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Abstract
The rapid growth in cases of COVID-19 has threatened

to overwhelm healthcare systems in multiple countries.
In response, severely affected countries have had to con-
sider a range of public health strategies achieved by im-
plementing non-pharmaceutical interventions. Broadly,
these strategies have fallen into two categories: i) “miti-
gation”, which aims to achieve herd immunity by allow-
ing the SARS-CoV-2 virus to spread through the popu-
lation while mitigating disease burden, and ii) “suppres-
sion”, aiming to drastically reduce SARS-CoV-2 transmis-
sion rates and halt endogenous transmission in the target
population. Using an age-structured transmission model,
parameterised to simulate SARS-CoV-2 transmission in
the UK, we assessed the prospects of success using both of
these approaches. We simulated a range of different non-
pharmaceutical intervention scenarios incorporating so-
cial distancing applied to differing age groups. We found
that it is possible to suppress SARS-CoV-2 transmission
if social distancing measures are sustained at a sufficient
level for a period of months. Our modelling did not sup-
port achieving herd immunity as a practical objective, re-
quiring an unlikely balancing of multiple poorly-defined
forces. Specifically, we found that: i) social distancing
must initially reduce the transmission rate to within a nar-
row range, ii) to compensate for susceptible depletion, the
extent of social distancing must be vary over time in a pre-
cise but unfeasible way, and iii) social distancing must be
maintained for a long duration (over 6 months).

Introduction
Caused by a novel coronavirus, SARS-CoV-2 [1], COVID-

19 is an infectious disease capable of severe respiratory ill-
ness and death [2]. Since its identification in Wuhan, China,
COVID-19 has become an on-going and rapidly expanding
global pandemic that is causing substantial mortality and
healthcare system strain in multiple countries [3]. While older
individuals and those with underlying conditions are most at
risk [4], infection has been seen across age-groups [5, 6].
Worryingly, detection of viral loads in the upper respiratory

tract suggests potential for pre- and ogliosymptomatic trans-
mission [7, 8, 9]. Due to the absence of a vaccine, current
attempts at controlling SARS-CoV-2 spread are focused on
social measures that reduce rates of viral transmission: social
distancing (a generalised reduction of contact rates between
individuals in the population) and self-isolation by symp-
tomatic individuals [10].

Broadly speaking, two distinct approaches to controlling
the spread of SARS-CoV-2 have received much attention. The
first aims to suppress transmission in the target population (re-
ferred hereafter as “suppression”) [10]. Under this objective,
control measures reduce viral transmission to such a degree
that sustained endogenous transmission is no longer possible.
By maintaining control measures in place for a sufficient pe-
riod of time, the virus will be eliminated in the focal pop-
ulation. The focus will then shift to preventing subsequent
reintroduction. The second approach aims to manage or mit-
igate the negative health impacts (referred hereafter as mit-
igation) [10]. While suppression aims to ultimately halt lo-
cal transmission, mitigation aims to reduce the growth rate of
the epidemic to ensure disease burden does not overwhelm
healthcare systems [3]. In practice, achieving both objectives
requires the roll out of the same types of control measures
(social distancing and self-isolation), though the necessary
intensities and durations vary. At the time of writing, many
countries have adopted extensive social distancing measures
(including, after some prevarication, the UK [11]) to either
mitigate or suppress SARS-CoV-2 spread [3]. However the
severe economic costs and acute social pressures associated
with social distancing measures inevitably lead to a push for
their relaxation [10]. Due to the potentially long wait until a
vaccine is available, the UK government has proposed to at-
tempt to achieve herd immunity in the country by allowing a
sufficient section of the population to develop natural immu-
nity via exposure to the disease [11].

The consequences of failure to either adequately mitigate or
suppress COVID-19 are potentially catastrophic. Due to the
many uncertainties surrounding SARS-CoV-2 transmission,
authorities are presented with the worst kind of natural ex-
periment. Mathematical modelling is able to assist evaluating
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Figure 1: Modelling the impact of non-pharmaceutical inter-
ventions on disease transmission. a) Different social distanc-
ing measures (e.g. school closures, work and social place clo-
sures, and older individuals distancing) reduce contact rates be-
tween individuals in different ways. To reduce the complexity
of the model, and to understand their differential impacts, we
assume that individuals are only affected by one of these mea-
sures, dependent on their age. Individuals aged 0-24 years are
affected by school closures (included in this are university clo-
sures). School closures were assumed to result in a 70% re-
duction in contacts among school aged individuals (qY Y ) and 20
% reduction in their contacts with individuals aged 25-59 years
(qY A). Work and social place closures were assumed to reduce
contacts among adults (qAA) by 50%. Finally, older individuals
distancing reduced contacts by 60+ aged individuals with 0-24
year-olds by 90% (qY O), with 25-59 years by 70% (qAO) and
among one-another by 50% (qOO). The effectiveness of symp-
tomatic individuals self-isolating is dependent on two factors: i)
the engagement by symptomatic individuals, k and ii) the pro-
portion of transmission due to individuals who are symptomatic,
ps. b) We modelled five distinct combinations of social distanc-
ing measures, assuming that older individuals social distancing
will always be prioritised.

the viability of mitigation and suppression as objectives [12],
by simulating the impacts of control strategies on viral trans-
mission, hospital burden, fatalities and population-level im-
munity. We use an age-stratified disease transmission model,
taking the UK as an example, to simulate SARS-CoV-2 spread
controlled by individual self-isolation and mass social dis-
tancing. We simulated various levels of self-isolation effec-
tiveness and three distinct types of social-distancing mea-
sures: i) school (including university) closures, ii) work and
social place closures, and iii) older individuals social distanc-
ing (see Fig 1). We find that suppression is possible with
plausible levels of social distancing and self-isolation, how-
ever attempting to mitigate COVID-19 long enough to build
herd immunity (while maintaining hospital burden at manage-
able levels) requires fine tuning of control strengths over a
long duration–something that will be extremely challenging
in practice.

Results
In the absence of any intervention measures, our modelling

suggests SARS-CoV-2 will spread extremely rapidly through
the UK, with the number of new daily infections exceeding 1
million (Fig 2A). The epidemic would ultimately infect ap-
proximately 77% of the population (Fig 2B) and result in
around 350 thousand fatalities among individuals aged over
60, and around 60 thousand aged below 60 (Fig 2C).

Sustained social-distancing by older individuals (assumed
to result in a 90% reduction in contacts with individuals un-
der 25, a 70% reduction with 25-59, and a 50% reduction be-
tween one another), and moderately effective self-isolation by
symptomatic individuals (at 20% efficacy) results in a shal-
lower epidemic curve (Fig 2D) and a much smaller outbreak
size among individuals aged 60+ (Fig 2E). The attendant mor-
tality burden among 60+ individuals is also substantially re-
duced (to 62 thousand), with a smaller reduction in fatalities
in those aged < 60 (to 43 thousand; Fig 2F).

The addition of school (and university) closures, corre-
sponding to a 70% reduction in contacts among school-aged
individuals and a 20% reduction with 25-59 year-olds, dra-
matically reduces the rate of epidemic growth (Fig 2G), al-
though such levels of control are insufficient to suppress the
epidemic (i.e. the number of daily cases still rises after im-
plementation). The premature reopening of schools after 100
days (while the virus is still circulating) triggers a second
wave of infection, with only a moderately reduced peak in
daily new cases, largely eroding any additional gains made
[13]. The final proportion of the population exposed (Fig 2H)
and the number of fatalities (Fig 2I) are largely unaltered com-
pared to if schools had not been closed (c.f Fig 2E and F).

Our modelling indicates that such control measures can
lead to the suppression of COVID-19 in the UK by reduc-
ing R0 < 1 (Fig 3A, B). The effectiveness of self-isolation
by symptomatic individuals at suppressing transmission de-
pends on two factors: the proportion of infections due to
symptomatic individuals and the self-isolation observance
rate (see Fig. 1A). As both of these parameters decrease,
the self-isolation efficacy drops, and greater social-distancing
measures are necessary to achieve suppression (Fig 3A). At
present there is a large uncertainty in the relationship be-
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Figure 2: Simulated examples of SARS-CoV-2 spread in the UK using an age-structured SEIR model under different control
scenarios. a) Daily new cases assuming no intervention measures enacted. b) Cumulative proportion of the population exposed to
SARS-CoV-2 over the course of the epidemic. c) Cumulative fatalities assuming fixed age-specific case fatality rates (see Methods).
e-f) Same as panels a-c, but assuming that specific control measures are introduced when daily cases reached 10 thousand (day
57): older individuals social distance and symptomatic individuals self-isolate (at 20% effectiveness). g-i) Same as panels e-f but in
addition schools close on day 57. Reopening of schools after 100 days results in a resurgence.

tween symptoms and viral shedding [9]. For the social dis-
tancing strengths considered, if the proportion due to symp-
tomatic (including mildly symptomatic) individuals is above
14% then, with adequate self-isolation observance, suppres-
sion is possible. Given the uncertainty surrounding asymp-
tomatic transmission, the likelihood of successful suppres-
sion is greatest if all social distancing measures are enacted
(Fig. 3B).

The time taken for suppression to be achieved (modelled
as a 100-fold reduction in infectious individuals) once con-
trol measures are implemented is shown in Fig. 3C. If self-
isolation effectiveness is high (>70% reduction in transmis-
sion) then suppression can be achieved in two months regard-
less of any additional social distancing measures. There is
little additional decrease in the necessary duration of social
distancing unless schools and work places are both closed, in
which case suppression can be achieved within two months at
much lower levels of self-isolation effectiveness (&45%).

If suppression cannot be achieved (due to unfeasibility or
lack of political will to reduce transmission sufficiently), then

the objective of control measures is mitigation. Social dis-
tancing by 60+ aged individuals results in a marked reduc-
tion of the final fraction of this age group that are exposed,
however, unless both schools and workplaces are closed, addi-
tional social distancing measures do not lead to much further
reduction (Fig 4A).

These results are also mirrored in the impacts of social dis-
tancing on the daily cases in 60+ aged individuals (Fig 4B).
Unfortunately, the hospital burden remains high for most in-
tervention strategies, unless self-isolation is very effective
(& 50%; Fig 4D). Taking around one hundred thousand hos-
pitalised cases to be the upper limit of hospital capacity, we
find that there is a relatively small range of parameters where
mitigation is successful at preventing hospitals being over-
whelmed, but the disease is not also successfully suppressed
(Fig 4D, c.f Fig 3B). If social distancing is applied to all
age groups, this range is 0-14% self-isolation effectiveness,
whereas if just the 60+ age group socially distance the range
is 41-54%.

As mentioned previously, if schools and workplaces reopen
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Figure 3: Prospects for disease suppression. Simulations of the
age-structured SEIR model performed assuming control mea-
sures are initiated when there is a total of 10 thousand infectious
individuals in the population. The different control measures
and strengths are listed in Fig 1. a) Whether suppression is pos-
sible depends on both the self-isolation observance rate and the
proportion of infections due to symptomatic individuals. More
extensive social distancing measures increase the ranges of these
two parameters for which suppression is possible. b) Increases
in self-isolation effectiveness drive down the reproductive num-
ber, which also depends on the social distancing measures em-
ployed. c) The time taken for COVID-19 to be suppressed (mod-
elled as a 100-fold reduction in infectious individuals) depends
on the amount the reproductive number is decreased below one.

Figure 4: Outcomes of disease mitigation attempts, simulated us-
ing the age-structured SEIR model. As in Fig 3, control measures
are implemented when there are 10 thousand cases in the popu-
lation. a) The final fraction of 60+ aged individuals exposed to
COVID-19 for each of the control strategies simulated, assuming
that social distancing measures can be maintained at the same
strength indefinitely (“without fatigue”). b-c) Size (panel b) and
timing (panel c) of the peak in daily new cases among 60+ aged
individuals. d) Peak hospital burden, assuming age-specific hos-
pitalisation rates (see Methods) and a mean hospital stay of 12.8
days [4]. e-f) Simulation results using the same control strategies
as in panels a-d, but assuming that due to fatigue schools and
work places closures last 100 days.
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simultaneously after 100 days (e.g. due to social distanc-
ing “fatigue” [10]) and the disease has not been successfully
suppressed, then much of the benefit of their closure is lost
(Fig 4E–H) due to a resurgent second wave. In this scenario,
the principle effect of school and workplace closures is in de-
laying the peak, buying more time for preparations (Fig 4G).

Assuming the object is mitigation, to prevent a second wave
overwhelming the healthcare system, control measures must
be relaxed gradually (Fig. 5A). This allows for herd immunity
to build up in the population without healthcare systems being
overwhelmed. Our modelling suggests this relaxation must
take place over a relatively long time span and cannot be linear
(a linear relaxation over 300 days results in a peak hospital
burden of 99 thousand cases and total fatalities of around 83
thousand, but fails to achieve herd immunity; Fig. 5B).

One associated downside to gradually relaxing controls is
that the herd immunity achieved is less robust than if no at-
tempts at mitigation were made (Fig. 5C). This is due to the
reduced overshoot of the susceptible population below the
herd immunity threshold after the epidemic peaks. A smaller
subsequent increase in the susceptible population (e.g. due
to new births or waning natural immunity) is then required
for herd immunity to be lost. The robustness of herd immu-
nity trades off directly with the number of fatalities, as greater
susceptible depletion necessitates more infection.

To summarise, aiming to build herd immunity to SARS-
CoV-2 in a population while mitigating the burden on hos-
pitals requires initially reducing the reproductive number to
ensure available hospital capacity is not exceeded (Fig 6A).

Without gradual relaxation of social distancing measures,
if the epidemic peaks at or below hospital capacity the final
outbreak size will be insufficient to achieve herd immunity
(Fig 6B). Relaxing social distancing measures linearly also
appears insufficient (see Fig 5A)

Even if an optimal strategy for gradually relaxing social
distancing to build herd immunity were found, the healthcare
system capacity imposes a lower limit of the duration of social
distancing required to achieve herd immunity (Fig 6C). As-
suming individuals aged 60+ are socially distancing, around
3.7% of cases require hospital treatment. The remaining inter-
ventions studied had little further effect on the hospitalisation
rate. Assuming a hospital capacity of 100 thousand beds and
an average hospital stay of 12.8 days [4], it would take at min-
imum around 6 months for the UK to achieve herd immunity.
We stress that this minimum is unlikely to be found in prac-
tice, due to the need for fine tuning social distancing.

Discussion
Various governments have toyed with the idea of achieving

herd immunity through natural infection as a means of ending
the long-term threat of COVID-19. This has provoked alarm
in sections of the public health community [11, 14]. Our work
confirms that this alarm is well founded.

Attempting to build up to herd immunity while simultane-
ously mitigating the impact of COVID-19 on hospital burden
is an extremely challenging task. In order to ensure hospi-
tal burden in the UK does not exceed 100 thousand beds,
R0 needs to be reduced from its initial value (assumed to
be R0 = 2.3) to about 1.4. Suppression is possible if R0

Figure 5: Disease mitigation in the UK with gradual relaxation
of controls. Simulated results generated using the age-structured
SEIR model. a) Inclusion of social distancing by 0-59 year-olds
(e.g. due to school and workplace closures) reduces peak hospi-
tal burden. The more gradually social distancing by these age
groups is relaxed, the greater the reduction. b) More gradual re-
laxation in controls results in a slightly smaller final number of
fatalities. c) The overall reduction in the susceptible population
below the herd immunity threshold is less the longer controls are
applied. Simulated results assumed control measures are initi-
ated when there is a total of 10 thousand infectious individuals in
the population and that social distancing measures affecting 0-59
year-olds (school and work place closures) are gradually relaxed.
For all results shown (apart from where there was no interven-
tion) self-isolation effectiveness was assumed to be maintained at
20%. Similarly, 60+ aged individuals were assumed not to relax
their social distancing.
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Figure 6: Summary of prospects for achieving herd immunity.
a) The peak hospital burden (shown on a log scale) is highly sen-
sitive to the reproductive number. There is a narrow window of
reproductive number values (shaded) where either i) the number
of COVID-19 cases requiring hospitalisation does not overwhelm
hospital capacity (modelled at 100 thousand beds) or ii) circula-
tion is suppressed. b) None of the simulated control scenarios
shown in Figs 3 and 4 achieved herd immunity while keeping
cases below hospital capacity. c) To achieve herd immunity in
the minimum time requires control measures that fix the rate
of new hospitalised cases to ensure hospital beds are continually
full. This time depends on the available hospital capacity, with
the i) total and ii) unoccupied general and acute hospital beds in
the UK National Health System pre-COVID-19 indicated.

is reduced below 1. Due to the fine margins (in terms of con-
trol effectiveness) between successful disease suppression and
overwhelming hospitals, making herd immunity the primary
objective (rather than applying maximal social distancing and
aiming for suppression) is not supported by our modelling.
Put another way, mitigation (via “flattening the curve”) is not
a practical objective: if mitigation efforts are sufficient to pre-
vent hospitals from being overwhelmed, only a comparatively
small further increase in control measures will driveR0 below
one, and make suppression possible.

In addition to the narrow range of R0 that must be aimed
for, social distancing measures must be gradually relaxed in
an highly controlled manner of an long period. Gradually lin-
early decreasing social distancing was found to be inadequate.
Given the estimated proportion of cases that need hospitalisa-
tion [15], achieving herd immunity requires finely tuning so-
cial distancing over an extended period of time that depends
on available hospital capacity. If 100 thousand beds are avail-
able for COVID-19 patients (1.52 beds per 1000 people) then
at a minimum it will take around 6 months to achieve herd im-
munity. This is longer than the necessary duration of control
measures to achieve disease suppression for almost all con-
trol strengths where suppression is possible. We highlight that
the different strengths of social distancing were chosen to be
plausible values for the UK, erring on the side of caution (un-
derestimating effectiveness). The apparent rapid suppression
of SARS-CoV-2 transmission in Wuhan is concordant with
greater levels of social distancing than modelled here.

Estimates of hospital burden depend on the average stay of
a hospitalised individual. We adopted a value of 12.8 days
drawn from a study of cases in Wuhan, China [4]. Other stud-
ies estimated the average stay to be 22-24 days [15, 16], which
almost doubles the hospital burden. Our qualitative conclu-
sions are unaltered by adopting a longer hospital stay, in fact
margins for error are further diminished. Re-running the anal-
ysis with a hospital stay of 22 days revealed R0 must be re-
duced to below 1.3 to avoid exceeding hospital capacity and
herd immunity will take over 300 days of social distancing to
achieve (results not shown).

As a novel pathogen, there are many epidemiological un-
certainties surrounding the spread of SARS-CoV-2. Prelim-
inary evidence suggests that although disease severity is re-
duced, children at at similar risk of infection as adults [6].
Evidence from Germany suggests a growing role of 15-34
year-olds in driving SARS-CoV-2 transmission [17]. In the
absence of clear evidence to the contrary, we therefore made
the minimal modelling assumption that infectiousness is not
age-dependent. As new evidence comes to light, exploring
their impacts on appropriate control measures and strengths
is obviously needed. In broad terms, if there is a reduced
contribution to transmission from children, then the impact of
school closures will be similarly reduced and increased social
distancing among adults will be necessary to compensate.

Two other human coronaviruses, HCoV-OC43 and HCoV-
HKU1, both cause annual winter-time outbreaks in temper-
ate regions [18], spurring investigation into the effects of sea-
sonality on SARS-CoV-2 circulation [19]. At present, due to
the lack of knowledge of how seasonality may impact SARS-
CoV-2, we excluded excluded it from our model. Broadly, re-
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ductions in transmission due to seasonality will aid in control-
ling viral spread and mitigating hospital burden. However, ad-
ditional variability in transmission rates will further compli-
cate attempts relaxing social distancing in a controlled manner
to build herd immunity. For instance, if there is a substantial
seasonal reduction in transmissibility in summer months then
the prospects for temporary mitigation will be enhanced, how-
ever if social distancing measures are then halted in response,
seasonality may amplify a subsequent resurgent outbreak in
winter time [19].

The estimates of hospital burden and fatalities were calcu-
lated using results from a study on cases in Wuhan, China
[15]. For this study we took the point estimates, however
these had uncertainties associated with them and they are un-
likely to be the same across regions. There is an obvious
feedback between fatality rates and healthcare system burden,
however it is unclear the extent to which the Wuhan healthcare
system (used in estimation) was overwhelmed. We therefore
assumed the fatality rates fixed regardless of hospital burden.
For these reasons we have avoided attaching confidence inter-
vals to estimates of fatalities, and they should be interpreted
as plausible projections and not predictions.

Similarly, [15] assumed that the fraction of cases hospi-
talised in Wuhan was equal to the rate of severe disease. To
the best of our knowledge, no information on what fraction
of these cases required an intensive treatment unit (ITU) bed
or use of ventilator is available. We therefore adopted 100
thousand contemporaneous hospitalisations as an indicative
threshold level of hospital burden. Prompt publication of the
proportions of UK COVID-19 cases requiring hospitalisation
and intensive treatment (and also hospital and ITU capacities)
will enable modellers to more accurately model/gauge health-
care system burden.

A major unknown remains the nature, duration and effec-
tiveness of natural immunity. Here, we made the pragmatic
assumption that, over the time scales under consideration, in-
fection confers perfect long-lasting immunity (the best case
scenario for mitigation strategies). If immunity is not per-
fect, and there is a moderate to high chance of reinfection,
then prospects for achieving herd immunity via natural infec-
tion are slim [19]. To shed light on the kinetics of immunity,
mass longitudinal antibody testing is necessary. This would
both permit the identification of previously infected individu-
als, and provide information regarding immunity through time
[20]. We submit models such as the one explored here provide
a powerful means of integrating parallel serological and epi-
demiological data streams to quantify population-level immu-
nity. Further, such models can be central to the development
of efficient age-stratified serological testing schemes.

Finally, we stress that our study only explored the epidemi-
ological impacts of non-pharmaceutical interventions (social
distancing and self-isolation). Ultimately, any comprehensive
public health policy needs to take into account the concomi-
tant and wide-ranging societal and economic consequences of
control measures.

Methods

Model
We used a deterministic age-structured SEIR transmission

model to simulate COVID-19 transmission in the United
Kingdom. Contact rates ci,j , the number of daily contacts
an individual of age i makes with individuals of age j, were
taken from the POLYMOD study for the UK [21] corrected
for reciprocity [22]. The simulated age groups were matched
to those of the POLYMOD study: 14 5-year increments from
0 to 69 and then 70+. Age-stratified population sizes (Nj)
were taken from 2018 UK demographic data.

The mean latent and infectious periods were set to 1/ρ = 3
and 1/γ = 3 days respectively, consistent with various es-
timates of the serial interval [23, 24] and incubation period
[4, 25, 26], assuming infectiousness starts 1-2 days before
symptoms develop.

Both latent and infectious periods were assumed to be
gamma distributed and modelled using the method of stages
[27, 28, 29], by dividing the exposed (Ei) and infectious (Ii)
compartments for each age class into 4 sub-compartments,
Ei =

∑4
k=1E

(k)
i and Ii =

∑4
k=1 I

(k)
i . where the superscript

labels the sub-compartment. The transmission dynamics for
the age classes were governed by a system of ordinary differ-
ential equations,

dSi

dt
= −λi(t)Si, (1)

dE1
i

dt
= λi(t)Si − 4ρE

(1)
i , (2)

dEk
i

dt
= 4ρE

(k−1)
i − 4ρE

(k)
i for k = 2, 3, 4, (3)

dI1i
dt

= 4ρE
(4)
i − 4γI

(1)
i , (4)

dIki
dt

= 4γI
(k−1)
i − 4γI

(k)
i for k = 2, 3, 4 (5)

λi(t) = β
∑
j

ci,j(t)
Ij(t)

Nj
. (6)

The transmission rate β was tuned using the next-
generation matrix [30] to give a value of R0 = 2.3, con-
sistent with estimates [23, 24]. Simulations were initialised
with one initial introduction in a fully susceptible population
(Si = Ni). The resulting doubling time was observed to be
about 3 days, broadly consistent with early observations from
the UK.

Model is set up in such a way that ci,j and can be manip-
ulated to account for various control measures (see next sec-
tion).

Modelling non-pharmaceutical interventions
Two types of on-pharmaceutical intervention were mod-

elled: i) self-isolation by symptomatic infectious individuals
and ii) mass social distancing by differing age groups. The
effectiveness of self-isolation of symptomatic individuals is
dependent on the product of two factors: i) the proportion of
infections that occur due to symptomatic individuals, ps and
ii) the observance rate of social-isolation among symptomatic
individuals, k. The fractional reduction of contacts between
age classes i and j due to social distancing is given by qi,j .
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Both of these interventions take the form of modifications
to the contact matrix between infectious and susceptible indi-
viduals,

c̃i,j = (1− kps)(1− qi,j)ci,j . (7)

This expression for c̃i,j is inserted in place of ci,j in Eq. 6.
Age classes in the model are divided into whether they are

young (Y ; corresponding to 0-24 year olds and age groups
i = 1 to 4), adults (A; 25-59 year olds, age groups i = 5
to 11) and older (O; 60+ year olds, age groups i = 12 to 15).
The reduction in contacts due to social distancing, qi,j , is then
determined by which of these three categories the contacter
and contactee fall into, given by the block matrix

q =

qYY qYA qYO
qYA qAA qAO

qYO qAO qOO

 . (8)

We assume school closures reduce contact rates between
young individuals by a factor of qYY = 0.7 and between
young people and adults by qYA = 0.2. Social distancing
among adults (e.g. due to workplace closures and reduction
in social events) was modelled as a reduction of qAA = 0.5.
Social distancing of older individuals was represented by
qYO = 0.9, qAO = 0.7, qOO = 0.5. For simulations with
social distancing fatigue, qYY , qYA and qAA were modelled
as linearly decreasing from these initial values to 0 over the
periods indicated in Fig 5.

Estimating hospital burden and case fatalities

Age-specific hospitalisation and fatality rates were taken
from point estimates calculated in a study on cases in Wuhan,
China [15]. Due to differences in the final age group of our
model (70+) and those of the Wuhan study (70-79 and 80+),
the hospitalization and fatality rates for 70+ individuals were
calculated by summing the estimated 70-79 and 80+ rates
weighted by their relative population sizes. Based on results
from a separate study on cases in Wuhan, China, we assumed
the average duration of hospitalisation with COVID-19 was
12.8 days [4].

Pre-COVID-19 hospital beds and occupancy rates in the
UK National Health Systems (NHS) were taken from the most
recent (autumn 2019) published numbers for Northern Ire-
land, Wales, Scotland, and England.

Code availability

All code and data used in this study are avail-
able at https://github.com/tsbrett/COVID-19_
herd_immunity/releases/tag/v1.0.
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