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SUPPLEMENTARY MATERIAL: Model description

Basic entities and processes

We have built an ad-hoc Agent-Based Model where we included the vaccination process and
the effect of non-pharmaceutical interventions (NPI). The model accounts for the different
states that an agent can acquire with regards to the infection process: susceptible, non-
infectious exposed, symptomatic/asymptomatic infectious, hospitalized, recovered and dead.

The basic transitions between these states are modelled as follows:

1. Exposed individuals (E) become infectious (I) after the incubation period is completed
(tinc)-

2. Infectious individuals become recovered (R) or hospitalized (H) after the infectiousness
period is completed (tcon).

3. Hospitalized (H) may recover (R) or die (D) after the severe disease period is completed
(tsev). Hospitalized agents are not considered to be contagious.

4. Infectious individuals cause new infections with a certain probability that depends on
each individual (Ring). In case that new infections occur, corresponding susceptible
agents (S) become exposed (E).

5. Recovered and dead individuals remain in their state. Recovered cannot be infected
again during the simulation period.

All agents have a set of 13 individual properties and variables, which are:

e Instantaneous status within the infection process (S, E, I, R, H, D).

e Age and sex. Age is set in 5-year-old ranges 90 years old (0-4, 5-9, ..., 85-89, >=90). As
for assigning the sex and age range to the agents, we use the European population
pyramid as default (supplementary material table 1).(1) Nevertheless, the model is
prepared to upload and apply any European country pyramid or to implement a
personalized pyramid.(1)

e Status with regards to the vaccination process: non-vaccinated (NV); vaccinated with an
effective dose (D1), and vaccinated with an effective second dose (D2), First dose is
assumed to be effective after tip days, while the second dose is assumed to be effective
the day after the administration. Initially all individuals are non-vaccinated.

e Individual contagiousness index (Ring). This index assesses how many people are going
to be infected by a certain agent. Given a certain community basic reproduction number
(Ro), the individual contagiousness index is chosen from a homogeneous distribution
between 0 and 2-Ro.

e Symptomatic or asymptomatic. The probability to be symptomatic (Psym) depends on
age, as seen in supplementary information table 1.(2-4) Probability of being
symptomatic is multiplied by an overall pre-factor (fs) in order to increase or decrease
the default probabilities, keeping constant their profile with age. There are three values
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for the probability to be symptomatic: without vaccine, with first effective dose vaccine,
and with vaccine full effect. Symptomatic state does not affect the infection probability.

e Hospitalized or not, if symptomatic. The probability to be hospitalized (Phos), if infected,
depends on individual characteristics (age and sex), as shown in supplementary
information table 1. Hospitalization probabilities were obtained from the coronavirus
data dashboard released by Public Health England and reports by the office of National
Statistics.(2—4) Males probability was multiplied by 1.30 and females by 0.77 in order
not to change global probability and reproduce male-female ratio in
observations.(1,3,5) Hospitalized probability is multiplied by an overall pre-factor (fu) in
order to increase or decrease the default probabilities, keeping constant the age-
dependence profile. There are three values for hospitalization probability, depending
on the vaccination state: without a vaccine, with first effective dose vaccine, vaccine full
effect.

e Dead or not, if hospitalized. The probability to die (Pge), if infected, depends on
individual characteristics (age and sex), as seen in supplementary information table 1.
Death probabilities were obtained from the UK coronavirus data dashboard combined
with the population level infection rates.(2) Males probability was multiplied by 1.30
and females by 0.77 in order not to change global probability and reproduce male-
female ratio in observations.(1,3,5) Death probability is multiplied by an overall
prefactor (fp) in order to increase or decrease the default probabilities. There are three
values for dying probability, according to the vaccination status: without vaccine, with
first effective dose vaccine, vaccine full effect.

e The incubation period if infected, i.e., time between the agent is exposed to virus and
they become contagious (tincind). This individual parameter is chosen from a zero-
truncated Poisson distribution with A= tj,. Its minimum value is one day.

e The infectiousness period if infected, i.e., the time during which an infectious agent
remains contagious (tcon,ind). This individual parameter is chosen from a zero-truncated
Poisson distribution with A= teon. Its minimum value is one day. This time is also used for
assessing the basic average number of infections that one individual may produce per
day (i.e., in absence of control measures), if infectious (Pin0), Which is approximated as
Rind/tcon,ind-

e The hospitalization duration if hospitalized, i.e., the time during which individuals are in
hospital with a severe disease (tsevind). This period follows a negative binomial
distribution with r=3 and p = 3/(3+t:ev), Where t.y is the expected mean time of stay in
hospital. Its minimum value is one day.

e Each individual can live in a care home, work there or be a potential visitor. Individuals
that live or work in a care home are bound to one particular care home.

Agents can be infected only if they are susceptible. If vaccinated, agents have a certain
probability of avoiding the infection.



Supplementary material. Table 1. Europe’s average population pyramid. Mean probabilities
of being symptomatic, being hospitalized, dying and living in a care home by age range.(2-4)

Europe’s Prob. to be Prob. to Prob. to
. Prob. to be o . 4 Lo

population - hospitalized die (x10%) liveina

Age pyramid sYn?ptomatlc (if infected) (if infected) care

(if infected)

Male Female Male Female Male Female home
0-4 2.68% 2.54% 20% 0.17% 0.10% 0.02 0.01 0.01%
5-9 2.80% 2.65% 20% 0.08% 0.05% 0.01 0.01 0.03%
10-14 2.77% 2.62% 20% 0.08% 0.05% 0.03 0.02 0.12%
15-19 2.60% 2.47% 20% 0.48% 0.28% 0.10 0.06 0.19%
20-24 2.67% 2.54% 25% 0.43% 0.26% 0.32 0.19 0.11%
25-29 3.08% 2.95% 30% 0.53% 0.31% 0.64 0.37 0.11%
30-34 3.55% 3.45% 35% 0.53% 0.31% 1.27 0.75 0.13%
35-39 3.56% 3.52% 40% 0.68% 0.40% 4.89 2.88 0.16%
40-44 3.48% 3.51% 45% 0.68% 0.40% 9.78 5.76 0.20%
45-49 3.44% 3.51% 50% 2.34% 1.38% 15.68 9.23 0.24%
50-54 3.37% 3.52% 55% 2.34% 1.38% 20.64 12.14 0.32%
55-59 3.38% 3.67% 60% 2.85% 1.67% 52.10 30.66 0.39%
60-64 3.04% 3.50% 70% 2.85% 1.67% 72.14 42.45 0.43%
65-69 2.58% 3.18% 70% 7.19% 4.23% 233.18 137.20 0.59%
70-74 2.05% 2.64% 70% 7.19% 4.23% 325.33 191.43 0.91%
75-79 1.39% 1.98% 70% 15.39% 9.05% 660.44 388.60 1.71%
80-84 1.05% 1.77% 70% 15.39% 9.05% 1125.40 662.19 4.04%
85-89 0.54% 1.04% 70% 34.10% 20.06% 2102.80 1237.29 8.97%
290 0.24% 0.65% 70% 34.10% 20.06% 4067.37 2393.24 19.98%

All parameters of the model are listed and described in supplementary table 2, together with
their default values and explored ranges.

Initial conditions of individuals

The initial status of Ning individuals is chosen randomly from the set of initial possible states,
considering the epidemiological situation of the scenario to be simulated. Initially, there are So
susceptible individuals, Eo exposed agents, lp infectious agents, Ho hospitalized and Reg
recovered. Each country has different initial conditions. In particular, Reg (i.e., the amount of
people immunized by a previous infection) is computed from the total reported deaths of each
country on January 19, 2021 (6).

deaths - Niuq

Re, =
%o Pp - population

where Py is the probability that a random individual will die due to COVID-19 if infected. It is
computed using the country's pyramid and death rates reported on supplementary table S1. In
the case of Europe as a whole, we assume Pp = 1.22%.

The estimated number of real cases (diagnosed and not diagnosed) that one country had by
January 1st 2021 is determined from the average of number of deaths between 8 and 21st
January (deaths;). As explained in (7), we can determine the estimated number of cases as:

deaths,

Estimated =
stimate b,



This quantity is translated to our simulation into ng (initial number of daily cases) that can be
determined from the estimated cases by using the quotient between the number of individuals
in our simulation (Ning) and the countries’ population (Population):

) Nind
ng = Estimated - ———— .
Population
From the number of initial daily cases (no) and the time that a case is in each state (on average),
we can determine the initial number of individuals at each state (Eo, lo and Ho):

Eo = 1o * tine

Hy =1ng * tsep * Py

where Py is the probability that a random individual will be hospitalized due to COVID-19, if
infected. It is computed using the country's pyramid and hospitalization rates reported on
supplementary material table 1. In the European case, Py = 2.64%. Finally, the initial number of
susceptible individuals is set as:

So = Ninga — Eo — Iy — Hy — Rey
The initial values for the European scenario are shown in supplementary table 2.

Transmission process

The population-level basic reproduction number (i.e., the average of new contagions per
infected individual in absence of control measures) is set to Ro. In addition, we know that these
infections can occur during a certain period whose average we name t.,,. Nevertheless, both
the capability to transmit and the period at which these infections can occur depend on the
individual. We denote Rinq the individual capability of transmission. Therefore, for each
individual, we assign a random value for their own transmissibility coefficient (R;,4) and
contagious time (tcon,ing)- Ring follows a uniform distribution between 0 and 2-Ro. tcon ing
follows a zero-truncated Poisson distribution with A = t.,,. Given each individual R;,4 and
teon,ind, We can compute the contagiousness probability of a certain individual per day as:
Pinf,0 = Rina/tcon,ina- These random numbers are sorted before the simulation starts, when
initial conditions of individuals are computed. When an individual is in the infected state and
without restrictions, they infect a random number of individuals at each step. This number
follows a Poisson distribution with A = pj ¢ 6.

Each individual infects another random individual without any other restriction except if the
individual is assigned to a care home. Individuals that live or work in a care home have an
increased probability to infect another individual from the care home, as explained at care
homes sections.

Care homes
Infection inside care homes follows a different dynamic than outside. At each simulation, there

is a random number of care homes that depends on the number of care homes per million
people, 1,,. The precise number of care homes is a random Poisson number with A = 1y, -



Nj,4/108. Individuals have a probability to live in a care home that depends on age.(8-10)
Supplementary information table 1 shows these probabilities. Probability to live in a care home
is multiplied by a pre-factor (fg) in order to increase or decrease the default probability. Agents
are assigned to a particular care home at random. Individuals that do not live in a care home
have a certain probability to work there if they are between 20 and 59 years old:

P = Residents - Typ work/ Pop(20 — 59)

where residents is the expected number of residents taking into account populations age
structure, rnhwork is the number of workers per resident in each country and Pop(20-59) is the
number of individuals aged between 20 and 59 years old.

Individuals in care homes are not included in hospitalized counts, because it is considered that
they receive treatment in the care home. Each worker is assigned to a care home. The probability
to be assigned to each care home depends on the number of residents in each care home.

Infection probabilities for people in care homes are different than outside. If a resident is
infected, they have a probability to infect an individual from the care home of Pingnhres. If they
do not infect an individual from the care home, they infect a random individual. If a worker is
infected, they have a probability to infect an individual from the care home with probability
Pinf nh.work- Otherwise, they infect a random individual. Figure 1C in the main text shows an outline
of the infection model in care homes.

Mortality probability is increased at care homes by fys, without modifying mean probability to
die in each age group.

Vaccination effect

Once a susceptible is vaccinated, their individual properties are modified after a certain period.
These time periods are named tip and typ, after first and second dose respectively, and are
related with the effectiveness dynamics of the vaccine. The vaccination may change the
probabilities of being infected, developing symptoms, being hospitalized and dying. These
modulations of the individual properties only occur if the agent is symptomatic at the moment
when the vaccine is effective. Changes in these probabilities depend on the vaccine that is
administered, and are based on the results available for each of them (supplementary material
table 2).

A non-vaccinated individual has initially a certain probability to develop symptoms if infected
(Psym,0), to be hospitalized if infected (Phoso) and to die if infected (Pgie,0). These probabilities
depend on the age and sex of this individual. When the individual is not vaccinated, their
probability to be immune (Pinm) is zero and the probability to be asymptomatic if infected is
computed as: Pasy,0= 1- Psym,0. After receiving a vaccine, these probabilities change depending on
the effectivity of the first dose with respect to the full dose (D1 #), and the effectivity of the fully
vaccinated individuals on asymptomatic (D2,asy), symptomatic (D,,sym) Or against severe forms of
the illness (D2sev).

After receiving the first dose of vaccine, these probabilities are re-evaluated as:

Pasy,Dl = Pasy,o ' (1 - Dl,eff ' Dz,asy)



Psym,Dl = Psym,o ’ (1 - Dl,eff ’ DZ,sym)

Phos,Dl = Phos,O : (1 - Dl,eff ' DZ,sev)

Pdie,Dl = Pdie,o ’ (1 - Dl,eff ' DZ,sev)

Pimm,Dl =1- Pasy,Dl - Psym,Dl

The same procedure is used to evaluate the individual effect of the second dose, setting Dy eff

equal to 1.

Table S3 shows an example of how the individual properties of two agents may change when a
vaccine is administered. First, we show the changes produced by Moderna in a 70-74 years old
female. Then, we show the modulation of properties in a 50-54 years old male when the

AstraZeneca vaccine is administered.

Table 2 Parameters of the model. Description, default value (using Europe’s data), and range

explored in the sensitivity analysis. Sources are indicated on the last column.

i Sensitivit
Parameter Description Default value . ¥ Source
analysis
Simulation
Nrep Number of repetitions 100
Tonax Simulation time 181
Ning Number of individuals 100,000
- . Supplementary
Pyop Probability to be a given age and sex table 1 (1)
p Probability to live in a care home for a given age and Supplementary (8-10)
pop.nh sex table 1
Initial conditions
So Number of initial susceptible individuals 94,183 Nina = Eo = I (6)
- HO - Reo
e _eas . .o e tiTlC * Tlo
E, Number of initial exposed individuals 120 1 € [10,500] (6)
e e . . .. tCOTl * no
Iy Number of initial infected individuals 360 1 € [10,500] (6)
t: cNa e P
H Number of initial hospitalized individuals 37 inf 0 _“h 6
0 P 1o € [10,500] (6)
Re, Number of initial recovered individuals 5,300 [1,000-20,000] (6)
Infection dynamics
Time between individual is exposed and becomes _
Linc contagious. It follows Poisson distribution. A =2 days [1, 6] days (11)
Time during individual is contagious. It follows Poisson _
teon distribution. A =6 days [2, 14] days (12)
Time during individual is hospitalized or treated in a
tsew care home. It follows a negative binomial distribution 9 days [5-20] days (13)
with R =3.
R, Basic reproduction number 3 [1.5-5] (14)




Supplementary

Pyie Probability to die (depends on age and sex). table 1 (2-4)
o Increased dead probability factor. 1 [0.5-4]
Probability to be symptomatic (depends on age and Supplementary
Psym (15)
sex). table 1
fs Increased symptomatic probability factor. 1 [0.5-4]
p Probability to be hospitalized (depends on age and Supplementary (2-4)
hos sex). table 1
fu Increased hospitalization probability factor. 1 [0.5-4]
Care homes
Pingnnwork | Probability that a worker infects inside care home. 0.6 [0.5-1] Assumed
Pingnhres Probability that a resident infects inside care home. 0.8 [0.5-1] Assumed
fr Increased probability to live in a care home factor. 1 [0.5-2]

Provnn Number of nurses per resident. 0.2 [0.1-0.3] (8-10)
fyvu Increased factor to dead inside care home. 2 [0.5-4] (16)
Thh Number of care homes per million people. 200 [100-400] (27)

P Probability to work on a care home, if age between 20 0.00684 Given by: Ppopnn,
and 59. fr, PTOPun, Poop
Restrictions
Hyp Limit of hospitalized per million that restrictions will 500 [250-1000]  Assumed
prevent to surpass.
Amin Minimum restrictive level (%) 0% 0%
Anax Maximum restrictive level (%) 80% [60%-90%] Assumed
Vaccination
- Vaccinatcing rate of doses per day as percentage of 0.2% [0.025%-1%] (6)
population.
Pfizer 55%
Dy Effect of 1st vaccine compared to 2" dose. Moderna 84% [30%-100%] (18-20)
AstraZeneca 95%
Pfizer 41%
D asy Effect of 2nd vaccine dose on asymptomatic. Moderna 41% [0%-95%)] (18-20)
AstraZeneca 30%
Pfizer 95%
D; sym Effect of 2nd vaccine dose on symptomatic. Moderna 95% [55%-99%] (18-20)
AstraZeneca 70%
Pfizer 95%
D; sev Effect of 2nd vaccine dose on severe. Moderna 95% [55%-99%] (18-20)
AstraZeneca 90%
tip Time till 1st dose is effective. 10 days [7-21] days (18-20)
top Time till 2nd dose is effective. 1 day 1 day (18-20)
Pfizer 21 days
Atgos Separation of both doses. Moderna & Astra [21-84] days (18-20)

Zeneca 28 days




Supplementary material. Table 3: Example of change in individual parameters for a 70-74-
year-old female vaccinated with Moderna vaccine and a 50-54-year-old male vaccinated with
AstraZeneca vaccine. We consider the effect when doses are effective.

70-74-year-old female 50-54-year-old male
Probability Moderna AstraZeneca
No vac. | 15t dose | Full dose | No vac. | 15t dose | Full dose
Immune 0.0% 66.2% 78.8% 0.0% 49.4% 52.0%

Symptomatic | 70.0% 14.1% 3.5% 55.0% 18.4% 16.5%

Hospitalized 4.23% | 0.85% 0.21% 2.34% | 0.34% 0.23%

Death 1.91% | 0.39% 0.09% 0.21% | 0.03% 0.02%

Effect of NPIs

The presence or absence of restrictive measures is translated into a parameter that reduces the
infectivity of agents. This indicator, Ayp, can range between 0 (no restrictions, Amin) and a
maximum value, Amax. It modifies the individual probability to infect as follows:

Ping = Pingo - (1 — Anpr (1))

where Pinto is the average number of infections that one individual produces per day in absence
of restrictions. This can acquire different values during the simulation, accounting for periods of
NPI followed by periods without interventions. In particular, the level of NPl can be determined
from the situation in hospitals, which would activate or release measures in an automated
manner.

The automatic restrictions boot uses a simple prediction of the hospitalizations after tinc + teon +
2 days. The number of hospitalized at that day can be approximated by:

[ tinc ’ tecon
Hpred(t+tinc+tcon+2)= E(t)'PH 'Psev(7+2)+ I(t)'PH 'Psev(T+tinc+
2) + H(t) : Psev(tinc + teon T 2)

Psev(d) is the probability to remain at hospital after d days, which can be determined assuming a
binomial distribution. Py’ is the fraction of people that goes to hospital when infected, which
depends on the baseline probability to be hospitalized, Py, but also on the population
vaccinated, as follows:

_ Py - (Nipg — Nyp — Nyp) + Py 1p - Nip + Pyop - Nop

P !
" Nind

Where Nip and Nyp are the number of agents that have been vaccinated with first and second
dose, respectively, when these doses are already effective. Py1p and Py2p are the average
probabilities to be hospitalized for those that have received first and second dose, respectively.
For each country, we fix a maximum number of hospitalizations per million people (Him). Then,
restrictions are computed so that this limit is not surpassed:



H;:... - N:
W — Hpred(t + tine T teon + 2)
Anpr(®) = 1 - 2 S(6)
T Ro - P+ Poep(1) - 1(2) "N,
ind

tCOTl

Number of simulations

An analysis to determine how the error changes with the number of simulations was carried out.
We performed 10,000 simulations with default parameters without the vaccination process and
also other 10,000 simulations with the vaccination implemented, using the prioritization of
vulnerable people first (CH+vul). From all the simulations, we picked 1,000 times N random
simulations to see how the relative error of the median changed for different quantities:
cumulative hospitalizations, area under the curve of non-pharmaceutical restrictions,
cumulative number of deaths and cumulative incidence as a function of N (N =
1; 10; 100; 1,000).

As it can be observed in figures 1 (non-vaccination strategy) and 2 (CH+vul strategy), with 100
simulations we can guarantee that the error of the median is less than 2% for the different
observed quantities and strategies.

Same strategy is used to determine the 95% confidence intervals for the mean for the studied
compartments time evolution (infected, hospitalized, dead and restrictions). In figures 3 (non-
vaccination strategy) and 4 (CH+vul strategy) the relative error using different numbers of
simulations is shown. As shown in these figures, less than 2% errors are expected for the mean
value.

Thus, we conclude that 100 simulations is a sufficient representative sample.
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Figure 1. Relative error of the mean for different number of simulations using default
parameters and without vaccination. The box represents 25 and 75% quantiles, the line in-
between the median and black bars represents the 95% confidence intervals. (A) Cumulative



number of hospitalizations. (B) Cumulative Non-Pharmaceutical restrictions, which is
equivalent to the area under de curve of restrictions evolution. (C) Cumulative number of
deaths. (D) Cumulative incidence.
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Figure 2. Relative error of the mean for different number of simulations using default
parameters and CH+vul vaccination strategy. The box represents 25 and 75% quantiles, the
line in-between the median and black bars represents the 95% confidence intervals. (A)
Cumulative number of hospitalizations. (B) Cumulative Non-Pharmaceutical restrictions,
which is equivalent to the area under de curve of restrictions evolution. (C) Cumulative
number of deaths. (D) Cumulative incidence.
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Figure 3. Evolution of relative error of the mean for different quantities using different
number of simulations. Default parameters were used without vaccination strategy.
Coloured parts represent the 95% confidence intervals. (A) Hospitalized individual prevalence.
(B) Restrictions at each time point. (C) Infected individual prevalence. (D) Number of deaths
evolution.
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Figure 4. Evolution of relative error of the mean for different quantities using different
number of simulations. Default parameters were used with CH+vul vaccination strategy.
Coloured parts represent the 95% confidence intervals. (A) Hospitalized individual

prevalence. (B) Restrictions at each time point. (C) Infected individual prevalence. (D)
Number of deaths evolution.
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