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1 Background & Literature Review

The PubMed database was searched for studies that model the impacts of non-pharmaceutical interventions
(NPIs) for mitigating hypothetical respiratory pandemics, using the search string model* AND ( “future pan-
demic*” OR “pandemic influenza” OR “pandemic strain” OR “novel * outbreak*” OR “novel * pathogen®™” OR
“emerg* pathogen*”) AND (strateg* OR mitigat* OR contain* OR intervention*), without language restriction
and from database inception to 14" March 2025. The search yielded 46 original research studies, published
between 2005 and 2024, and two secondary research studies: a systematic review of modelling studies of school
closures” and a systematic review of modelling studies of combinations of mitigation measures”. The original
research studies identified are very limited in scope: typically, influenza pandemics in high-income Anglosphere
countries are considered, mitigated by fixed-duration NPIs that do not respond to the epidemic state, and the
impacts quantified in terms of health losses alone. Only three studies identified are applied to low- or middle-
income countries” ™, only five studies consider diseases other than influenza"~"" and only four quantify the
economic losses of workplace closures in addition to the health impact '~ ", albeit in a simplistic manner that
does not consider the underlying structure of the economy. No study was identified that considered any two of
these three dimensions simultaneously, and no study was identified that quantified the long-term learning losses
associated with school closures. Therefore, the pandemic planning research conducted to date is very narrow
in focus and in the aftermath of the Covid-19 pandemic, there is a need for the health and socioeconomic
assessments of NPIs for potential future pandemics across all country-income groups.

This modelling study quantifies and projects the joint health, economic and educational losses under alter-
native business- and school-closure mitigation strategies, with underlying NPIs and vaccination, for different
respiratory pandemics and country-income groups. The closure strategies mimic those implemented during
the Covid-19 pandemic and are fully responsive to the epidemic state for each simulation, and the model is
parametrised by Covid-19 mitigation data. Here, a fully-integrated epidemiological-economic model is employed
to project the socioeconomic losses of a given strategy, which captures the interdependence of disease trans-
mission and economic activity, thus capitalising on recent developments in the field of economic epidemiology.
Socioeconomic-loss-minimising strategies are identified for different diseases and country-income groups, consid-
ering the variability in underlying demographic, economic, mixing, and mitigation parameters. A cost-benefit
analysis of switching between different closure strategies is performed. The study is a major update to the
pandemic preparedness literature for the post-Covid era and provides insights into mitigating potential future
pandemics, co-produced with global health policy partners. Furthermore, the model serves as a robust tool for
the evaluation of the return-on-investment of pandemic prevention and preparedness measures considering the
socioeconomic losses of pandemics beyond just health losses.

2 Model & Data

The model underlying the current study is daedalus, an integrated epidemiological-economic model that was
originally developed in response to the Covid-19 pandemic to optimise economic sector closures in the UK "7,
and subsequently employed to estimate the socioeconomic benefit of booster vaccinations in Indonesia'” and
deaths averted under various body-mass index distributions in Mexico'’. The epidemiological component is a
deterministic SEIR compartmental model with age and economic-sector heterogeneity, while the economic com-
ponent is a deterministic partial-equilibrium aggregate production model with economic-sector heterogeneity.
The component models are linked in a bi-directional manner, through economic-sector-dependent workplace
transmission (impact of economy on epidemiology) and health-state-dependent labour supply (impact of epi-
demiology on economy). The mitigation measures considered include the full or partial differential closure of
economic sectors (including education), home-working, distancing, case isolation, hospital capacity and vacci-
nation, which may have combined health, economic and educational impacts. For example, economic sector
closures reduce workplace transmission and health losses, but at the expense of reduced production and economic
losses.

Here, the daedalus model is used to project the socioeconomic loss (see section 2.5) under various dynamic closure
strategies (see section 2.4) imposed in conjunction with other mitigation measures (see section 2.3), for novel
respiratory diseases (section 2.2) and country-income groups (section 2.1). The model is parametrised using
income-group-specific demographic, economic and mixing data (see Figure S1), historic respiratory pandemic
and pandemic-variant epidemiological data (see Table S1), and Covid-19 mitigation measure and closure data
(see Figures S2 - S5 and Tables S3 - S2), which were assembled from numerous diverse sources and described
in detail in the following sections. It must be emphasised that this is a projection study, not a model-fitting
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exercise. The objective is not to reconstruct historic outbreaks, but rather to investigate and compare the
potential outcomes of hypothetical pandemics with realistic historically-inspired epidemiology, as a pandemic
planning exercise. The code and data are available on GitHub

2.1 Income-Group Archetypes

The analysis is stratified by country-income group, since there are fundamental differences in demography,
mixing, economics and mitigation capability between low- and high-income countries, which will likely affect
pandemic interventions and outcomes “~“'. Three income-group ‘archetypes’ are considered, based on the World
Bank classification “~, except for the low- and lower-middle-income countries which are combined due to lack of
country-level data. Hence, the income-group archetypes and abbreviations are:

e LLMIC: low- and lower-middle-income countries
e UMIC: upper-middle-income countries

e HIC: high-income countries.

While it is technically feasible to stratify by country, this level of spatial resolution is problematic. It implies
a degree of confidence in the underlying country-level data that is not well-suited to a projection study of this
nature. Moreover, pandemic interventions and outcomes are influenced by numerous factors beyond those that
can be adequately captured by a model, further limiting the appropriateness of such stratification.

Within each income-group archetype, 5000 ‘synthetic countries’ are constructed by randomly sampling with
replacement from the empirical distributions of the assembled country-level data for that income group, specif-
ically the demographic, economic and mixing data. By generating a range of plausible synthetic countries,
this approach accounts for uncertainty in the underlying data and allows for variability in model output. The
generating process is described in more detail in subsequent paragraphs.

Demography

The total population of each synthetic country is fixed at 50 million, but the analysis is independent of population
size given the deterministic nature of the model. The proportion of the total population in five-year age-bands
is drawn from the empirical distribution for each country-income-group archetype (see Figure S1), obtained
from the United Nations®’, and the resulting population by five-year age-band is denoted N,. Remaining
life-expectancy by five-year age-band, denoted [, is also drawn, with data sourced from the World Health
Organization (WHO)

However, the daedalus model employs a coarser disaggregation of the population into four age-groups:

preschool-age: 0-4 years

school-age: 5-19 years

e working-age: 20-64 years

retired-age: 65+ years,

and so N, is aggregated into ]\79, where the index g represents the model age-groups listed above.

Economy

The economy of each synthetic country is disaggregated into 45 economic sectors, based on the 4*" revision of
the International Standard Industrial Classification of All Economic Activities*”, which are listed in Table S3.
The workforce by sector is conditional on the working-age population: the proportion of the working-age group
working in each economic sector and not working at all is drawn from the empirical distribution for each country-
income-group archetype (see Figure S1), estimated by dividing workforce data obtained from the Organisation
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for Economic Co-operation and Development (OECD)“" and the International Labour Organization (ILO)
by the aforementioned working-age population data, and the resulting workforce by sector is denoted N; for
j €{1,...,45}. Values of j exceeding 45 represent the non-working model age-groups (preschool-age, school-age,
non-working working-age, retired-age), and so IN; denotes the population by economic sector and non-working
age-group in general (henceforth termed model strata), such that:

49 4 21
> N;j=> N, = N, =50,000,000.
j=1 g=1 a=1

It is assumed that the workforce by sector encompasses those in both the formal and informal sectors of the
economy.

Annual gross value added (GVA) per worker by sector (a measure of worker productivity), denoted y;, is also
drawn from the empirical distribution estimated by dividing GVA data obtained from OECD input-output
tables *® by the aforementioned workforce data. Economic output is then measured in terms of Gross Domestic
Product (GDP) in U.S. dollars ($) using a production approach, with linear production function

15
Yo = Zyij7
1

where Y is total annual pre-pandemic GDP. The economic model is stylised: neither sectoral interdependencies
nor consumption are modelled, it is assumed that the goods/services market clears, and international trade is
not modelled explicitly.

Mixing

Population mixing refers to the contact patterns between different population groups that facilitate disease
transmission, a proportion of which are associated with economic activity. Contact patterns are encoded in
contact matrices, which specify the mean number of contacts per day within and between each group in the
population. Here, the total contact matrix of each synthetic country is denoted M, where element Mj ;
represents the contacts experienced by model stratum j (economic sector or non-working age-group) from
model stratum j’. Following a similar approach to the original daedalus model '”, the total contact matrix M
is decomposed into community (A), worker-to-worker (B) and worker-to-consumer (C') contact matrices, where
contact matrices B and C encode sector-specific workplace mixing heterogeneity, based on data synthesised
from a French contact survey from 2012~ mapped to the 45 economic sectors considered here. The community
contact matrix A is further decomposed into household (A(")), other-location (AU)) and school (A(®)) contact
matrices, such that the total contact matrix at time ¢ can be written as a sum across different locations:

M(t) = AP + A @) 4 A (1) + B(t) + C(t).

The time-dependence in this equation represents dynamic mitigation by economic sector closures (including
education) and home-working, the specifics of which are described in detail below (see section 2.4). The extent
to which sector j is open at time ¢ is denoted x;(t), and the proportion of workers home-working denoted g;(t),
therefore the total contact matrix can also be written M (t) = M(x;(t),q;(t)). The manner in which these
mitigation measures reduce contact rates in different locations (if at all) is detailed in the following paragraphs.

The household, other-location and school contact matrices are drawn respectively from empirical distributions
of ‘home’, ‘other-location’ and ‘school’ synthetic contact matrices for each country-income-group archetype,
collated from work by Prem and colleagues””>”" | where the original 16-by-16 matrices for five-year age-bands are
aggregated into four-by-four matrices for the model age-groups listed above. These are subsequently broadcasted
to the 49 model strata, as described below. The worker-to-worker and consumer-to-worker contact matrices
have fixed structure as specified in the original daedalus model, but these are rescaled such that the combined
working-age-population-weighted-average workplace contact rate matches the value drawn from the empirical
distribution calculated from the ‘work’ synthetic contact matrices (see Figure S1).

The household contact matrix A(") represents intra- and inter-household contacts. Let A;Lg)/ denote the four-
by-four matrix for model age-groups drawn from the empirical distribution of ‘home’ synthetic contact matrices.
By broadcasting the four-by-four matrix in proportion to population by stratum, the household contact matrix
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is defined as

AR = A9
253 g\7).9°\J Ng’(j’)

where N/ is the population of stratum j’ (economic sector or non-working age-group) and Ng(j,) is the popu-
lation of the model age-group ¢’ that stratum j’ belongs to. Household contacts are independent of economic
sector closures and home-working (hence no t-dependence in the total contact matrix equation above).

The other-location contact matrix A7) represents contacts in locations other than households, schools and
workplaces - such as outdoors, modes of transport, hospitality venues and retail outlets. Let fl;b;? denote the
four-by-four matrix for model age-groups drawn from the empirical distribution of ‘other-location’ synthetic
contact matrices. As before, this four-by-four matrix is broadcasted to a 49-by-49 matrix in proportion to
population by stratum. However, other-location contacts depend on the extent to which certain economic
sectors are open - the hospitality sectors in particular. It is assumed that 45% of other-location contacts are
made in hospitality venues, based on the proportion of ‘leisure’ contacts among ‘other-location’ contacts pooled
across the countries of the POLYMOD study ““. Therefore, the other-location contact matrix is defined as

(H) py _ AH) Nj
A6 = A0 win TJ(J) (0.55 4 0.45(2hosp(t))?) .

where Zposp(t) = D2, 2 (t)N;/ 32, Nj for j = 32,43,44 (see Table 2.4) is the workforce-weighted-average extent
to which the hospitality sectors are open. The scaling is quadratic in @pesp(t). Other-location contacts are
independent of home-working.

The school contact matrix A®) represents contacts in schools. Let Aésg), denote the four-by-four matrix for
model age-groups drawn from the empirical distribution of ‘school’ syntﬁetic contact matrices. As before, this
four-by-four matrix is broadcasted to a 49-by-49 matrix in proportion to population by stratum. School contacts
depend on the extent to which the education sector is open, hence the school contact matrix is defined as

S A (S N, o
A‘gvj)’ (t) - A;(;)A]'(]’)N/ij(l) ((L‘edu(t))]l{g(”u‘? (1)<2} ’
9

where Teqy, (t) = x41(t) (see Table 2.4) is the extent to which the education sector is open and 1 is the indicator
function, i.e. only intra- and inter- preschool- and school-age contacts are reduced. The scaling is quadratic in
Zedu(t). School contacts are independent of home-working.

The workplace contact matrices B and C represent worker-to-worker and consumer-to-worker contacts in work-
places respectively. In the original daedalus model ', B is a diagonal matrix with diagonal elements b; (pre-
pandemic) and C is a square matrix with row-sums ¢; (pre-pandemic) that are split column-wise in proportion
to population by stratum, where b; and c; are the sector-specific values mapped from the French contact
survey “’. This implies that the combined working-age-population-weighted-average workplace contact rate is
wold = Zj;g(j):3(bj +¢j)Nj/Ny(;), where b; = ¢; = 0 for j > 45, i.e. workplace contacts for non-working age-
groups are zero. Here, the structure of the workplace contact matrices is preserved from the original daedalus
model but the magnitude of workplace contacts is allowed to vary. Let w™* denote the workplace contact rate
drawn from the empirical distribution calculated from ‘work’ synthetic contact matrices. Given that workplace
contacts must also depend on the extent to which economics sectors are open and the proportion of workers
home-working, the workplace contact matrices are defined as

Bys() = by (a5 ()1~ (1))

N., wWEY
Cyr(t) =¢; SN, JN,, ot L) (1= ¢;(2)),
i Vi

where the scaling in B is quadratic in z;(t) (worker-to-worker contacts) and ¢;(¢) but the scaling in C is linear
(consumer-to-worker contacts). The economic-sector heterogeneity of workplace transmission is encoded in b;
and c;.
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2.2 Disease Epidemiology

The original daedalus model and its subsequent applications were developed in response to the Covid-19
pandemic, employing a compartmental epidemiological model with heterogeneity of age and economic-sector,
and SEIR natural history. Here, the epidemiological component is generalised to model respiratory diseases with
distinct epidemiological characteristics, defined in terms of transmissibility, delays and severity. Six diseases
are considered, inspired by historic pandemics and pandemic variants caused by the Alphainfluenzavirus and
Betacoronavirus viral genera:

o Influenza-2009-X
o Influenza-1957-X

Influenza-1918-X

Covid-Omicron-X

Covid-Delta-X

Covid-Wildtype-X.

The influenza diseases correspond to the pandemics of 2009 (‘Swine flu’), 1957 (‘Asian flu’) and 1918 (‘Span-
ish flu’) respectively. The coronavirus diseases correspond to the Omicron and Delta variants of Covid-19,
and the pre-Alpha-variant Covid-19 wild type. This set of diseases is epidemiologically diverse (see Table
S1); with low-transmissibility low-severity Influenza-2009-X, low-transmissibility high-severity Influenza-1918-X,
high-transmissibility low-severity Covid-Omicron-X, and high-transmissibility and high-severity Covid-Delta-X
- and Influenza-1957-X and Covid-Wildtype-X in between. The transmission timescales also differ between the
influenza and the coronavirus diseases, with the latter exhibiting longer generation times and hospital length
of stay in general. Mimicking historic pandemics and pandemic variants ensures plausibility, given that the
epidemiological parameter values have been realised in the past. However, it must be emphasised that the aim
of this study is not to reconstruct historic outbreaks - this would require a much more tailored approach, the
acquisition of appropriate epidemiological time series data (e.g., hospital admissions, deaths) and fitting the
epidemiological model to these data - rather, each disease is considered in the hypothetical case. Furthermore,
each disease is considered to be novel - it is assumed that there is no pre-existing natural- or vaccine-induced
immunity, which would inhibit disease transmission and/or severity. For both of the above reasons, the suffix
-X is appended to each disease name, in the spirit of WHO terminology

In the epidemiological model, transmission and disease progression are described by the distribution of the
population across different health states and the evolution of this distribution over time. The health states
represent the natural history of disease and mitigation measures imposed in response to the outbreak: at time ¢,
the population by stratum N; is decomposed into susceptible S, exposed Ej,, asymptomatic infectious I7
symptomatic infectious I7 , recovered R; ., hospitalised Hj ., and dead Dj , states, and following the imposition
of mitigation measures (see section 2.3), isolating asymptomatic infectious I J‘“v, isolating symptomatic infectious
I3, and seroconverting (due to vaccination) 5% states are included. The subscript v denotes vaccination status
(v = 0 for unvaccinated and v = 1 for vaccinated), which duplicates the aforementioned health states, and
vaccination status transitions occur due to seroconversion and waning of vaccine-induced immunity to infection.

The system of ordinary differential equations (ODEs) describing the evolution in time of the distribution of the



population across health states is
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where the set of health states and the flow structure are independent of disease. In particular, it is assumed that
all asymptomatic infectious individuals recover and that death only occurs following symptomatic infection.
Furthermore, viral evolution is not modelled and it is assumed that there is no waning of infection-induced
immunity or vaccine-induced immunity to severe disease, at least over the timescales considered, but there is
waning of vaccine-induced immunity to infection (see section 2.3).

The epidemiological dynamics are determined by the transition rates between health states, denoted k™ for
n € {1,...,13} above, which are disease-dependent. The epidemiological parameters in Table S1 specify on-
ward infectiousness (transmissibility), the time spent in each health state (delays) and the proportional split
between complementary health states (severity), which are independent of country-income-group archetype, i.e.
income-group-dependent population health or healthcare quality (below hospital capacity - see section 2.3) are
not considered. However, synthetic country demography, economics and mixing introduces localised effects:
transmission is a function of contacts between different economic sectors and non-working age-groups, and
severity is a function of age. Therefore, for each disease, there is a local basic reproduction number and local
population-average IHR and IFR in each synthetic country. Furthermore, almost all transition rates depend on
mitigation measures (see section 2.3), and together these factors determine the overall intensity of an epidemic
realisation. The dependence (or independence) of different transition rates on model stratum j (economic sector
or non-working age-group), vaccination status u,v and time ¢ are indicated in the system of ODEs above, and
these are defined in full in the following section.
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2.3 Mitigation Measures

In response to a disease outbreak in a synthetic country, four different mitigation measures are imposed: dis-
tancing, case isolation, hospital capacity and vaccination. The mitigation measures are modelled in an identical
manner for each country-income-group archetype but the parametrisation is income-group-dependent, with pa-
rameters drawn from distributions fitted to Covid-19 data. To allow for interdependencies between mitigation
parameters within each income group, a Gaussian copula approach is employed, where marginal distributions
are fitted to parameter data separately (see Figure S2). Using the fitted marginal distributions, the observed
data are transformed to z-scores and correlation coefficients are estimated for each pair of parameters in turn
(see Figure S3). The mitigation parameters are most-strongly correlated in LLMICs, which encompasses coun-
tries with a wide range of response capabilities, where there are strong and significant associations between the
testing rate and (earlier) vaccination administration start-time, administration rate and coverage, and between
the vaccination administration rate and coverage. The significance of the association between the vaccination
administration rate and coverage extends to UMICs and HICs, but with slightly and moderately weaker corre-
lation coefficients, respectively. During simulations, samples are drawn from a multivariate normal distribution
with income-group-specific correlation matrix, then independently transformed to the unit interval using the
standard-normal cumulative density function and mapped back through the inverse marginal cumulative distri-
bution functions to obtain parameter realisations. The implementation of mitigation measures over time for a
sample of synthetic countries in each income-group archetype are shown in Figure S4 for illustrative purposes.
Furthermore, the effectiveness of each mitigation measure is a function of time-dependent epidemiological output
variables and thus endogenous to the local outbreak, as discussed below. Mitigation measures also encompass
both government mandates and behavioural changes independent of mandates, such as adherence/compliance,
although it is very difficult to disentangle the relative contributions of each factor in the Covid-19 data - however,
this is not the objective of the current study. Each mitigation measure is discussed in detail below.

Distancing

Distancing as a mitigation measure refers to the physical and social distancing non-pharmaceutical interventions
(NPIs) that reduce transmission (either the number of contacts or the probability of transmission given infec-
tious contact), driven by the combined effects of government mandates and human behaviour (which are not
disentangled), but do not incur an economic loss from a societal perspective. Examples include mask-wearing,
personal hygiene, social bubbles and limits to social gatherings, and exclude case isolation, economic closures,
school closures and home-working, each of which are modelled separately (see subsequent paragraphs and sec-
tion 2.4). Distancing is modelled as a time-dependent multiplier within the force-of-infection term, denoted
kjl-’v(t) in the system of ODEs above, which dampens transmission independent of location. Specifically, the
force-of-infection term is written as

k_},v( = nv BZ 7.3’ /

where M (t) is the time-dependent total contact matrix (see section 2.1), I;/(t)/N;: is disease prevalence ad-
justed for infectiousness, S is the disease-dependent transmission probability given symptomatic contact (see
Table S1), p(t) is the distancing transmission multiplier and nZ is the relative risk of infection given vac-
cination status v (see subsequent paragraphs). The numerator of the disease prevalence term is Ij/(t) =
Do M (€I5s () + I3, (8) + €CH () IS 0 (t) + G5 (D) I3,/ (1)), Where € is the relative risk of transmission given
asymptomatic contact (see Table S1), (*(t) and ¢}, (t) are the relative risk of transmission given isolating
asymptomatic and symptomatic contacts respectively (see subsequent paragraphs), and 7711}, is the relative risk
of transmission given vaccination status v (see subsequent paragraphs).

The distancing transmission multiplier is modelled using a logistic function of the form

1 Li¢>presy
t) = : ,
p( ) (1 + exp(co + cdeath loglo(Dnew (t)) _ Ctzme (t _ Tres)))

where 77 is the response time when distancing takes effect, ¢” is the intercept coefficient that controls the over-
all reduction in transmission independent of time, ¢%¢%*" is the death-sensitivity coefficient that controls the re-

duction in transmission as the number of daily deaths per 100k population D" (t) = . &} 2(t) H;o(t)/ (X2, N,;/10°)

increases and ¢**™¢ is the time-decay coefficient that controls the speed at which transmission returns to pre-

pandemic levels over time. This functional form was selected based on Covid-19 mobility data®", which is used
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as a proxy for distancing: specifically, the percentage reduction in mobility averaged across retail and recre-
ation, grocery and pharmacy, and transit stations is mapped linearly to the transmission multiplier on the unit
interval, and this broadly decreases during Covid-19 waves due to infection avoidance and increases over time
due to factors such as the relaxation of NPIs, reduced adherence to interventions and pandemic fatigue. Here, it
is assumed that death is the epidemiological driver of the reduction in transmission, since this best generalises
beyond Covid-19 to diseases with variable transmissibility and severity profiles. Therefore, distancing is fully
endogenous to the local outbreak.

Data for the transmission multiplier parameters were generated on a country-by-country basis as follows. The
response time 77¢* is defined to be the time delay from 1%¢ January 2020 until the day the Blavatnik stringency
index"' reaches a value of 20%, normalised by the (fixed) doubling time of Covid-19°?. Without normalisation,
the range of response times observed for Covid-19 may be entirely inappropriate for diseases with very different
characteristics, and so the doubling time is used here as a scaling factor. The intercept coefficient c?, the death-
sensitivity coefficient ¢??*" and the time-decay coefficient c**™¢ are determined by fitting the logistic function
above to the aforementioned mobility data, given the calculated response time 77 and daily death data
for Covid-19°” adjusted for under-reporting””. These country-level parameter data are stratified by country-
income-group archetype and for each parameter, a set of candidate distributions are fitted with the fitdist
package”” using maximum likelihood estimation. The candidate distributions with lowest Akaike information
criterion (AIC) values are identified, from which simulation parameters are drawn. The distancing parameter
marginal distributions are shown in Figure S2 in light blue. In HICs, the mean response time is lowest and the
mean time-decay coefficient is lowest, both of which result in reduced transmission and favourable outcomes.
Since the response time is drawn in units of doubling times, it is converted to units of days by multiplication
with the local doubling time of the synthetic country and disease in question before simulation. Illustrative
values of the transmission multiplier for a sample of synthetic countries in each income-group archetype, as a
function of daily deaths and time since the response time, are shown in Figure S4.

Case Isolation

Case isolation as a mitigation measures encompasses the detection and mandatory isolation of a proportion of the
infectious, contingent on the operation of an effective testing and surveillance system, with the aim of reducing
transmission - potentially to the point of suppression. Case detection is modelled in a stylised manner by the
diversion of a proportion of the asymptomatic and symptomatic infectious to corresponding ‘isolating’ health
states, controlled by time-dependent infection ascertainment ratios within the latent-to-infectious transition
rates. Specifically, the latent-to-infectious transition rates are written as

i~ Lm0 =p")

TET
B = Lt _;;(:?)pls
ey = 0020
K5 (1) = as(t)p”

TE:I ’

where TF is the latent period and p’” is the symptomatic infection ratio (see Table S1), and a(t) and a®(t)
are the infection ascertainment ratios (IARs) of the asymptomatic and symptomatic respectively.

The IARs are written

atest — |new (t) :| +>
Jnew (t)

O[a (t) = ]]_{Ttest St<T0pen} ]].{Itat(t)<]thrcsh} min <pasc7 |:

Inew(t)
' e atest _ Hnew(t) +
+ (1 = Lygeor gy <pinresny) min (p o [Isnew(t)} ’

where T is the testing start-time when case isolation takes effect and T°P°" is the time when mandated
sector closures and home-working are lifted and testing and case isolation end (see section 2.4), I*°'(t) =

< ) se atest _ Hrew(¢ +
(67 (t) = ]1{Ttest§t<Topen} [1{[£ot(t)<[th,resh} min (p s |:():|
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i (Bjo(t) + 15, (8) 4+ I3, (t) + 195 (t) + I3, (t) + Hj (1)) is disease prevalence and [thresh — > N;/107 is
a fixed prevalence threshold, p test is the population-
level testing rate, H"™"(t) = >, , kT (t) (I3,(t) + I3, (t)) is daily hospital admissions, and I"*“(t) =
i k;,(t) (Sj,v(t) + Zizvﬂ Sjci;}(t)) and IV (t) = p! 1" (t) are total and symptomatic incidence, re-
spectively. The functional form for the TARs relates case detection to testing, whereby ascertainment is zero in
the absence of testing and only non-zero in the time interval Tt < ¢ < T°P¢" but also encodes an explicit
dependence on disease prevalence and distinguishes two ascertainment régimes above and below the prevalence
threshold: when I(t) > """ only the symptomatic infectious are detected up to a maximum of p®*¢, but
when I(t) < I*h"esh both the asymptomatic and symptomatic infectious are detected at the same level. The
rationale behind this assumption is that the symptomatic infectious can be detected via either symptom-driven
testing or contact tracing, while the asymptomatic infectious can only be detected via contact tracing, and it is
unlikely that a substantial proportion of cases are detected via contact tracing unless prevalence is low and close
to (local) extinction“®"". The IARs are also restricted by the testing rate, accounting for the ‘pillar’ of testing
of those admitted to care,””, where the upper bound is assumed to be the ratio of the extra-hospital testing
rate to incidence (symptomatic and total incidence in the low- and high-ascertainment régimes, respectively).

%5¢ is the maximum infection ascertainment ratio, a

However, ascertainment does not imply that the transmission risk from detected cases is zero, due to factors
such as presymptomatic transmission, barriers to testing, testing turnaround times and contact tracing delays.
Hence, the effectiveness of case isolation is modelled as time-dependent relative risks of transmission for the
isolating within the force-of-infection term, with the underlying assumption that transmission risk is determined
by the ratio of the ‘effective’ infectious period to the disease-dependent infectious period (see Table S1), where
the effective infectious period is interpreted here to be the time from infectiousness to isolation. Specifically,
the relative risk of transmission for the isolating asymptomatic and symptomatic infectious are

. min (TI:Iso,&, TI”:R)
¢t)y=1+ ]1{Ttest§t<Topen}]1{]tot(t)<[thresh} TToR -1
. min (TIZISO,(SL’ T]I,:} (t))
C])U(t) = 1 + l{TtestSt<T0pen} ]I{Itot(t)<1thresh} Ts - 1
Tj,v (t)

min (TI:ISO,Q’ TI; (t))
+ (1 — ]l{[tot(t)<[thresh}) < TIS (t) J> — 1
7,0

respectively, where T!"% is the infectious period for asymptomatic infection (see Table S1), Tf;(t)

TrH (I, () +T" SR piT,(t)) is the infectious period for symptomatic infection averaged across outcomes (see
Table S1) with time-dependent symptomatic infection hospitalisation ratio pfv (t) (see subsequent paragraphs),
and TT150:@ and TT75%2 are the times from infectiousness to isolation for the high- and low-ascertainment
régimes described above. These delays are defined in turn as the difference between the times from infection
to isolation and the time from infection to infectiousness, i.e., the latent period. Here, it is assumed that
the times from infection to isolation for both the high- and low-ascertainment régimes are fixed values that
are disease-independent, reflecting the operation of a testing and surveillance system and the corresponding
delays associated with testing turnaround, notification and contact-tracing, irrespective of the disease in ques-
tion. Summing estimates of the Covid-19 incubation period of 5.8 days”’ and symptom-onset to isolation
delay for traced-cases of -0.8'" and general cases of 2.4"", the times from infection to isolation for the high-
and low-ascertainment régimes are calculated to be 5 days and 8.2 days respectively, and thus the times from
infectiousness to isolation are defined as T7/50:& = [5 — TE:I]+ and TT1soa — [8.2 — TE:I] +, scaling linearly
with the disease-dependent latent period TF. Substituting the parameter values in Table S1 into the above
equations yields disease- and ascertainment régime-dependent values of (*(t) and (3, (¢): for the influenza dis-
eases, there is no reduction in transmission for the isolating asymptomatic or symptomatic infectious in either
régime since both latent and infectious periods are very short, hence case isolation as a mitigation measure is
ineffective; for the coronavirus diseases, there is little reduction in transmission in the low-ascertainment régime,
but in the high-ascertainment régime there is a more substantial reduction in transmission with relative risks
ranging from 0.19-0.48 for the asymptomatic infectious and 0.1-0.25 for the symptomatic infectious. Though
stylised, the scaling of the effectiveness of case isolation with latent and infectious periods is consistent with
previous work on outbreak control, case isolation and contact-tracing '~ '". The set-up is also generalisable to
diseases with variable transmissibility, delays and severity: the symptomatic infection ratio determines whether
the asymptomatic or symptomatic IAR and relative transmission risk applies, model-endogenous disease preva-
lence dictates the ascertainment régime that applies, and the latent and infectious periods control the relative
risk of transmission for the isolating infectious (see S1). Therefore, case isolation is also fully endogenous to the
local outbreak.
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Testing data were generated on a country-by-country basis by fitting a ramp function to Covid-19 testing
data”, specifically the time series of cumulative tests normalised by population. The testing start-time 7€t
is defined to be the time delay from 1°¢ January 2020 normalised by the (fixed) doubling time of Covid-19°“,
as for the response time. The testing rate a'®*! is assumed to be disease-independent. Ascertainment data
were generated by averaging Covid-19 symptomatic infection ascertainment ratios for various countries over
time 706, which are also assumed to be disease-independent. As before, these country-level parameter data are
stratified by country-income-group archetype and a set of candidate distributions are fitted with the fitdist
package”” using maximum likelihood estimation. The candidate distributions with lowest Akaike information
criterion (AIC) values are identified, from which simulation parameters are drawn. The case isolation parameter
marginal distributions are shown in Figure S2 in light green. The mean testing start-time is largest in LLMICs
and smallest in HICs, while the mean testing rate is lowest in LLMICs and highest in HICs, reflecting existing
testing and surveillance system vulnerabilities in lower-income countries. Since the testing start-time is drawn
in units of doubling times, it is converted to units of days by multiplication with the local doubling time of the
synthetic country and disease in question before simulation. The testing rate is drawn per capita and multiplied
by the local population before simulation. Illustrative values of the maximum infection ascertainment ratio for
a sample of synthetic countries in each income-group archetype, as a function of time since the outbreak, are
shown in Figure S4. Note that it is the maximum TAR that is plotted here, rather than the prevalence-dependent
asymptomatic and symptomatic IARs, for ease of exposition.

Hospital Capacity

Hospital capacity as a mitigation measure refers to the ability of the health system to cater to pandemic patients,
including the availability of hospital beds, equipment, therapeutics and healthcare workers. In particular, the
IFRs displayed in Table S1 are interpreted to reflect patient outcomes given the appropriate level of care. But
if the health system is not resilient and the healthcare demand induced by the pandemic exceeds the available
supply, then patient outcomes will deteriorate due to overutilisation. Hence, healthcare provision is modelled
as a time-dependent hospitalisation fatality ratio (HFR) in the hospital outcome transition rates, denoted &3 (t)
and k}o(t) in the system of ODEs above, which increases when hospital occupancy exceeds the fixed spare
hospital beds threshold. Specifically, the complementary hospital outcome transition rates are written as

D

80 - )
—pD

B = 1 T-ffj(tgt)’

where pP(t) is the time-dependent HFR and T/ (t) = TP (pP(t)) + T"R(1 — pP (1)) is the length-of-stay
averaged across outcomes (see Table S1).

The HFR is modelled as a linear function of hospital occupancy and is written

Htot (f) — gmaz +
D _ ~D
py (1) = <1 +1.87 {Hmaz] Py(i)

where pl) ) is the baseline HFR, H''(t) = )" H;,(t) is current hospital occupancy and H™" is the number
of spare hospital beds. Below capacity, the HFR is identical to the baseline value, but beyond this threshold, the
HFR increases with occupancy. The scaling factor of 1.87, referred to as the hospital surge HFR, was estimated
from a similar model applied to the Covid-19 pandemic in Indonesia'” and it is assumed that this same value
applies to other diseases. The baseline HFR is disease-dependent and is mapped from five-year age-bands to
the model age-groups weighting by population and THR, specifically

NN A

g9 5IHR SITHR AT -

acyg Pa Za/egpa, Ny

HR N
a

Therefore, healthcare provision is endogenous to the local outbreak. Factors relating to healthcare-seeking
behaviour are not modelled, nor are barriers to care beyond the supply of hospital beds.

Data for spare hospital beds were generated on a country-by-country basis: total hospital bed data were sourced
from the World Bank ' and bed occupancy rate (BOR) data from the WHO ®. Spare hospital beds H™** (per
capita) is then defined as the product of total hospital beds per 100k population and the complement of the BOR;
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if BOR data were unavailable, a value of 85% was assumed '’. As before, these country-level parameter data are
stratified by country-income-group archetype and a set of candidate distributions are fitted with the fitdist
package”” using maximum likelihood estimation. The candidate distributions with lowest Akaike information
criterion (AIC) values are identified, from which simulation parameters are drawn. The hospital capacity
parameter marginal distributions are shown in Figure S2 in purple. The mean hospital capacity is lowest in
LLMICs and highest in HICs, reflecting existing health system vulnerabilities in lower-income countries. Since
the number of spare hospital beds is drawn per capita, it is multiplied by the local population before simulation.
Tllustrative values of the number of spare hospital beds for a sample of synthetic countries in each income-group
archetype are also shown in Figure S4, where it is noted that these are time-independent.

Vaccination

Vaccination as a mitigation measure refers to the administration of a strain-specific but imperfect vaccine
to a proportion of the population (determined by the combined effects of government mandates and human
behaviour, which again are not disentangled) a period of time after the outbreak begins. The protective effects of
the vaccine not only reduce transmission and adverse outcomes among the vaccinated population, but also reduce
transmission among the unvaccinated population due to the positive externalities of vaccination. Vaccination
is modelled as a duplication of the health states in the system of ODEs above, indexed by the subscript v
where v = 0 represents the unvaccinated and v = 1 the vaccinated, and vaccination confers partial protection
against infection, hospitalisation/severe disease and onward transmission. Vaccination status transitions occur
due to vaccine administration and seroconversion (v = 0 — v = 1), depending on the administration start-time,
administration rate and coverage, and waning of vaccine-induced immunity to infection over time (v =1 — v =
0). Here, ‘vaccinated’ is interpreted to be the completion of a two-dose schedule, and only full and not partial
vaccination is modelled. In particular, the protective effects of vaccination do not apply to the seroconverting
health state S

The vaccine administration transition rate, denoted kll “(t) in the system of ODEs above, is written as
y )

k11761 (t) — w](t) .
=0 Sjw=0(t) + Eju=o(t) + I} ,_o(t) + I3 ,_o(t) + I}, _o(t) + I3’ (t) + Rj,o=0(t) + Hjo=0(t) + Dj=0(t)’

where the numerator ;(t) is the total number of vaccines administered per day to stratum j at time ¢ that are
distributed uniformly among all unvaccinated health states in the denominator, reflecting vaccine wastage due
to immunological redundancy. Here,

al®® N
1 t = ]]. vax vax = J
Wi (t) 2 G ST gt Ny ’
where a"?" is the population-level vaccine administration rate and
Tr( )Pw(x)

T};}aw TvaT | Z

avam

represents the time of vaccine rollout to priority group h, given initial vaccine administration start-time 7%,
population-level vaccine coverage p¥®* and permutation function 7 : h — ¢ that assigns priority group order h
to model age-group g. Note that T7“" represents the vaccine administration end-time.

The seroconversion transition rate, denoted k'2? in the system of ODEs above, is written as

1

k;12 -
Te’

where T is the time from vaccination to seroconversion/development of immunity (see Table S2). Compared to
the unvaccinated, the vaccinated have reduced relative risk of infection 7% in the force-of-infection term above,
reduced relative risk of hospitalisation for symptomatic infection 72! to be discussed below, and reduced relative
risk of transmission n! in the force-of-infection term above (see Table S2). The waning transition rate, denoted
ke>* in the system of ODEs above, is written as

k}3,o

T
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where T7 is the time from seroconversion to waning/loss of immunity to infection (see Table S2).

Given that vaccine-induced immunity to infection wanes but vaccine-induced immunity to severe disease does
not, the hospitalisation and recovery transition rates must be defined carefully. The recovery transition rate for
the asymptomatic infectious, denoted k® in the system of ODEs above, is independent of vaccination but for

completeness is defined here as
1

6 __
k> = TI%:R’

where T1"% is the infectious period for asymptomatic infection (see Table S1). The hospitalisation and recovery
transition rates for the symptomatic infectious, denoted k;v(t) and kziv(t) in the system of ODEs above, are
written as

.00 = B
o
k?,v(t) = 1T£§Z’t)(t),
o

where p! (t) is the time-dependent symptomatic infection hospitalisation ratio (SHR) and T]Iv(t) =

TrH (pfv (t) + T 8(1 - pfv(t)) is the infectious period for symptomatic infection averaged across outcomes
(see Table S1). Specifically, the SHR is written as

HH
"l Pg(j)>

SiH(t) + nFnll (Sju=0(t) = S}(1))) L{v=0}
pfv(t) = ( Sjwzo(t) )

where ﬁﬁj) is the baseline SHR, 7! is the relative risk of hospitalisation for symptomatic infection mentioned

above (see Table S2) and ST (¢) is an auxiliary health state representing the fully-naive susceptible (never infected
nor vaccinated), which is the solution of the auxiliary equation ddsg =— (k‘jlv(t) + Zi:v 41 k]HUC“ (t)) S7. This

multiplier decays over time from an initial value of 1, when S;,—o(t) = S7(t) (i.e., the entire population is

fully-naive susceptible), and approaches a value of nZ_;7L, as vaccine-induced immunity to infection wanes,
representing the retention of vaccine-induced immunity to severe disease. The baseline SHR is disease-dependent
and is mapped from five-year age-bands to the model age-groups weighting by population, specifically

CH ZﬁéHR N,
pg - pIs Z 7]{[ /.

a€g a’cga

Therefore, the effectiveness of vaccination is fully endogenous to the local outbreak.

The vaccine efficacy parameters nZ, nf| n! and vaccine delay parameters 7¢, T" are fixed (see Table S2),
and it is assumed that these are independent of country-income-group archetype and disease. Factors such
as the affordability of higher-efficacy vaccines for different countries are not considered (e.g., Covid-19 mRNA
vaccines). However, the variability in vaccine administration and coverage parameters is modelled, reflecting the
inequitable vaccine access, differences in immunisation infrastructure and logistics, and population willingness to
vaccinate®’. Data for these vaccination parameters were generated on a country-by-country basis as follows. The
vaccine administration start-time 7V** and the vaccine administration rate a¥®® (per capita) are determined by
fitting a ramp function to Covid-19 vaccination data“®", specifically the time series of fully-vaccinated individuals
normalised by population. The start-time is defined in days from from 1%! January 2020 and unlike previous
delay parameters, it is not normalised by the doubling time, under the assumption that the delay is dominated by
the disease-independent timescales of vaccine development and deployment rather than the timescales of disease
detection. The administration rate is defined as the number of individuals completing a two-dose schedule per
100k population per day, consistent with the fact that only full and not partial vaccination is modelled. The
vaccine coverage p’®” is extracted from the same data, defined as the maximum (and final) value attained, which
is assumed to be disease-independent. As before, these country-level parameter data are stratified by income-
group archetype and a set of candidate distributions are fitted with the fitdist package"’ using maximum
likelihood estimation. The candidate distributions with lowest Akaike information criterion (AIC) values are
identified, from which simulation parameters are drawn. The vaccination parameter marginal distributions are
shown in Figure S2 in orange. The mean administration start-time is longest in LLMICs and shortest in HICs,
while mean administration rate and coverage are lowest in LLMICs and highest in HICs, reflecting the income
group inequities mentioned above. Since the administration rate is drawn per capita, it is multiplied by the
local population before simulation. Illustrative values of population-level vaccination coverage for a sample of
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synthetic countries in each income-group archetype, as a function of time since the outbreak, are shown in
Figure S4. Finally, for all diseases except for Influenza-1918-X, vaccine prioritisation follows an age-descending
order with reversal permutation function
(1 2 3 4
=4 3 2 1)

whereas for Influenza-1918-X the working-age group is prioritised above the retired-age group due to the com-
parable IFR in both age-groups (see Table S1), with permutation function

o 1 2 3 4
S \3 4 2 1)
Of course, vaccine prioritisation is inherently an optimisation problem in its own right and will depend on
country- and disease-specific factors®”; however, this is not the objective of the current study.

Parameter Symbol Value
Time from Vaccination to Seroconversion T° 21
Assumed
Relative Risk of Infection nk 0.30
Assumed
Relative Risk of Hospitalisation for Symptomatic Infection ni, 0.33
Assumed
Relative Risk of Transmission My 0.70
Assumed
Time from Seroconversion to Waning r 365
Assumed

Table S2: Vaccine parameter values. Delays are reported in days. The relative risks correspond to vaccine
efficacies of 70% against infection, 90% against hospitalisation/severe disease (complement of the product of
the relative risk of infection and the relative risk of hospitalisation for symptomatic infection) and 30% against
onward transmission. The corresponding relative risks for for the unvaccinated are n , = nf, =nl_, = 1.
Waning refers to the loss of vaccine-induced immunity to infection but not severe disease.
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Figure S2: Mitigation measure data and fitted marginal distributions by country-income-group archetype.
The mitigation measures are distancing, case isolation, hospital capacity and vaccination (colours), each with
underlying parameters. The fitted marginal distribution is that with lowest AIC among a set of candidate
distributions, and the resulting distribution type and its mean are displayed in each panel.

21



I, o s . o o © o - » . . o
2E 2% 2% 28 SE 5% S5 £3 SE Ss 5%
ar 23 23 24 i ks T g a Ko T T o
IS} T = S c IS ot ° D S = o5 st cc cg
52 B < 22 ki 28 2.5 25 8= [Ege g2 33
88 [=h] ag Bg 2% 23 8 E 58 g2 £E £
o = © i T © TG =5 S xa)
@ = 54 o} (SF= [$) o g 3 = <
4 = o 2 = i~ @ = £
> a o [} o = = [
= = = = 9 g @ o
c 2 EJ < %) £ <
S s = S £
= =4 - o
i o =
£ 2 3 g <
@ = 2 €
s S E =
= & 2 £
£ s S
@ = £
pad x
© @
= =
Corr: Corr: Corr: Corr: Corr: Corr:
Distancing: -0.252* -0.331% 10175 0.279* | [-0.484% | |-0.469%*
Response Time Corr: Corr: Corr: cant
-0.346" | -0.244 -0.037 a1
3
1 ) Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr:
Distancing: ° 0.268. 0.091 0.164 0.407* 0.128 0.214 -0.228 0.472** 0.460*
Transmission Multiplier Intercept 1 ° :g%
)
; o o
. - B o £5 ©
T ission Multiblier D thDSIStan'?'m'?. oo %o m‘%@gﬁ Corr: Corr: Corr: Corr: Corr: Corr: Corr:
ransmission Multiplier Death-senstvity 41« Ll 0.068 || 0.138 0.303. o 0462+ | | -0.141 0438 | | 0.384*
-0.089
1 ] ° lo. od?
Distancing: °>§> gi;f o%,()&; Corr: Corr: Corr: Corr: Corr: Corr: Corr:
Transmission Multiplier Time-Decay e °‘g° cﬁ%.,ao o %@ -0.059 -0.139 -0.046 -0.119 -0.121 -0.038 -0.097
© o%° %8 ° o8
o o o
1 e § 3 e ce || =,
Case Isolation: R e | |7 S Corr: . Corr: Corr: Corr: Corr:
i T . B £93 %o %o : Corr: ] : ] :
Testing Start-Time | % KV e 04147 | | 0121 0.286* -0.303 | | 0.124 0.258*
° S 2 4 1° o7 o °8
1 Jo, © Ed °3e8 823 <% . . ] 7
Case lsolation: o o ° e Y o m?cgo g§og o~ Corr Corr: Corr: Corr: Corr:
Testing Rate . 5% oo, || e85 &8, o250 || 04837 | [-0518 | {0617 | [0.701
R § & ® e @ :
°
o%) 00 ° o o0 0000 %m &gip
1 ° . @ o8, epe @, &
Case Isolation: %‘; o e o 0&‘800 08 S . 00;% Corr: Corr: Corr: Corr:
Maximum Infection Ascertainment Ratio e g;% E}‘; 5% %gg §° & ow@g;ag%%g 0.140 0.070 0.132 0.144
o o o 2% &
g o © °e ° o b ° ° ° ° o ° °
® o o oo S o % o
1 ° ° . o 0 o L , 8%
Hospital Capacity: ° c% ° % ° 8980 Ross % % 2580 %8 ° o Corr: Corr: Corr:
N ° ° o 3
Spare Hospital Beds 4 A e oo o o?g’::? gfg ¢ oi,é@§ e £ L0358 | | 0.304% 0.314%*
& < =, st A & e
3 o °
% ° ° e ° °
o . X o, IR o, .
Vaccination: ' 3 ’ e o %‘%g@o . ug?al%, % ° %: o %,ig%" °; oggigoo Corr: Cor:
Administration Start-Time ~ |:° 2&° ¥ & & e g &85 ~ -0.168 || -0.386"**
o °
-1 Ko 8% o0 °, o 8% %o oo || & c
o o o B °
JER N el [ ce%s || e el ee o dgotet] [Hedobot
] « og0 oo, oo s o S o2 2008
Vaccination: *° of;é'lgg 5 o S50 %% |, %ﬁ %}&:ou; %%" o [ “&8e o Corr:
- - T ° 0%a® © Py 2 o o
Administration Rate 4 A 0%0 . %ég o% 5883 %ﬂﬁo [ %30 0.874%*
o % o e S o o8 e o o9 o oo o
o ° o o o o o oo o o o oo
% o L o o @ ’ L) °8 e 8% ° oo e
o 800 ° o0
Vaccination: Tl g, °§g °%Q; oo #S Oq%g%s o Z?;g :.Sef%eoz %g’%’;} wi o T
Coverage g % a2 s® go o 2 % @5@0 ]
9 | d ! 2 o Y i 2.7 || 3% || AR
0 °° oo & ®os o % ° oo °f|e
3 o ° o o
3-1133-1133-1133-11 33-11 33-11 33-11 33-11 33-11 33-11 3
Z-Score

Figure S3: Continued on next page ...

22



Distancing:
Response Time

Distancing:
Transmission Multiplier Intercept

Distancing:
Transmission Multiplier Death-Sensitivity

Distancing:
Transmission Multiplier Time-Decay

Case Isolation:
Testing Start-Time

Case Isolation:
Testing Rate

Case Isolation:
Maximum Infection Ascertainment Ratio

Hospital Capacity:
Spare Hospital Beds

Vaccination:
Administration Start-Time

Vaccination:
Administration Rate

Vaccination:
Coverage

o o s . o o © o - » . . o
2E 2% 25 28 SE ! % =3 SE 88 8%
S R S= G @ wF B 14 © M K 4 55
2 S g =7 =Nal i Lo oo a— S 2 c 29
53 S2 55 5% 8% 32 3% RS £5 §5 §3
2 c o= 28 2 e == =% =9 O3 S 0% °© 0
=3} (o)) a® s oD o Q3 o £ =@ c® g 9
a = s = o= 21 @< £9 =5 >3 =
i) =y © 5 S .c S ] a T o ‘£
4 = 5] 2 oz o O &0 = 5
> a o [} o = P £
= ~ £ © 3 s 3 5
- B S 2 1% £ <
k) s = = S
7 = < k) bl
i > o E=]
£ = 3 g <
@ = 2 €
£ = :
= @ S S
= = £
s £
pad x
© @
= =
Corr: Corr: Corr:
-0.184) 1-0.078 -0.356" Corr: Corr: Corr: Corr: Corr: Corr: Corr:
-0.171 -0.197 0.032 -0.064 0.153 0.013 0.072
Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr:
% 0.362* 0.490% -0.162 0.114 0.076 -0.018 -0.114 0.385* 0.231
E
. £
o
B
""& o
w Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr:
0.115 -0.179 0.124 0.311 0.013 -0.196 0.086 0.042
%O °e o
° ° o
° o° o &°
0 2 ° .2 Corr: Corr: Corr: Corr: Corr: Corr: Corr:
o o £ o )
z@ ° 31 . -0.143 -0.079 -0.072 0.145 -0.021 -0.112 -0.248
° o o
o o
op o o
1. . (‘J;c clle i °Q°c° . Corr: . Corr: Corr: Corr:
¥ % P £ Cor: 0.168 Corg: 20.017 || -0.393 | | -0.361
% °, & . o ||, oRec e -0.090 -0.058
g g g g g
°
o &:%o e oé’g?’ ° s ;&&Z% Corr: Corr: Corr: Corr: Corr:
%> %° ‘%% ° 0.323. 0.433** -0.206 -0.028 0.020
% 2% %
°° % %
o o o o ©
5 20 ACRRR - | N | RO | R
°g . o o2 > ®, CACH B ° Corr: Corr: Corr: Corr:
ot { A % oo ¥ -0.066 || 0220 -0.060 || -0.167
R (B || A & ' - - -
° o o ° ° o
o o o °
° ° o o @, 00 @
g ° g ° ° o @ 3 o 2
o ° @Zog :éoe ° O . ° R %?,qwo g;g?o N é;ioo Corr: Corr: Corr:
° o ° ° © o 0 -0.197 -0.200 -0.229
S (| W (b & || A || verne| |05 || s
® o o0 » o oo
o o ° °
o o o o o ° o
o © oo 0o o e © 0,0 oo 000 ©
g ° %‘%o <§’ ’ 0‘9%00 g c‘:’a o oog‘gg‘é"o Q;"%% o %Z} Corr: Corr:
(Y ko 00 o 08 o o ® °L o®g
o& - &, B0, g fE | |8 deBe || ooBqof || g% 0.121 -0.059
o® © ° ° °o © °® o % °s%o
B ) ) . e g o o . o 0
o o ° 5 o ° ° o o
& o8 o&° 00 o © Foq o e o % 00°0 0% o
0 [ & -
0 &5%0 L & L1 ?szo" o &, g'igus °§°§§' L f&q’c%f Z?%O@% H ‘5%;0%0 Corr:
08 K o8 E e o | [ Coo 5® o8 s pn Pt 0.873*
Fod °%e 30 ‘e 0g%° £8 oFE | |0 0%
o o s o o ° $ ° % ° o
o 5 ] > o o o ° o
1 . i @ = & o YH P o
° '} ° L] ° 6 o
%" o e S & &2?% P S BT }% o 5o, K14
o0 S o o o Leg T o o Jgwo 03 5@ 8o oocp&ggoo ° S8
R IR @ | 37 ||Tnst 4| B || e SR
& & 4 % e %, % o o % &
-1 1 33 -11 33 -1 1 33 -1 1 33-11 11 33 -1 1 141 33 -1 1 33 -1 1
Z-Score

Figure S3: Continued on next page ...

23




o o . . o o o o o o o
2E 2% 25 28 SE ! % =3 SE 88 8%
o R =] S @ ®F "X 14 © 0 sF s 56
o L Se 59 ot 5 o 5= o — c cc c2
Te SE 26 20 3 3< 2% s S8 5.8 32
@ < o= 25 2 = -5 =5 =92 O35 o= o °0
=3} O% a% o o P o Q3 o £ = @ TP a8 9
a = s = o= 21 @< £9 =5 >3 =
3] = © 5 SE S Ss o T S =
2 = 3 8 O= (&1 og 3 1 =
S o 5 2 ) o2 o £
= = = = 9 g 3 o
c L S < %) = <
S s = S E
= =4 - o
i o =
€ 2 2 g <
@ - @ 2
s S E =
= 8 g §
E £ E
7 3
S ]
S =
=
Distancing:
Response Time Corr: | |Corr: (Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr:
0.075 | 10.196 .253. 0.086 -0.016 -0.094 -0.097 -0.141 0.005 -0.313*
3
1k Corr: ICorr: Corr: Corr: Corr: Corr: Corr: Corr:
Distancing: 0.100 [418* -0.071 -0.079 Corr: 0.070 -0.024 -0.264. -0.210
Transmission Multiplier Intercept 4 -0.054
1% -
Distancing: 4 L W-
. .- L o o °
Transmission Multiplier Death-Sensitivity -1 % ML [Corr: Corr: Corr: Corr: Corr: Corr: Corr: Corr:
° ° 141 -0.402** 0.069 -0.467* 0.444** -0.017 0.139 -0.007
o °
1 o o o °
Distancing: P -ig %“ A -0.‘
Transmission Multiplier Time-Decay ° 7%, o o
-1 Corr: Corr: Corr: Corr: Corr: Corr: Corr:
-0.343* 0.132 0.179 0.070 -0.314* -0.152 -0.119
1= .
c Isol 1 S ° b °% o Corr: Corr: Corr: Corr: Corr: Corr:
ase Isolation: 5 N N J J
Testing Start-Time . ‘..‘$ .#.. iy J&Be 0.251. 0.025 0.003 0.274 0.039 0.143
R B Lief . o9
3 ;
o % o o8 o’
Case Isolation: 1 :-!, ° ’3 %o - & o dq Corr: Corr: Corr: Corr: Corr:
Testing Rate AR ° g " kA 0.117 0.009 | [-0.523" || -0.037 0.252.
-1p % 8 ° %o
° ° © e ° ® .‘ ® 0.
g e ° eoe oo o ° e
08 o o oo o q (S
c Isolati 1 LM :.' > N o o Corr: Corr: Corr: Corr:
ase Isolation: b ° Do o o o o o°
8o ° It *%
Maximum Infection Ascertainment Ratio o R :’.-t .. ° ?,77,"' 0451 01031 ppes Pt
13
T ee 8 o % ° oo
° . 0 K ° o o ®
1P o o 8%2 0 & o
Hospital Capacity: e G '_€ Ve Corr: Corr: Corr:
Spare Hospital Beds . o° 0 g0 9 ° :-; oos -0.001 -0.219 -0.322*
1 0% ° o ? oo ©
P Qo "o 0% o o e 4
° o
; P o 0 ° o 0 %0 0ol
o o o
Vaccination: o o Corr: Corr:
Administration Start-Time (_ 1 :?.‘I 1 " " 0.282* 0.057
- e ° o . .
1 o °¢ &% &8 k3
.R L] ° e & %
o o o °
g ° b ° ° °
° o, ° °
1P o8 %88 % ., -
Vaccination: °p i é. o '.& #" Corr*.**
Administration Rate 3 :':f; o '§ & 0.480
TITTE ses K A
i
1k - Y ees™
Vaccination: o1 % o
Coverage 1 o x ?4,“: °
- % $ % FIdT
-3

3-1133-1133-1133-11233-1133-1133-11233-11233-1133-113
Z-Score

Figure S3: Pairwise z-score scatterplots and associated correlation coefficients of mitigation measure data by

country-income-group archetype. The z-scores are calculated for the observed data using the fitted marginal
distributions in Figure S2 above, for each income-group archetype (colours).
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dependent transmission multiplier (parametrised by the response time, intercept coefficient, death-sensitivity
coefficient and time-decay coeflicient), case isolation via a time- and prevalence-dependent infection ascertain-
ment ratio (parametrised by the testing start-time, testing rate and maximum infection ascertainment ratio),
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2.4 Closure Strategies

For more transmissible and/or severe disease outbreaks, the imposition of the aforementioned mitigation mea-
sures may not yield adequate control. As illustrated by the Covid-19 pandemic, the mandated closure of
businesses and schools may be required in addition to distancing and case isolation in order to hold hospital
occupancy below capacity, especially prior to vaccine availability °°. In the daedalus model, it is assumed that
decision-makers have the ability to mandate the partial- or full-closure of any sector of the economy and the
extent to which economic sector j is open at time ¢ is denoted x;(¢), where the closure of the education sector
Zeau(t) = 241(t) also corresponds to school closure. Home-working may also be mandated and the proportion
of workers home-working is denoted ¢;(t). The purpose of sector closures is to reduce transmission, driven
by decreased mixing in workplaces, schools and other-locations encoded in the contact matrices (see section
2.1), where the proportional closure of a sector is assumed to be equal to the proportional reduction in the
workforce of that sector and a corresponding reduction in contacts. However, sector closures also incur both
short- and long-term losses (see section 2.5), the magnitude of which depends on closure extent and timing.
Indeed, the daedalus model was originally developed to project the health and economic impacts of different
sector closure policies for Covid-19 in the UK, in order to quantify the lives vs. livelihoods trade-off, and to
identify GDP-maximising policies subject to hospital occupancy constraints in particular

Here, pre-defined dynamic closure strategies are modelled instead of an optimisation-based approach. Four
distinct closure strategies may be pursued in response to a disease outbreak in a synthetic country, inspired by
strategies implemented during the Covid-19 pandemic®". Namely, the set of closure strategies comprises:

e Elimination, inspired by ‘aggressive containment’ Covid-zero strategies, e.g. New Zealand“”, Singapore

e Reactive-Business/Reactive-School Closures, inspired by ‘suppression’ reactive business/school closure
strategies, e.g. EU countries®’, UK

e Reactive-Business/Sustained-School Closures, inspired by ‘suppression’ reactive business closure strategies
with long-term school closures, e.g. Bangladesh®’, Philippines

e No Closures, inspired by ‘mitigation’ herd-immunity strategies, e.g. Zambia”',

which range from laissez-faire to very stringent. Each strategy is defined in detail below but broadly speaking, the
Elimination strategy alternates between heavy and light sector closures in response to the effective reproduction
number, the Reactive-Business/Reactive-School Closures strategy alternates between heavy and light sector
closures in response to hospital occupancy, the Reactive-Business/Sustained-School Closures strategy alternates
between heavy and light sector closures in response to hospital occupancy but keeps the education sector
and schools closed for the duration of the outbreak, and the No Closures strategy refrains from any sector
closures. The distancing, case isolation, hospital capacity and vaccination mitigation measures described above
are imposed irrespective of the strategy pursued, hence no entirely unmitigated scenario is considered. Each
closure strategy is defined as a set of discrete economic configurations and specific rules for switching between
them. Here, an economic configuration is a vector that defines the extent to which the entire economy (including
the education sector and schools) is open at a given time, expressed as a proportion; for example, the fully-open
configuration x;(t) = 1. The set of economic configurations for each strategy are displayed in Table S3 and the
associated reductions in transmission is shown in Figure S5 for each disease and country-income-group archetype
(excluding distancing). The rules for switching between configurations are also strategy-dependent and these
are described in detail below; examples include reaching the response time T7¢%, hospital occupancy H®*(t)
nearing hospital capacity H™**, the value of the effective reproduction number R;, and reaching the vaccine
administration end-time 73%*. Critically, the closure strategies are dynamic, since configuration switching
is model-endogenous and depends on both the epidemiological model health states (see section 2.2) and the
mitigation measure parameters (see Figure S2), which in turn depend on disease epidemiological parameters
(see Table S1) and income-group-dependent synthetic country characteristics (see Figure S1). As a result, for
each strategy, the extent of sector closures is fixed as per the economic configurations, but the timing will vary
in terms of occurrence, duration and frequency.

Every closure strategy begins (and ends) with the fully-open configuration x;(¢t) = 1 and no mandated home-
working ¢;(¢) = 0. This continues until the response time is reached, at which point distancing takes effect (see
section 2.3) and the strategies diverge. Whether sector closures are imposed at the response time depends on the
strategy and the strategy-specific switching rules (see subsequent paragraphs). Irrespective of the strategy, it
is assumed that any imposed closures coincide with mandated home-working (note that home-working without
closures is not modelled due to conflicting evidence regarding the associated productivity losses/gains’~), where
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the proportion of workers capable of home-working depends on the income-group archetype and economic sector
(see Figure S1). Furthermore, during periods with the heavy-closure configuration (which may be imposed under
any strategy except for No Closures - see Table S3), the distancing transmission multiplier is restricted from
exceeding its value at the time of imposition of heavy closures, i.e. no decay of distancing (due to factors such as
reduced adherence and pandemic fatigue) is modelled during periods of heavy closures. The penultimate rule for
lifting all sector closures and mandated home-working (as well as case isolation - see section 2.3) and switching
back to the fully-open configuration is also strategy-independent, and is defined to be the first occurrence of
any of three events: the effective reproduction number is subcritical without any closures, home-working or
case isolation; reaching the vaccine administration end-time; or 2.5 years after the response time. Though the
switching rule is strategy-independent, the time of occurrence, denoted T°P¢", is strategy-dependent. Likewise,
the strategy-independent rule for ending the simulation following T°P¢™ is reaching the post-outbreak disease-free
equilibrium with hospital occupancy lower than one per million population and subcritical effective reproduction
number, simultaneously, and the time of occurrence is denoted T¢"?. The strategy-specific switching rules are
described in the following paragraphs.

No Closures

Under the No Closures strategy, the first switching rule is reaching the response time (as for all closure strategies),
at which point distancing takes effect via the aforementioned transmission multiplier (see section 2.3) and
illustrative transmission-reduction values are shown in Figure S4, as a function of daily deaths and time since the
response time. No mandated sector closures or home-working are ever imposed and the fully-open configuration
is maintained throughout, regardless of epidemiology, i.e. x;(t) =1 and ¢;(¢t) =0V j,t. As well as distancing,
the case isolation, hospital capacity and vaccination mitigation measures are modelled in the same manner
as for the other strategies, hence it is not identical to an entirely unmitigated outbreak. However, this will
depend on the values of the mitigation measure parameters drawn (see Figure S2): if the parameter values are
unfavourable (e.g., little distancing, low ascertainment, few spare hospital beds, slow vaccination), then the No
Closures strategy may be similar to an ‘approximately’ unmitigated outbreak’', but if the parameter values are
favourable, then it may be similar to the successful implementation of a Covid-19 ‘mitigation’ strategy. Case
isolation ceases upon reaching T°P™.

Reactive-Business/Sustained-School Closures

Under the Reactive-Business/Sustained-School Closures strategy, the first switching rule is reaching the response
time, at which point distancing takes effect but the fully-open configuration is maintained (initially) according to
a ‘wait-and-see’ approach. The second rule for switching to the heavy-closure configuration is defined to be hos-
pital occupancy nearing hospital capacity; specifically, the event H*!(t) = 0.95H™%® (i.e., occupancy reaching
a fixed threshold of 95% of capacity) is used if the instantaneous occupancy growth rate (r(t) = H®™!(t)/H'"(t))

is low (less than 0.025 - determined empirically), but the event H'*!(t) = exp <frw> H™* (i.e., oc-

cupancy reaching a dynamic threshold that depends on the occupancy growth rate and time from exposure to
hospital-admission) is used otherwise, in order to prevent large capacity breaches. However, if neither event oc-
curs, sector closures will not be triggered, for example, for less transmissible and /or severe diseases or if the spare
hospital capacity is large. In this case, the fully-open configuration is maintained throughout and the Reactive-
Business/Sustained-School Closures strategy is indistinguishable from the No Closures strategy - this situation
is termed ‘Untriggered Closures’. Otherwise, if either event occurs, there is a switch to the heavy-closure config-
uration (see Table S3), which includes school closure. The third rule is for switching from the heavy-closure to
the light-closure configuration, if there is a sufficient reduction in transmission, and it is defined to be hospital
occupancy falling to the fixed threshold of 25% of capacity, H*!(t) = 0.25H™. The light-closure configuration
involves broadly less-stringent sector closures for businesses, but school closures are sustained, replicating the
long-term school closures observed in several middle-income countries during the Covid-19 pandemic®’"". The
relative reductions in Ry for both heavy- and light-closure configurations are shown in Figure S5, where it is
apparent that there is less of a difference in transmission between the two configurations when compared to
other closure strategies due to the sustenance of school closures. The strategy alternates between the light- and
heavy-closure configurations depending on hospital occupancy via the aforementioned switching rules, until all
mandated sector closures and home-working are lifted, and case isolation ceases, at T°P¢"™.
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Reactive-Business/Reactive-School Closures

Under the Reactive-Business/Reactive-School Closures strategy, the switching rules are identical to the Reactive-
Business/Sustained-School Closures strategy: distancing takes effect at the response time albeit with the fully-
open configuration, the heavy-closure configuration is imposed if hospital occupancy nears hospital capacity
as per the same event definitions, and the light-closure configuration is imposed subsequently conditional on a
sufficient reduction in occupancy, as above. However, the difference between the Reactive-Business/Reactive-
School and Reactive-Business/Sustained-School Closures strategies is the economic configurations employed
(see Table S3). In particular, the heavy-closure configuration involves broadly more-stringent sector closures
for businesses compared to the heavy-closure configuration for the Reactive-Business/Sustained-School Closures
strategy, with the same level of school closure, but the light-closure configuration allows schools to reopen unlike
the light-closure configuration for the Reactive-Business/Sustained-School Closures strategy. Accordingly, the
relative reductions in Ry in Figure S5 are more different between the heavy- and light-closure configurations, and
flank the distributions of both the heavy- and light-closure configurations of the Reactive-Business/Sustained-
School Closures strategy above. Therefore, the strategy alternates between light- and heavy- simultaneous
school- and business-closures depending on hospital occupancy, replicating the reactive suppression strategies
observed during the Covid-19 pandemic®"°°, until all mandated sector closures and home-working are lifted,
and case isolation ceases, at T°P¢".

Elimination

Under the Elimination strategy, the first switching rule is reaching the response time with the activation of
distancing, as for the other strategies, but now the heavy-closure configuration is imposed immediately. Here,
the heavy-closure configuration is identical to that of the Reactive-Business/Reactive-School Closures strategy,
with stringent sector closures of both businesses and schools, with the aim of reducing prevalence to the extent
that case isolation substitutes the need for stringent business and school closures. Since the IARs increase in the
high-ascertainment régime at low prevalence, this substitution is possible even for more transmissible diseases
provided that there is a sufficiently high level of ascertainment and isolation effectiveness (see section 2.3),
and if the reduction in transmission under the heavy-closures configuration is sufficient to cross the prevalence
threshold. The second rule for switching to the light-closure configuration is if the effective reproduction
number conditional on switching to the light-closure configuration is subcritical, i.e. Ry(M(z;1igns,q;)) < 1,
for total contact matrix M (z;(t),q;(t)), light-closure configuration ; jign¢ and the proportion of workers home-
working ¢; (see section 2.1). The light-closure configuration involves broadly less-stringent sector closures
for businesses compared to the light-closure configuration for either the Reactive-Business/Sustained-School
or Reactive-Business/Reactive-School Closures strategies, and also allows schools to reopen (see Table S3),
replicating the Covid-zero strategies that allowed for an open domestic economy when successful®”*". The
relative reduction in Ry for the light-closure configuration in the high-ascertainment régime of case isolation is
shown in Figure S5, accounting for the variability in isolation effectiveness between diseases and ascertainment
between income groups. The third rule is for switching back to the heavy-closure configuration if there is
an increase in transmission that threatens containment, defined to be an instantaneous effective reproduction
number R; > 1.2, for example due to the waning of vaccine-induced immunity to infection. The strategy
alternates between the light- and heavy-closure configurations depending on the conditional and instantaneous
effective reproduction numbers via the aforementioned switching rules until all mandated sector closures and
home-working are lifted, and case isolation ceases, at T°P¢". Since this is an elimination strategy and not an
eradication strategy’~, it is possible that there is an ‘exit wave’ after T°P°", depending on the vaccine rollout
and the vaccination parameters drawn.

Each closure strategy - its economic configurations and switching rules - is implemented in the same manner for
each synthetic country within each income-group archetype. However, the reduction in transmission under a
given economic configuration depends on several underlying parameters, including the number of workers in each
economic sector, the magnitude of workplace contacts and the proportion of workers capable of home-working
(see Figure S1). The rules for switching between configurations are also inherently linked to the mitigation
measure parameters, including the response time, maximum infection ascertainment ratio, spare hospital beds,
and vaccination administration start-time and rate (see Figure S2). Therefore, it is expected that any systematic
differences in parameters between different income-group archetypes as seen in Figures S1 and S2, will manifest
in terms of the occurrence, duration and frequency of sector closures, and the associated short- and long-term
losses (see section 2.5). A realisation of each closure strategy is plotted in Figure S6.

The economic configurations for every closure strategy are shown in Table S3, the values of which were calculated
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based on the ratio of GVA observed during the Covid-19 pandemic to the corresponding pre-pandemic values
by economic sector, where data for the Reactive-Business/Sustained-School Closures strategy were obtained
from Indonesia”, data for the Reactive-Business/Reactive-School Closures strategy from the UK”” and data
for the Elimination strategy from the UK” and Australia”’® for the heavy and light configurations respectively.
The dichotomous values for the education sector (0.10 or 1) are assumed to correspond to school closure and
openness respectively, rather than calculated from GVA data. Home-working data were generated on a country-
by-country basis: UK data on the proportion of workers home-working by sector were sourced from the ONS
and mapped to different countries, using country-level estimates of the total proportion of the workforce home-
working *® combined with the aforementioned workforce data from the OECD " and the ILO
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Heavy | Light Heavy | Light Heavy | Light
1: Agriculture, Hunting, Forestry 1 1 1 0.86 0.88 0.86 1
2: Fishing and Aquaculture 1 1 1 0.86 0.88 0.86 1
3: Mining and Quarrying, Energy Pro- 1 0.67 0.79 0.90 0.91 0.90 1
ducing Products
4: Mining and Quarrying, Non-Energy 1 1 1 0.90 0.91 0.90 1
Producing Products
5: Mining Support Service Activities 1 1 1 0.90 0.91 0.90 1
6: Food Products, Beverages and To- 1 1 1 0.70 0.94 0.70 1
bacco
7: Textiles, Textile Products, Leather 1 0.89 0.92 0.70 0.94 0.70 0.98
and Footwear
8: Wood and Products of Wood and 1 1 0.95 0.70 0.94 0.70 0.98
Cork
9: Paper Products and Printing 1 1 0.98 0.70 0.94 0.70 0.98
10: Coke and Refined Petroleum 1 0.87 0.88 0.70 0.94 0.70 0.88
Products
11: Chemical and Chemical Products 1 1 1 0.70 0.94 0.70 0.88
12: Pharmaceuticals, Medicinal Chem- 1 1 1 0.70 0.94 0.70 0.88
ical and Botanical Products
13: Rubber and Plastics Products 1 0.87 1 0.70 0.94 0.70 0.88
14: Other Non-Metallic Mineral Prod- 1 0.92 0.89 0.70 0.94 0.70 0.88
ucts
15: Basic Metals 1 1 1 0.70 0.94 0.70 1
16: Fabricated Metal Products 1 0.90 1 0.70 0.94 0.70 1
17: Computer, Electronic and Optical 1 0.90 1 0.70 0.94 0.70 1
Equipment
18: Electrical Equipment 1 0.90 1 0.70 0.94 0.70 1
19: Machinery and Equipment, NEC 1 0.89 0.95 0.70 0.94 0.70 1
20: Motor Vehicles, Trailers and Semi- 1 0.66 0.82 0.70 0.94 0.70 1
Trailers
21: Other Transport Equipment 1 0.66 0.82 0.70 0.94 0.70 1
22: Manufacturing NEC; Repair and 1 0.98 1 0.70 0.94 0.70 0.98
Installation of Machinery and Equip-
ment
23: Electricity, Gas, Steam and Air 1 0.94 0.94 0.89 1 0.89 0.97
Conditioning Supply
24: Water Supply, Sewerage, Waste 1 1 1 0.92 0.98 0.92 0.97
Management and Remediation Activi-
ties

30

continued on next page




continued from previous page

AN AN
§ S =
g g9
& R o Q.5 I
g Y ;D S
it~ QO 5 Vs
oév \Gé .& 9 ‘é} &£ o “?
S | FF5 F&s g
o ) ) S
Economic Sector < D TS &
25: Construction 0.95 0.95 0.56 0.92 0.56 0.94
26: Wholesale and Retail Trade, Re- 0.92 0.97 0.65 1 0.65 1
pair of Motor Vehicles
27: Land Transport and Transport via 0.83 1 0.63 0.82 0.63 1
Pipelines
28: Water Transport 0.81 0.98 0.63 0.82 0.63 1
29: Air Transport 0.16 0.42 0.63 0.82 0.63 0.18
30: Warehousing and Support Activi- 0.64 0.91 0.63 0.82 0.63 0.91
ties for Transportation
31: Postal and Courier Activities 0.64 0.91 0.63 0.82 0.63 0.91
32: Accommodation and Food Service 0.77 0.91 0.10 0.85 0.10 0.92
Activities
33: Publishing, Audiovisual and 1 1 0.88 0.91 0.88 1
Broadcasting Activities
34: Telecommunications 1 1 0.88 0.91 0.88 1
35: IT and Other Information Services 1 1 0.88 0.91 0.88 1
36: Financial and Insurance Activities 1 1 0.95 0.96 0.95 1
37: Real Estate Activities 1 1 0.98 0.99 0.98 1
38: Professional, Scientific and Techni- 0.90 0.95 0.85 0.92 0.85 1
cal Activities
39: Administrative and Support Ser- 0.90 0.95 0.66 0.80 0.66 0.90
vices
40: Public Administration and De- 0.96 1 1 1 1 1
fence, Compulsory Social Security
41: Education 0.10 0.10 0.10 1 0.10 1
42: Human Health and Social Work 1 1 0.75 0.92 0.75 1
Activities
43: Arts, Entertainment and Recre- 0.90 0.96 0.55 0.71 0.55 0.94
ation
44: Other Service Activities 0.90 0.96 0.54 0.83 0.54 0.94
45: Activities of Households as Em- 0.90 0.96 0.49 0.53 0.49 0.94
ployers, Undifferentiated Goods- 7
and Services-Producing Activities of %, @/% @{»O @@ Q/o¢ Q/% @@
Households for Own Use %Q, 6% é% ‘/9% 6‘& 6% 6%
o & o2 & o o2

Table S3: Economic configurations for different closure strategies: the extent to which each economic sector is
open during times of heavy and light closures, denoted x;(t), expressed as a proportion. Each closure strategy
begins and ends with the fully-open configuration z,(t) = 1.
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Figure S5: Distributions of the relative reduction in Ry under different closure strategy configurations and
corresponding ascertainment régimes, for each disease and country-income-group archetype. The closure strate-
gies (colours) include Reactive-Business/Sustained-School Closures (RBRS), Reactive-Business/Reactive-School
Closures (RBRS) and Elimination (ELIM), and the light- and heavy-closure configurations encompass economic
closures (EC), school closures (SC) and working-from-home (WFH), as indicated on the plot axis. The Elimina-
tion strategy heavy-closure configuration is identical to that of the Reactive-Business/Reactive-School Closures
strategy (see Table 2.4) and hence not plotted, nor is the No Closures strategy shown, since there is no mandated
closures nor working-from-home. The distributions exclude the additional reduction in transmission associated
with distancing (see Figure S4), but include the reduction in transmission associated with case isolation in the
low- and high-ascertainment régimes (see section 2.3), where it is noted that the Elimination strategy light-
closure configuration is only likely to be entered in thesgigh—ascertainment régime at low prevalence.
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2.5 Socioeconomic Loss

In order to compare outcomes under different closure strategies, the health, economic and educational losses are
quantified from a societal perspective””. Following a similar method to recent work by Johnson and colleagues '°,
the total socioeconomic loss (TSL) is defined as the sum of the value of life-years lost (VLYL), GDP loss (GDPL)
and the value of school-years lost (VSYL):

TSL = VIYL  + GDPL + VSYL
IYL-VLY + (L5Y-Y) + SYL-VSY,

where LYL is the number of life-years lost, Y is actual GDP relative to annual pre-pandemic GDP Y and SYL
is the number of school-years lost (see subsequent paragraphs). VLY is the monetary value of a life-year and
VSY is the monetary value of a school-year, used to convert the losses to common units, which allows for the
comparison of scenarios with potential trade-offs between competing objectives. Discounting is not applied;
therefore, these values represent unweighted monetary losses at the time of pandemic occurrence, rather than
the present value. See for more details on the losses that are included and excluded. In this study, the
TSL and its components are normalised by annual pre-pandemic GDP, i.e. TSL/Yy, VLYL/Y,, GDPL/Y; and
VSYL/Yj, to also allow for comparison of losses between different income-group archetypes.

Health Loss: Value of Life-Years Lost

The VLYL is the product of the number of life-years lost LYL and the value of a life-year VLY, where the
valuation of life is based on the intrinsic rather than the instrumental interpretation "", i.e. an individual’s
willingness to pay for reductions in their own mortality risk. The number of life-years lost is defined as

o ) end\ 7(death)
LYL = ZDJ,U(T Vg™
J,v

where >, | D; »(T*™?) is the cumulative number of deaths by the end of the simulation 7°" and

jideatr) — 3] Pa" " Na
9 - @ SIFR N
a€g Za/egpa’F Na/
is the aforementioned remaining life-expectancy mapped from five-year age-bands to the model age-groups

weighting by population and IFR. The value of a life-year is defined as
VSL

R WA

where VSL is the value of a statistical life and

ié”fe) — Zi‘a Na _
acyg Za’Eg Nas

is the aforementioned remaining life-expectancy mapped from five-year age-bands to the model age-groups
weighting by population only. Here, the VSL is interpreted to be the population- and remaining-life-expectancy-
weighted-average VLY, where each year has equal value ”'»'"“. The VSL itself is calculated according to the
Masterman-Viscusi model 'V® extrapolating from values for the USA, specifically

0.85
DP
VSLUSA (G pc> ( $8809 ) if GDP,,. < $8809,

$8809 ) \ GDPUSA
VSL = apP 085
VS USA < k. ) otherwise;
GDP,,

where VSLYSA = §10,900,000 is the VSL of the USA'"", GDPJS* = $60,362 is the GDP per capita of
the USA*", and GDP,. = Y,/ Zj N; is GDP per capita of the synthetic country in question, given annual
pre-pandemic GDP Y.
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Economic Loss: GDP Loss

The GDPL is the deviation of the actual GDP Y from a counterfactual scenario with %Zd years of annual
pre-pandemic GDP Yy, which is a measure of the short-term loss of GDP induced by reduced labour supply
due to the disease itself (worker illness and death) and due to mitigation (economic sector closures and worker
isolation). Here, actual GDP is defined as

Tend

45
Yj abs Yedu end
Y = E — (t)(N; — NP8 (t))dt NeguT

55,365 )iz 2 (OWN; = Nt + g NeauT™,

where y; is annual GVA per worker in sector j, N; — NJ‘»”’S (t) is the available workforce given N qus (t) worker
absences due to illness, death and isolation, and x;(t) is the extent to which each sector is open at time ¢ (see
section 2.4). Note that the education sector is treated separately (see subsequent paragraphs). The assumption
underlying this equation is that the production of each economic sector scales linearly with both the extent to
which it is open and the effective labour supply available to it, at a given time. In particular, the number of
worker absences in sector j at time ¢ is defined as

iso(1 _ pH I
N =Y (I;,vu) o (0) 4+ Dy 1)+ T2 (0) s (1 = 1)) + 3 () 220 ;)TJ’”“’W“> 7

where the number of isolating asymptomatic infectious %7, v(¢) and isolating symptomatic infectious I°j, v(t)
are scaled by the mandatory isolation period T*° relative to the corresponding infectious periods (see sections 2.2
and 2.3), and T%° = TP 4 max(T!"#, 71" % TIH) Tt is assumed that the isolating asymptomatic infectious
are also capable of home-working, even if isolating, and so I*j,v(t) is also scaled by the complement of the
proportion of workers home-working ¢;(t). Here, the economic impact is measured solely in terms of reduced
labour supply, but other factors such as behavioural changes regarding the supply of labour or consumption,
changes in capital, or price dynamics are not considered.

Educational Loss: Value of School-Years Lost

The VSYL is the product of the number of school-years lost SYL and the value of a school-year VSY, which
is a measure of the impact of lost education on long-term worker productivity and economic growth °. The
number of school-years lost is defined as

end
1 T

SYL = — (N () + (Nstu — N5p2 (8) (1 = eau () (1 — 1/3)) dt,
365 J,—o

where N, = Ny7 is the school-age population, N%%(¢) is the number of student absences due to illness, death
and isolation, and g4, (t) = x41(t) is the extent to which the education sector is open. This equation encodes
education lost due to the disease itself (student illness and death) and due to mitigation (school closures and
student isolation), but accounts for the effect of remote teaching in alleviating the education lost due to school
closures specifically, assuming relative effectiveness of remote teaching of 1/3'">'°°. In particular, the number

of student absences at time ¢ is defined as

abs s ai Tiso si Tiso(]_ - pg v(t)) + TALI; v(t)pg,v (t)
NStZL (t) = Z <I4777)(t) + H47vv (t) + D477“ (t) + I47,v (t)m + I47,1)(t) ’ Tzfv; v(t) : 3

v
analogous to worker absences above, except for the home-working scaling factor. The value of a school-year
(per student) is defined as
pGDPYO

VSY = +—-°
Nstu ’

where
1.07 for LLMICs,

p“PP ={0.67 for UMICs,
0.27 for HICs;

is the income-group-dependent proportion of annual pre-pandemic GDP lost (in the long-term but discounted
to present-day) under one year of school closures, calculated from Psacharopoulos et al.'”". Tt is assumed that
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s2a each VSY has equal value in time, applied equally to the number of school-years lost, meaning that any potential
s2s ‘catch-up’ in lost education following the reopening of schools is not considered '
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Figure S6: A realisation of each closure strategy and the resulting socioeconomic losses (expressed as a
percentage of annual GDP) broken down into VLYL, GDPL and VSYL, for various diseases and country-
income groups. The yellow shading represents the average extent of economic closures for businesses imposed at
a given time and the blue diagonal lines represent whether school closures are imposed, under a given strategy.
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Data Source Year Reference
Population by Age United Nations 2019
Life-Expectancy by Age WHO 2025
Workforce by Sector OECD, ILO 2021, 2025 ,
GVA by Sector OECD 2021
Contact Matrices by Age and Setting Prem et al. (2017), (2021) 2017, 2021 ,
Google Mobility Trends by Setting Our World in Data 2020
Covid-19 Stringency Index Our World in Data 2021
Covid-19 Deaths Our World in Data 2020
Covid-19 Excess Mortality Wang et al. (2022) 2022
Covid-19 Testing Our World in Data 2020
Covid-19 Ascertainment Russell et al. 2020
Hospital Beds World Bank 2021
Hospital Bed Occupancy Rate WHO 2024
Covid-19 Vaccinations Our World in Data 2020
Working-from-Home Gottlieb et al. (2021) 2021

Table S4: Overview of country-level data employed in the analysis, sources and references.
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Distributions of projected VLYL (expressed as a percentage of annual GDP) under different closure

strategies, for each disease and country-income group. Summary statistics are shown in Table S6.

Figure S7
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GDPL (% of GDP)
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Distributions of projected GDPL (expressed as a percentage of annual GDP) under different closure

strategies, for each disease and country-income group. Summary statistics are shown in Table S7.

Figure S8
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Distributions of projected VSYL (expressed as a percentage of annual GDP) under different closure

strategies, for each disease and country-income group. Summary statistics are shown in Table S8.

Figure S9
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Figure S10: Joint distributions of projected VLYL and GDPL + VSYL (expressed as a percentage of annual
GDP) under different closure strategies, for each disease and country-income group. The mean VLYL and
GDPL + VSYL (circles), and inter-quartile range (errorbars) are plotted for each closure strategy (colours).
Summary statistics are shown in ST Tables S6-S8.
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group. Untriggered Closures is not a distinct closure strategy (colours), but instead refers to the situation where
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Final Size (per 100k)
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Figure S13: Distributional effects: distributions of projected cumulative hospital admissions by age-group
(per 100k population) under different closure strategies, for each respiratory disease and country-income group.
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Distributional effects: distributions of projected mortality by age-group (per 100k population)

under different closure strategies, for each respiratory disease and country-income group.
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Figure S15: Distributional effects: distributions of projected value of life-years lost (VLYL) by age-group

(expressed as a percentage of annual GDP) under different closure strategies, for each respiratory disease and

country-income group. Summary statistics are shown in Table S10.
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Figure S16: Distributional effects: distributions of projected GDP loss (GDPL) by aggregate economic sector
(expressed as a percentage of annual GDP) under different closure strategies, for each disease and country-
income group. Summary statistics are shown in Table S11.
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50

Income Group / Disease Closure Strategy Mean SD Q1 Q2 Qs
LLMIC
Influenza-2009-X No Closures*T 2.9 3.0 1.8 2.2 2.8
Reactive-Business/Sustained-School 55.0 66.0 2.0 3.0 123.5
Closures
Reactive-Business/Reactive-School 9.9 11.0 2.0 3.1 16.2
Closures
Elimination 142.6 68.1 134.1 160.3 184.7
Influenza-1957-X No Closures*T 7.6 10.3 2.6 3.5 7.2
Reactive-Business/Sustained-School 86.3 66.7 3.3 112.5 140.8
Closures
Reactive-Business/Reactive-School 20.6 21.8 3.3 15.7 26.6
losures
Elimination 172.2 48.2 154.9 175.4 200.9
Influenza-T918-X No Closures 595.8 367.8 224.4 630.6 890.2
Reactive-Business/Sustained-School 542.2 294.2 274.5 503.5 788.9
losures
Reactive-Business/Reactive-School 439.5 331.0 166.4 297.9 700.7
Closures™* T
Elimination 824.1 363.6 527.1 828.4 1134.4
Covid-Omicron-X No Closures* T 56.2 44.2 18.1 42.0 89.9
Reactive-Business/Sustained-School 94.1 55.7 48.3 90.5 132.0
Closures
Reactive-Business/Reactive-School 68.0 41.5 36.7 58.4 93.0
Closures
Elimination 145.4 71.7 88.2 150.3 196.9
Covid-Delta-X No Closures 316.5 185.0 166.1 326.1 431.2
Reactive-Business/Sustained-School 359.6 163.7 227.2 356.2 456.1
Closures
Reactive-Business/Reactive-School 329.9 163.1 205.4 320.7 429.2
Closures* T
Elimination 395.1 155.3 276.1 377.1 488.2
Covid-Wildtype-X No Closures*T 110.8 81.6 35.0 104.7 167.4
Reactive-Business/Sustained-School 179.0 73.0 133.6 171.9 222.5
Closures
Reactive-Business/Reactive-School 146.8 78.4 90.3 138.5 193.2
losures
Elimination 223.9 86.8 164.3 212.0 277.6
UMIC
Influenza-2009-X No Closures* T 2.3 0.8 1.7 2.2 2.7
Reactive-Business/Sustained-School 7.8 18.8 1.8 2.3 3.0
Closures
Reactive-Business/Reactive-School 3.3 3.6 1.8 2.3 3.0
losures
Elimination 75.6 46.5 5.6 95.0 109.1
Influenza-1957-X No Closures* T 7.1 10.2 3.1 4.3 6.5
Reactive-Business/Sustained-School 38.4 38.0 3.6 7.8 77.8
Closures
Reactive-Business/Reactive-School 11.2 9.1 3.6 8.7 17.1
Closures
Elimination 107.7 28.8 100.7 111.5 122.2
Influenza-1918-X No Closures 3644 330.5 97.9 205.8 608.5
Reactive-Business/Sustained-School 247.2 147.9 152.5 195.6 299.6
Closures
Reactive-Business/Reactive-School 135.7 83.2 95.1 117.3 145.9
Closures™* T
Elimination 384.9 229.2 201.7 308.9 514.4
Covid-Omicron-X No Closures™ 49.8 48.8 14.9 29.2 67.9
Reactive-Business/Sustained-School 76.5 49.5 30.8 80.4 105.8
losures
Reactive-Business/Reactive-School 50.6 40.3 23.2 38.7 65.6
Closurest
Elimination 117.7 44.0 97.2 123.8 141.9
Covid-Delta-X No Closures 425.2 293.7 153.0 404.4 634.9
Reactive-Business/Sustained-School 422.9 267.4 191.9 370.5 608.3
Closures
Reactive-Business/Reactive-School 359.4 250.8 157.6 289.5 522.5
Closures* T
Elimination 444.8 227.0 260.8 410.4 588.3
Covid-Wildtype-X No Closures™ 124.9 116.9 31.4 78.4 194.1
Reactive-Business/Sustained-School 141.5 87.0 90.3 116.4 170.4
losures
Reactive-Business/Reactive-School 94.7 66.3 48.4 79.4 118.8
Closures’
Elimination 166.6 80.3 113.2 149.7 207.6
OIC
Influenza-2009-X No Closures* T 1.9 0.9 1.2 1.8 2.4
Reactive-Business/Sustained-School 2.6 4.2 1.3 1.8 2.5
losures
Reactive-Business/Reactive-School 2.2 2.0 1.3 1.8 2.5
Closures
Elimination 48.9 23.6 43.0 55.6 63.5
Influenza-1957-X No Closures* T 5.5 7.5 2.7 4.1 5.9
Reactive-Business/Sustained-School 14.6 14.5 3.0 5.3 30.9
losures
Reactive-Business/Reactive-School 8.2 6.6 3.0 5.3 14.0
Closures
Elimination 62.9 13.7 56.9 63.2 69.5
Influenza-T1918-X No Closures 143.7 198.5 44.0 67.4 I17.0
Reactive-Business/Sustained-School 85.8 60.8 56.6 74.0 96.1
Closures
Reactive-Business/Reactive-School 67.9 33.6 47.3 66.1 84.0
Closures* T
Elimination 118.1 53.9 89.9 103.8 125.6
Covid-Omicron-X No Closures™ 54.4 48.7 19.2 34.3 74.5
Reactive-Business/Sustained-School 63.5 41.4 40.1 55.5 79.0
Closures
Reactive-Business/Reactive-School 46.7 34.2 25.0 36.6 56.8
Closurest
Elimination 86.7 26.4 73.1 82.5 95.1
Covid-Delta-X No Closures 43T.T 307.1 1275 403.5 681.3
Reactive-Business/Sustained-School 360.1 274.8 122.3 257.3 571.9
Closures
Reactive-Business/Reactive-School 288.4 230.2 112.1 188.2 429.6
Closures™
Eliminationt 309.8 213.2 136.6 235.5 428.7
Covid-Wildtype-X No Closures™ 96.2 100.5 27.6 48.6 135.5

continued on next page




continued from previous page

Income Group / Disease Closure Strategy Mean SD Q1 Q2 Qs
Reactive-Business/Sustained-School 77.8 59.4 46.5 61.5 87.3
Closures
Reactive-Business/Reactive-School 56.4 34.8 34.7 49.5 70.2
Closurest
Elimination 90.0 35.6 71.0 82.7 100.4

Table S5: Summary statistics of projected socioeconomic losses (expressed as a percentage of annual GDP)
under different closure strategies, for each disease and country-income group. The closure strategies with the
two lowest means (bold), lowest median (*) and lowest upper quartile () are indicated. Distributions are shown
in main text Figure 2.
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Income Group / Disease Closure Strategy Mean SD Q1 Q2 Qs
LLMIC

Influenza-2009-X No Closures 2.3 2.7 1.3 1.6 2.1
Reactive-Business/Sustained-School 1.6 0.9 1.2 1.5 1.8

Closures
Reactive-Business/Reactive-School 1.5 0.5 1.2 1.4 1.7

losures
Elimination 1.9 2.6 1.0 1.3 1.8
Influenza-1957-X No Closures 6.4 9.3 1.9 2.7 6.0
Reactive-Business/Sustained-School 3.3 4.3 1.7 2.2 3.1

Closures
Reactive-Business/Reactive-School 2.4 2.1 1.6 2.0 2.6

losures
Elimination 5.5 9.1 1.3 2.0 4.4
Influenza-1918-X No Closures 552.2 340.7 207.9 583.3 823.0
Reactive-Business/Sustained-School 388.6 264.3 135.1 345.7 603.4

losures
Reactive-Business/Reactive-School 320.3 276.9 91.4 182.4 532.7

Closures
Elimination 612.3 335.4 335.3 613.8 895.6
Covid-Omicron-X No Closures 48.8 39.6 15.1 36.0 T7.5
Reactive-Business/Sustained-School 41.8 37.5 11.6 26.9 65.5

losures
Reactive-Business/Reactive-School 35.5 34.4 9.7 20.8 51.8

Closures
Elimination 37.6 35.2 9.9 24.0 56.2
Covid-Delta-X No Closures 274.5 165.7 140.7 275.5 374.1
Reactive-Business/Sustained-School 241.0 165.5 92.0 234.6 343.7

losures
Reactive-Business/Reactive-School 213.4 157.5 71.3 196.5 316.1

Closures
Elimination 228.9 156.2 96.3 218.4 326.9
Covid-Wildtype-X No Closures 95.2 72.2 29.6 88.3 1429
Reactive-Business/Sustained-School 70.0 64.3 17.7 46.8 109.6

Closures
Reactive-Business/Reactive-School 49.5 50.0 13.4 28.2 71.2

Closures
Elimination 73.0 62.8 19.3 57.9 109.7

UMIC

Influenza-2009-X No Closures 1.9 0.8 1.4 1.7 2.3
Reactive-Business/Sustained-School 1.8 0.7 1.3 1.7 2.2

Closures
Reactive-Business/Reactive-School 1.8 0.7 1.3 1.7 2.2

losures
Elimination 1.6 0.7 1.1 1.4 1.9
Influenza-1957-X No Closures 6.3 9.7 2.6 3.7 5.8
Reactive-Business/Sustained-School 3.8 2.4 2.4 3.3 4.5

Closures
Reactive-Business/Reactive-School 3.6 1.7 2.4 3.3 4.4

losures
Elimination 3.5 4.8 1.8 2.6 3.8
Influenza-1918-X No Closures 342.4 310.4 91.9 193.4 571.8
Reactive-Business/Sustained-School 166.7 133.5 81.5 112.4 208.0

Closures
Reactive-Business/Reactive-School 100.6 69.3 72.6 85.3 100.0

Closures
Elimination 260.1 215.9 85.6 185.9 380.0
Covid-Omicron-X No Closures 45.2 45.2 12.8 26.4 61.9
Reactive-Business/Sustained-School 38.2 40.8 11.7 20.7 48.4

Closures
Reactive-Business/Reactive-School 32.2 35.4 10.8 17.9 37.5

Closures
Elimination 33.7 36.1 10.3 19.5 42.4
Covid-Delta-X No Closures 386.7 270.1 138.7 363.5 574.9
Reactive-Business/Sustained-School 333.4 261.3 103.4 273.8 509.0

losures
Reactive-Business/Reactive-School 280.5 238.8 81.6 203.1 426.2

Closures
Elimination 323.7 228.3 138.8 283.1 463.6
Covid-Wildtype-X No Closures 113.2 107.1 28.0 71.0 175.6
Reactive-Business/Sustained-School 73.0 81.2 19.9 39.1 92.0

Closures
Reactive-Business/Reactive-School 46.6 50.6 17.1 28.4 52.2

Closures
Elimination 74.6 68.6 23.2 51.3 105.1

HIC

Influenza-2009-X No Closures 1.6 0.8 1.0 1.5 2.1
Reactive-Business/Sustained-School 1.6 0.8 1.0 1.5 2.1

Closures
Reactive-Business/Reactive-School 1.6 0.8 1.0 1.5 2.1

losures
Elimination 1.2 0.7 0.7 1.0 1.5
Influenza-1957-X No Closures 5.0 7.2 2.3 3.6 5.4
Reactive-Business/Sustained-School 3.4 1.8 2.2 3.2 4.4

Closures
Reactive-Business/Reactive-School 3.5 1.8 2.2 3.4 4.7

losures
Elimination 2.4 1.4 1.4 2.2 3.1
Influenza-T1918-X No Closures 135.6 I87.1 41.8 63.7 110.5
Reactive-Business/Sustained-School 60.2 54.4 34.1 49.0 68.7

losures
Reactive-Business/Reactive-School 53.8 29.1 37.0 52.4 67.6

losures
Elimination 53.3 50.4 28.0 39.3 57.8
Covid-Omicron-X No Closures 50.0 45.2 17.4 31.5 68.8
Reactive-Business/Sustained-School 39.4 37.7 15.4 23.6 49.4

Closures
Reactive-Business/Reactive-School 31.5 30.1 14.0 20.3 36.6

Closures
Elimination 27.9 29.8 11.3 16.9 31.1
Covid-Delta-X No Closures 393.8 281.0 118.4 367.2 618.3
Reactive-Business/Sustained-School 302.2 254.7 82.5 204.7 492.3

losures
Reactive-Business/Reactive-School 233.3 212.8 70.2 136.1 359.0

Closures
Elimination 228.9 203.7 64.9 157.4 336.6
Covid-Wildtype-X No Closures 87.9 92.0 25.2 44.7 123.6
Reactive-Business/Sustained-School 47.2 51.8 18.9 29.4 51.9

Closures
Reactive-Business/Reactive-School 31.3 25.7 17.5 25.3 36.2

Closures
Elimination 33.3 32.6 13.6 22.2 41.1

Table S6: Summary statistics of projected VLYL (expressed as a percentage of annual GDP) under different
closure strategies, for each disease and country-income group. Distributions are shown in Figure S7.
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Income Group / Disease Closure Strategy Mean SD Q1 Q2 Qs
LLMIC

Influenza-2009-X No Closures 0.3 0.2 0.2 0.3 0.3
Reactive-Business/Sustained-School 3.4 6.3 0.2 0.4 4.9

Closures
Reactive-Business/Reactive-School 5.3 7.2 0.2 0.4 9.5

losures
Elimination 37.3 19.4 30.4 40.9 50.0
Influenza-1957-X No Closures 0.8 0.8 0.4 0.5 0.8
Reactive-Business/Sustained-School 5.4 7.2 0.5 4.3 6.9

Closures
Reactive-Business/Reactive-School 9.2 8.9 0.5 7.0 15.0

losures
Elimination 44.3 14.9 36.9 45.0 53.5
Influenza-1918-X No Closures 30.3 19.9 10.6 31.0 45.7
Reactive-Business/Sustained-School 28.9 18.3 13.9 26.3 41.3

losures
Reactive-Business/Reactive-School 45.0 23.3 27.2 41.8 61.9

Closures
Elimination 70.8 20.4 55.3 70.8 86.0
Covid-Omicron-X No Closures 6.4 4.6 2.2 4.9 11.0
Reactive-Business/Sustained-School 8.7 6.1 4.6 7.7 12.1

losures
Reactive-Business/Reactive-School 14.2 8.7 7.9 13.3 18.1

Closures
Elimination 32.1 20.2 13.7 32.2 48.4
Covid-Delta-X No Closures 40.9 20.7 21.8 46.8 57.3
Reactive-Business/Sustained-School 41.9 19.7 24.3 45.9 57.3

losures
Reactive-Business/Reactive-School 55.2 18.6 43.3 56.8 67.0

Closures
Elimination 66.4 17.9 54.4 64.2 77.6
Covid-Wildtype-X No Closures 14.7 9.9 4.8 14.8 23.5
Reactive-Business/Sustained-School 18.3 10.8 10.4 16.7 24.9

Closures
Reactive-Business/Reactive-School 35.0 15.1 24.6 34.7 44.9

Closures
Elimination 47.1 16.4 35.8 46.8 58.0

UMIC

Influenza-2009-X No Closures 0.2 0.1 0.2 0.2 0.3
Reactive-Business/Sustained-School 0.7 1.6 0.2 0.2 0.3

Closures
Reactive-Business/Reactive-School 1.1 3.0 0.2 0.2 0.3

losures
Elimination 26.6 17.3 2.4 32.2 39.4
Influenza-1957-X No Closures 0.5 0.5 0.3 0.4 0.5
Reactive-Business/Sustained-School 3.2 3.7 0.4 0.7 5.2

Closures
Reactive-Business/Reactive-School 5.4 5.9 0.4 2.0 10.8

losures
Elimination 37.5 11.5 33.0 38.5 44.3
Influenza-1918-X No Closures 16.8 15.8 4.4 9.1 28.3
Reactive-Business/Sustained-School 13.3 7.8 8.1 11.2 16.3

Closures
Reactive-Business/Reactive-School 19.8 9.3 14.1 18.2 24.4

Closures
Elimination 49.8 12.0 41.0 48.5 57.6
Covid-Omicron-X No Closures 4.0 3.6 1.5 2.3 5.2
Reactive-Business/Sustained-School 6.6 4.5 2.8 6.1 9.1

Closures
Reactive-Business/Reactive-School 10.4 7.6 4.1 9.5 15.0

Closures
Elimination 32.0 16.4 16.4 37.1 44.5
Covid-Delta-X No Closures 37.8 24.5 12.8 39.0 59.3
Reactive-Business/Sustained-School 38.2 21.7 18.6 35.1 56.7

losures
Reactive-Business/Reactive-School 47.0 20.3 31.0 46.5 63.3

Closures
Elimination 61.6 15.6 50.4 61.3 72.4
Covid-Wildtype-X No Closures 11.2 10.0 2.9 6.8 18.3
Reactive-Business/Sustained-School 13.3 8.2 7.7 11.1 17.3

Closures
Reactive-Business/Reactive-School 23.3 11.8 15.1 22.0 30.9

Closures
Elimination 37.4 13.1 28.7 38.6 46.3

HIC

Influenza-2009-X No Closures 0.2 0.T 0.T 0.2 0.2
Reactive-Business/Sustained-School 0.3 0.7 0.1 0.2 0.2

Closures
Reactive-Business/Reactive-School 0.5 1.7 0.1 0.2 0.2

losures
Elimination 27.8 14.4 23.2 31.3 36.8
Influenza-1957-X No Closures 0.4 0.3 0.3 0.4 0.5
Reactive-Business/Sustained-School 2.1 2.4 0.3 0.4 4.3

Closures
Reactive-Business/Reactive-School 4.2 5.4 0.3 0.4 9.3

losures
Elimination 35.3 9.1 30.9 35.3 39.8
Influenza-T1918-X No Closures 7.1 10.3 1.8 3.1 5.9
Reactive-Business/Sustained-School 6.5 4.1 4.2 6.2 8.0

losures
Reactive-Business/Reactive-School 11.9 7.3 4.9 12.7 15.5

losures
Elimination 38.5 7.9 33.6 37.8 42.5
Covid-Omicron-X No Closures 4.T 3.7 1.6 2.4 5.2
Reactive-Business/Sustained-School 7.0 4.0 4.3 7.0 9.0

Closures
Reactive-Business/Reactive-School 12.1 7.4 6.3 13.0 16.7

Closures
Elimination 35.2 12.0 29.0 37.2 42.3
Covid-Delta-X No Closures 37.0 26.7 9.3 35.8 61.6
Reactive-Business/Sustained-School 34.2 23.2 14.5 25.1 54.6

losures
Reactive-Business/Reactive-School 42.6 20.8 27.8 39.2 57.9

Closures
Elimination 55.3 15.7 43.0 51.6 65.9
Covid-Wildtype-X No Closures 8.0 8.7 2.3 3.7 11.0
Reactive-Business/Sustained-School 9.4 6.0 6.2 8.3 11.3

Closures
Reactive-Business/Reactive-School 17.9 9.7 13.1 17.6 23.6

Closures
Elimination 34.3 10.0 29.1 35.0 40.0

Table S7: Summary statistics of projected GDPL (expressed as a percentage of annual GDP) under different
closure strategies, for each disease and country-income group. Distributions are shown in Figure S8.
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Income Group / Disease Closure Strategy Mean SD Q1 Q2 Qs
LLMIC

Influenza-2009-X No Closures 0.3 0.1 0.3 0.3 0.4
Reactive-Business/Sustained-School 50.0 61.9 0.3 0.4 115.6

Closures
Reactive-Business/Reactive-School 3.1 5.2 0.3 0.4 4.1

losures
Elimination 103.5 49.7 98.4 116.8 133.9
Influenza-1957-X No Closures 0.4 0.2 0.3 0.4 0.4
Reactive-Business/Sustained-School 77.6 61.8 0.4 104.0 128.5

Closures
Reactive-Business/Reactive-School 8.9 13.7 0.4 4.5 9.7

losures
Elimination 122.4 33.2 112.4 125.2 141.8
Influenza-1918-X No Closures 13.3 8.0 5.1 14.4 19.9
Reactive-Business/Sustained-School 124.7 38.3 112.5 130.5 149.9

losures
Reactive-Business/Reactive-School 74.2 43.9 39.4 75.9 108.0

Closures
Elimination 141.0 20.9 126.0 139.3 157.1
Covid-Omicron-X No Closures 1.0 0.1 0.9 1.0 1.1
Reactive-Business/Sustained-School 43.6 50.2 4.2 14.6 89.0

losures
Reactive-Business/Reactive-School 18.3 18.6 5.6 12.1 24.2

Closures
Elimination 75.7 58.5 8.0 93.9 128.2
Covid-Delta-X No Closures 1.1 0.1 1.0 I.1 1.2
Reactive-Business/Sustained-School 76.6 54.4 9.2 88.7 123.4

losures
Reactive-Business/Reactive-School 61.2 43.2 20.8 58.5 93.7

Closures
Elimination 99.9 52.7 49.2 120.6 137.4
Covid-Wildtype-X No Closures 0.8 0.T 0.7 0.8 0.9
Reactive-Business/Sustained-School 90.7 48.4 52.6 104.4 126.4

Closures
Reactive-Business/Reactive-School 62.3 35.5 32.9 60.6 88.4

Closures
Elimination 103.8 39.5 7.7 113.5 131.3

UMIC

Influenza-2009-X No Closures 0.2 0.0 0.2 0.2 0.2
Reactive-Business/Sustained-School 5.3 17.4 0.2 0.2 0.2

Closures
Reactive-Business/Reactive-School 0.4 0.6 0.2 0.2 0.2

losures
Elimination 47.4 29.9 1.7 60.6 69.0
Influenza-1957-X No Closures 0.2 0.1 0.2 0.2 0.2
Reactive-Business/Sustained-School 31.5 34.4 0.2 1.3 67.9

Closures
Reactive-Business/Reactive-School 2.1 3.6 0.2 1.7 2.7

losures
Elimination 66.7 17.7 63.4 69.5 75.6
Influenza-1918-X No Closures 5.2 4.5 1.5 3.1 8.7
Reactive-Business/Sustained-School 67.2 20.6 64.3 71.9 78.3

Closures
Reactive-Business/Reactive-School 15.3 13.9 3.5 11.1 23.0

Closures
Elimination 75.0 9.3 68.5 74.5 80.6
Covid-Omicron-X No Closures 0.6 0.1 0.5 0.6 0.6
Reactive-Business/Sustained-School 31.7 32.9 1.8 6.2 67.4

Closures
Reactive-Business/Reactive-School 8.0 10.0 2.3 4.9 9.2

Closures
Elimination 52.0 30.8 20.1 68.0 75.1
Covid-Delta-X No Closures 0.7 0.1 0.6 0.7 0.7
Reactive-Business/Sustained-School 51.4 30.5 18.8 65.7 75.0

losures
Reactive-Business/Reactive-School 31.9 22.7 11.2 30.0 48.5

Closures
Elimination 59.5 27.0 57.7 70.2 76.6
Covid-Wildtype-X No Closures 0.5 0.1 0.4 0.5 0.5
Reactive-Business/Sustained-School 55.2 26.0 46.6 64.9 72.4

Closures
Reactive-Business/Reactive-School 24.8 18.0 10.4 21.0 37.0

Closures
Elimination 54.6 21.8 37.4 62.3 70.7

HIC

Influenza-2009-X No Closures 0.T 0.0 0.T 0.T 0.T
Reactive-Business/Sustained-School 0.6 3.5 0.1 0.1 0.1

Closures
Reactive-Business/Reactive-School 0.1 0.1 0.1 0.1 0.1

losures
Elimination 19.9 9.9 17.7 23.1 26.0
Influenza-1957-X No Closures 0.1 0.0 0.1 0.1 0.1
Reactive-Business/Sustained-School 9.1 11.9 0.1 0.1 22.9

Closures
Reactive-Business/Reactive-School 0.5 0.8 0.1 0.1 0.9

losures
Elimination 25.3 5.4 23.3 25.5 27.7
Influenza-T1918-X No Closures 1.0 1.2 0.3 0.5 0.9
Reactive-Business/Sustained-School 19.1 11.5 0.7 24.2 26.7

losures
Reactive-Business/Reactive-School 2.2 2.7 0.7 1.2 2.4

losures
Elimination 26.4 3.9 24.1 26.1 28.3
Covid-Omicron-X No Closures 0.2 0.0 0.2 0.2 0.3
Reactive-Business/Sustained-School 17.2 12.7 1.3 24.2 27.2

Closures
Reactive-Business/Reactive-School 3.1 2.6 1.7 2.7 3.8

Closures
Elimination 23.5 9.0 21.9 26.3 28.9
Covid-Delta-X No Closures 0.3 0.1 0.2 0.3 0.3
Reactive-Business/Sustained-School 23.7 9.3 23.8 26.4 28.6

losures
Reactive-Business/Reactive-School 12.5 7.8 5.6 12.0 19.0

Closures
Elimination 25.6 6.8 24.4 26.7 29.1
Covid-Wildtype-X No Closures 0.2 0.1 0.2 0.2 0.2
Reactive-Business/Sustained-School 21.2 9.4 21.3 24.0 26.2

Closures
Reactive-Business/Reactive-School 7.1 5.8 2.5 5.8 11.2

Closures
Elimination 22.5 6.9 20.2 24.0 26.7

Table S8: Summary statistics of projected VSYL (expressed as a percentage of annual GDP) under different
closure strategies, for each disease and country-income group. Distributions are shown in Figure S9.
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Income Group / Disease

Closure Strategy

Decremental VLYL

Incremental GDPL |+ VSYL

Reactive-Business/Sustained-School
losures

163.5 (6.5; 303.9)

109.9 (91.9; 137.2

LLMIC

Influenza-2009-X No Closures*T 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 0.7 (0.0; 0.4) 52.7 (0.0; 121.5)

losures
Reactive-Business/Reactive-School 0.8 (0.0; 0.4) 7.8 (0.0; 14.3)

Closures
Elimination 0.4 (0.0; 0.7) 140.1 (132.0; 182.0)
Influenza-1957-X No Closures*T 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 3.1 (0.0; 2.9) 81.8 (0.0; 135.7)

Closures
Reactive-Business/Reactive-School 4.0 (0.0; 3.5) 17.0 (0.0; 23.0)

Closures
Elimination 0.9 (-0.0; 1.8) 165.6 (150.6; 192.1)
Influenza-1918-X No Closures 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
)
)

Reactive-Business/Reactive-School

Closures™* T
Elimination

231.8 (12.4; 419.3)

-60.1 (-232.7; 89.2)

75.5 (34.8; 112.1

168.1 (146.1; 190.2)

Covid-Omicron-X

No Closures®T
Reactive-Business/Sustained-School
Closures
Reactive-Business/Reactive-School

losures
Elimination

0.0 (0.0; 0.0)
7.0 (1.3; 9.6)

13.3 (3.4; 19.2)

11.2 (2.7; 19.3)

0.0 (0.05 0.0)
44.9 (2.9; 92.6)

25.1 (4.9; 34.8)

100.4 (7.5; 171.6)

Covid-Delta-X

No Closures
Reactive-Business/Sustained-School
losures
Reactive-Business/Reactive-School
Closures* T
Elimination

0.0 (0.0; 0.0)
33.5 (4.8; 60.2)

61.0 (15.9; 102.0)

45.6 (10.8; 89.7)

0.0 (0.0; 0.0)
76.6 (5.9; 124.0)

74.5 (23.3; 118.6)

124.3 (55.5; 175.5)

Covid-Wildtype-X

No Closures* T
Reactive-Business/Sustained-School

0.0 (0.0; 0.0)
25.2 (3.4; 41.5)

0.0 (0.0; 0.0)
93.5 (53.7; 131.1)

losures
Reactive-Business/Reactive-School 45.7 (11.2; 72.5) 81.8 (45.0; 115.1)

Closures
Elimination 22.2 (-1.0; 53.1) 135.4 (99.6; 172.7)

UMIC

Influenza-2009-X No Closures*T 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 0.0 (0.0; 0.0) 5.6 (0.0; 0.0)

Closures
Reactive-Business/Reactive-School 0.0 (0.0; 0.0) 1.1 (0.0; 0.0)

Closures
Elimination 0.3 (0.0; 0.5) 73.6 (3.8; 107.3)
Influenza-1957-X No Closures*T 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 2.6 (0.0; 1.2) 33.9 (0.0; 73.2)

Closures
Reactive-Business/Reactive-School 2.7 (0.0; 1.0) 6.8 (0.0; 12.9)

losures
Elimination 2.8 (0.1; 2.1) 103.4 (97.1; 117.8)
Influenza-1918-X No Closures 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 175.7 (0.0; 344.7) 58.4 (45.3; 75.7)

Closures
Reactive-Business/Reactive-School 241.8 (5.5; 448.4) 13.1 (1.5; 20.8)

Closures* T
Elimination

82.3 (-56.1; 222.9)

102.9 (90.1; 116.2)

Covid-Omicron-X

No Closures™
Reactive-Business/Sustained-School
losures
Reactive-Business/Reactive-School

0.0 (0.0; 0.0)
7.0 (0.0; 9.8)

13.0 (0.5; 19.3)

0.0 (0.0; 0.0)
33.7 (1.0; 72.1)

13.8 (1.4; 19.4)

Closures

Closurest
Elimination 11.5 (1.3; 20.6) 79.4 (31.1; 115.7)
Covid-Delta-X No Closures 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 53.4 (6.6; 95.3) 51.1 (5.4; 76.9)
) )

Reactive-Business/Reactive-School

Closures* T
Elimination

106.2 (24.0; 177.4

63.0 (-9.3; 160.6)

40.5 (8.4; 66.9

82.6 (64.3; 113.5)

Covid-Wildtype-X

No Closures™
Reactive-Business/Sustained-School
Closures
Reactive-Business/Reactive-School

0.0 (0.0; 0.0)
40.1 (3.2; 65.7)

66.6 (6.3; 115.3)

0.0 (0.0; 0.0)
56.8 (46.4; 76.2)

36.5 (16.6; 52.9)

Closurest

Elimination 38.6 (-5.2; 90.6) 80.3 (50.7; 105.6)
HIC

Influenza-2009-X No Closures*T 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 0.0 (0.0; 0.0) 0.7 (0.0; 0.0)

Closures
Reactive-Business/Reactive-School 0.0 (0.0; 0.0) 0.3 (0.0; 0.0)

losures
Elimination 0.4 (0.0; 0.7) 47.4 (41.4; 62.4)
Influenza-1957-X No Closures*T 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 1.5 (0.0; 0.6) 10.7 (0.0; 26.9)

Closures
Reactive-Business/Reactive-School 1.4 (0.0; 0.4) 4.2 (0.0; 9.9)

Closures
Elimination 2.6 (0.3; 2.5) 60.1 (54.0; 66.9)
Influenza-1918-X No Closures 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)

Reactive-Business/Sustained-School
Closures
Reactive-Business/Reactive-School
Closures* T
Elimination

75.4 (0.0; 42.8)

81.8 (0.0; 42.3)

82.3 (3.2; 48.2)

17.5 (0.0; 29.3)

6.0 (0.0; 11.9)

56.8 (50.2; 65.2)

Covid-Omicron-X

No Closures™
Reactive-Business/Sustained-School
Closures
Reactive-Business/Reactive-School
Closurest
Elimination

0.0 (0.0; 0.0)
10.7 (0.7; 16.5)

18.6 (1.3; 29.6)

22.1 (3.9; 35.0)

0.0 (0.0; 0.0)
19.8 (0.6; 31.9)

10.9 (3.9; 15.4)

54.4 (47.7; 68.0)

Covid-Delta-X

No Closures
Reactive-Business/Sustained-School
Closures
Reactive-Business/Reactive-School
Closures™

Eliminationf

0.0 (0.0; 0.0)
91.6 (17.6; 147.7)

160.5 (34.5; 261.5)

164.9 (33.1; 271.0)

0.0 (0.0; 0.0)
20.6 (12.4; 30.4)

17.8 (2.2; 30.9)

43.6 (27.4; 60.7)
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continued from previous page

Income Group / Disease Closure Strategy Decremental VLYL Incremental GDPL + VSYL
Covid-Wildtype-X No Closures™ 0.0 (0.0; 0.0) 0.0 (0.0; 0.0)
Reactive-Business/Sustained-School 40.7 (2.0; 65.3) 22.3 (17.3; 29.9)
losures
Reactive-Business/Reactive-School 56.7 (2.4; 89.7) 16.8 (10.4; 23.2)
Closurest
Elimination 54.7 (6.2; 85.7) 48.5 (35.0; 61.0)

Table S9: Summary statistics (mean, (IQR)) of projected decremental VSYL and incremental GDPL +
VSYL (expressed as a percentage of annual GDP) of switching from the No Closures strategy to alternative
closure strategies, for each disease and country-income group. The closure strategies with the two lowest mean
socioeconomic losses (bold), lowest median (*) and lowest upper quartile (1) are indicated. Distributions are
shown in main text Figure 3.
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531

5 Code & Future Work

The code and data to reproduce this analysis are available on GitHub
further develop the daedalus model as a pandemic planning tool:

. However, there is ongoing work to

e The daedalus R package ' is currently under development as an open-source tool for pandemic projec-

tions, with associated data and scenario comparison packages;

e DAEDALUS Explore ' is an interactive dashboard tool, based on the daedalus R package, that acts as

an accessible interface for decision-makers.
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