure 2A but with a median serial interval of 8 days rather than 6 days. Effectiveness is measured as the
reduction in transmission from contacts of the index case as described in Figure 2.
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Appendix Figure 4 Illustration of the model of test-and-trace. Infectiousness over time is shown for the
index case and for a single contact. Symbols correspond to those described in the model equations.
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