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Supplementary Figure 1. Estimated hospitalization rates. The histograms of age-specific hospitalization
rates estimated by the model in the Bayesian framework. Supplementary Table 4 indicates prior distributions of
these parameters. The solid and the dashed lines are, respectively, the medians and the 95% credible intervals
based on 2,000 parameter samples from the posterior distribution.
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Supplementary Figure 2. Estimated model parameters. The histograms of parameters estimated by the
model in the Bayesian framework. Supplementary Table 4 indicates prior distributions of these parameters. The
solid and the dashed lines are, respectively, the medians and the 95% credible intervals based on 2,000 parameter
samples from the posterior distribution. The time t = 0 corresponds to 26 February 2020. The susceptibility of
60+ age group was used as the reference, i.e. β60+ ≡ 1. The description of the parameters is given in
Supplementary Table 1.
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Supplementary Table 1. Summary of the model parameters.

Description (unit) Notation Reference

Constant parameters

Latent period (days) 1/α Estimated
Infectious period (days) 1/γ Estimated
Over-dispersion parameter for the NegBinom distribution for hospitalizations φ Estimated
Initial fraction of infected persons θ Estimated
Probability of transmission per contact ε[1 + 0.5/(1 + e−K0(t−tdata))]b ε and K0 estimated, tdata is 15 Jan 2021

Age-specific parametersa

Force of infection for unvaccinated and vaccinated persons (1/day) λk(t), λVk (t) Eqs. (3) and (4)
Contact rate for unvaccinated persons (1/day) ckl(t) Estimated, see Suppl. Table 5
Contact rate for vaccinated persons (1/day) cVkl(t) Assumed
Hospitalization rate (1/day) νk Estimated
Susceptibility of age group k relative to age group 60+, β60+ ≡ 1 βk Estimated
Population size of age group k Nk [1]

Vaccination parametersa

Vaccination rate (1/day) rk Calculated from Table 1 and Figure 4 a
Vaccine efficacy in reducing susceptibility V ES [2–9]
Vaccine efficacy in reducing infectivity V EI [2–9]
Vaccine efficacy in reducing hospitalization rate V EH [2–9]

Vaccine efficacies sets

Optimistic set (Figures 6, 7, Suppl. Figures 5, 6, 10)

(V ES , V EI , V EH)

94%, 0%, 67%
Pessimistic set (Suppl. Figures 7, 8, Suppl. Table 2) 55%, 0%, 0%

Sensitivity to V EI (Suppl. Figure 11, Suppl. Table 6)

94%, 0%, 67%
94%, 50%, 67%

94%, 100%, 100%
55%, 0%, 0%
55%, 50%, 0%

55%, 100%, 100%

Notes: aIndices k and l denote the age groups k, l = 1, . . . , n, where n = 10 is the number of age groups. bThe rapid spread of B.1.1.7
variant, that is estimated to be about 50% more transmissible based on the data from England [10–12], fueled the third wave of
hospitalizations in Portugal. The increasing dominance of this variant was modelled empirically as a gradual increase in the probably
of transmission per contact by 50% as follows ε[1 + 0.5/(1 + e−K0(t−tdata))], where ε and K0 were estimated based on the data until
15 January 2021 (Supplementary Figure 2) and tdata is the last date in the hospital admission data (15 January 2021).
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Supplementary Figure 3. Age-specific vaccination rates. Vaccination rate (number of persons vaccinated
per day) per age group calculated using the national vaccination plan (Table 1) and age distribution of various
vaccination categories (Figure 4 a). The vertical lines indicate the starting dates of different phases of vaccination
(Table 1). According to the current guidelines persons under 18 years old are not eligible for vaccination. In the
model, we assumed that the age group of 0 to 20 years old is not vaccinated.
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Supplementary Figure 4. Number of vaccinated persons per age group during the vaccination
rollout. These numbers were calculated using the national vaccination plan (Table 1) and age distribution of
various vaccination categories (Figure 4 a). The vertical lines indicate the starting dates for vaccination of
different phases of vaccination (Table 1). According to the current guidelines persons under 18 years old are not
eligible for vaccination. In the model, we assumed that the age group of 0 to 20 years old is not vaccinated.
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Supplementary Figure 5. Infectious cases dynamics for Figure 7. New daily cases of SARS-CoV-2 for
Scenario 4 presented in Figure 7 in the main text. The black line is the median trajectory estimated from the
model. The gray shaded region corresponds to 95% credible intervals. The blue vertical lines indicate the
mid-points of relaxation steps (1 April, 1 June, 1 October). The gray vertical lines indicate the starting dates for
different vaccination phases (Table 1).

Supplementary Table 2. Cumulative median hospitalizations and cases from 1 April 2021 till 24
June 2022.

Scenario 4∗ Hospitalizations Cases in vaccinated Cases in unvaccinated
1. Optimistic vaccine efficacies 4,088 40,892 708,353
2. Optimistic vaccine efficacies &

4,301 44,883 724,926
pre-pandemic contacts rates for vaccinated population
3. Pessimistic vaccine efficacies 30,028 1,200,810 1,390,640
4. Pessimistic vaccine efficacies &

31,344 1,085,410 1,497,820
pre-pandemic contacts rates for vaccinated population

Notes: ∗The plots are shown in Supplementary Figures 7 and 8.
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Scenario 4 but Step 3 occurs on 1 August 2021

Supplementary Figure 6. Impact of timings of different relaxation steps. Total daily hospital
admissions with COVID-19 and proportion of protected population for Scenario 4 (Figure 7 in the main text)
with Step 3 occurring on 1 August instead of 1 October 2021. The hospitalization data are shown as red dots.
The solid lines are the median trajectories estimated from the model. The gray shaded regions correspond to 95%
credible intervals. The blue vertical lines indicate the mid-points of relaxation steps (1 April, 1 June, 1 August).
The gray vertical lines indicate the starting dates for different vaccination phases (Table 1).

Supplementary Table 3. ICPC-2 codes for morbidities specified in the Portuguese vaccination plan.

Morbidities ICPC-2 code

Cardiac insufficiency K75, K77
Coronary heart disease K74, K76
Renal insufficiency U99 and GFR < 60 ml/min
COPD R95 or another chronic respiratory disease requiring ventilation
Diabetes T89, T90
Neoplasm A79, B72-74, D74-76, F74, H75, K72, L71, N74, R84-85, S77, T71, T73, U75-77, X75-77, Y77-78
Hepatic insufficiency D97
Obesity T82
High blood pressure K86, K87
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Supplementary Figure 7. Impact of vaccine efficacies and contact rates of vaccinated individuals.
Scenario 4 but with an optimistic and a pessimistic set of vaccine efficacies (Supplementary Table 1). In addition
to using two sets of vaccine efficacies, we allow for behavior compensation post-vaccination modelled as a return
to pre-pandemic contact rates among vaccinated persons as compared to unvaccinated persons who may continue
to have reduced contact rates due to control measures. For easier comparison of all scenarios, the top row panels
(optimistic vaccine efficacies) are the same as Figures 7 a and d in the main text but plotted for a longer period of
time (until 24 June 2022). The infectious cases dynamics is shown in Supplementary Figure 8 and the cumulative
median number of hospitalizations is summarized in Supplementary Table 2. The hospitalization data are shown
as red dots. The solid lines are the median trajectories estimated from the model. The gray shaded regions
correspond to 95% credible intervals. The blue vertical lines indicate the mid-points of relaxation steps (1 April, 1
June, 1 October 2021). The gray vertical lines indicate the starting dates for different vaccination phases (Table 1).

6



0

2000

4000

6000

8000

10000

12000
N
ew

ca
se
s
un
va
cc
in
at
ed

(1
/d
ay

) Optimistic vaccine efficacies

0

2000

4000

6000

8000

10000

12000

N
ew

ca
se
s
va
cc
in
at
ed

(1
/d
ay

) Optimistic vaccine efficacies

0

2000

4000

6000

8000

10000

12000

N
ew

ca
se
s
un
va
cc
in
at
ed

(1
/d
ay

)

Optimistic vaccine efficacies and
pre-pandemic contacts rates for vaccinated population

0

2000

4000

6000

8000

10000

12000

N
ew

ca
se
s
va
cc
in
at
ed

(1
/d
ay

)

Optimistic vaccine efficacies and
pre-pandemic contacts rates for vaccinated population

0

5000

10000

15000

20000

25000

30000

N
ew

ca
se
s
un
va
cc
in
at
ed

(1
/d
ay

) Pessimistic vaccine efficacies

0

5000

10000

15000

20000

25000

30000

N
ew

ca
se
s
va
cc
in
at
ed

(1
/d
ay

) Pessimistic vaccine efficacies

M
ay
20
21

Ju
l2
02
1

S
ep
20
21

N
ov
20
21

Ja
n
20
22

M
ar
20
22

M
ay
20
22

0

5000

10000

15000

20000

25000

30000

N
ew

ca
se
s
un
va
cc
in
at
ed

(1
/d
ay

)

Pessimistic vaccine efficacies and
pre-pandemic contacts rates for vaccinated population

M
ay
20
21

Ju
l2
02
1

S
ep
20
21

N
ov
20
21

Ja
n
20
22

M
ar
20
22

M
ay
20
22

0

5000

10000

15000

20000

25000

30000

N
ew

ca
se
s
va
cc
in
at
ed

(1
/d
ay

)

Pessimistic vaccine efficacies and
pre-pandemic contacts rates for vaccinated population

Supplementary Figure 8. Infectious cases dynamics for Supplementary Figure 7. New daily cases of
SARS-CoV-2 in vaccinated and unvaccinated populations for scenarios presented in Supplementary Figure 7.
These scenarios correspond to an optimistic and a pessimistic set of vaccine efficacies (Supplementary Table 1)
and the possibility of behavior compensation post-vaccination modelled as a return to pre-pandemic contact rates
among vaccinated persons as compared to unvaccinated persons who may continue to have reduced contact rates
due to control measures. The cumulative median number of cases is summarized in Supplementary Table 2. The
black line is the median trajectory estimated from the model. The gray shaded region corresponds to 95% credible
intervals. The blue vertical lines indicate the mid-points of relaxation steps (1 April - coincides with the x-axis, 1
June, 1 October). The gray vertical lines indicate the starting dates for different vaccination phases (Table 1).
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Supplementary Table 4. Prior distribution of the statistical model.

Parameter Prior Description

ε Uniform(0, 1) Flat prior
θ Uniform(10−7, 5 · 10−4) Vague prior allowing for 1 to 5000 infected individuals on day t = 0
φ Lognormal(5, 2) Vague priora

α InvGamma(32.25, 9.75)
99% of the prior density of α−1 is between 2 and 5 days;
chosen to be shorter than the incubation period [13,14]

γ InvGamma(80, 20)
99% of the prior density of γ−1 is between 2.9 and 5.2 days;
chosen to match the observed serial interval [15]

νk folded-N (0, 5) Vague prior, where k denotes [0, 5), [5, 10), [10, 20), [20, 30), [30, 40), [40, 50), [50, 60), [60, 70), [70, 80), 80+
β[0,20) LogNormal(log(0.23), 0.5) Odds-ratiob 2.23 based on prior estimates [16]
β[20,60) LogNormal(log(0.64), 0.5) Odds-ratiob 0.64 based on prior estimates [16]
ζ N (1, 0.1) A priori, ζ should be close to 1
ui Uniform(0, 1) Flat prior (i = 1, . . . , 4)
Ki Exp(1) With Ki = 1, the uptake of control measures takes approximately 6 days (i = 0, . . . , 4)
t0 N (22, 7) First lockdown around 18 March 2020 (State of Emergency)
t1 − 2.94/K1 N (69, 7) Start of relaxation of lockdown around 4 May 2020 2020c

t2 N (203, 7) Further relaxation on 15 September 2020 (school opening)
t3 N (254, 7) Second lockdown 05 November 2020 (State of Emergency)
t4 N (304, 7) Relaxation of second lockdown on 25 December 2020

Notes: aThe scale parameters of the normal distributions are equal to the standard deviation. bThe age class 60+ is taken as a
reference for the relative susceptibility, i.e., β60+ ≡ 1. cThe prior on the time of relaxation of the first lockdown is put on the time
where the logistic function equals 5%. Notice that logit(0.05) = −2.94.

Supplementary Table 5. Parameters describing contact structure.

Description (unit) Notation∗ Reference

Contact rates (1/day)

Baseline (pre-pandemic) bkl [17]
After the first lockdown ζakl ζ estimated, akl inferred using [18]
After the first relaxation u1bkl + (1− u1)ζakl Estimated
After the second relaxation due to school opening u2bkl + (1− u2)ζakl Estimated
After the second lockdown u3bkl + (1− u3)ζakl Estimated
After the relaxation due to winter holidays u4bkl + (1− u4)ζakl Estimated
After the third lockdown ζakl Assumed
After first relaxation during the vaccination rollout (Scenario 1) bkl Assumed
After first relaxation during the vaccination rollout (Scenario 2) u2bkl + (1− u2)ζakl Assumed
After first relaxation during the vaccination rollout (Scenario 3) u1bkl + (1− u1)ζakl Assumed
After first, second, third relaxation during the vaccination rollout (Scenario 4) Matrices for Scenario 3, 2, 1 Assumed

Mid-point time of the logistic function (days)

Introduction of the first lockdown t0 Estimated
Relaxation after the first lockdown t1 Estimated
Second relaxation due to school opening t2 Estimated
Introduction of the second lockdown t3 Estimated
Relaxation due to winter holidays t4 Estimated
Introduction of the third lockdown t5 28 January 2021, Assumed
First relaxation during the vaccination rollout t6 1 April 2021, Assumed
Second relaxation during the vaccination rollout t7 1 June 2021, Assumed
Third relaxation during the vaccination rollout t8 1 October 2021 (main analyses), 1 August (sensitivity analyses), Assumed

Slope of the logistic function (1/day)

Introduction of the first lockdown K0 Estimated
Relaxation after the first lockdown K1 Estimated
Second relaxation due to school opening K2 Estimated
Introduction of the second lockdown K3 Estimated
Relaxation due to winter holidays K4 Estimated
Introduction of the third lockdown K0 Assumed
First relaxation during the vaccination rollout K1 Assumed
Second relaxation during the vaccination rollout K1 Assumed
Third relaxation during the vaccination rollout K1 Assumed

Proportion of time a person behaves as before the pandemic

Relaxation after the first lockdown u1 Estimated
Second relaxation due to school opening u2 Estimated
Introduction of the second lockdown u3 Estimated
Relaxation due to winter holidays u4 Estimated

∗Indices k and l denote the age groups k, l = 1, . . . , n, where n = 10 is the number of age groups.
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Maximum coverage: 80+: 90%, [50,80): 85%, [20,50): 75%, [0,20): 0%
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Supplementary Figure 9. Sensitivity analyses for the maximum vaccination coverage. a Age-specific
coverage (percentage of vaccinated persons per age group). b Total vaccination coverage (percentage of vaccinated
persons in the population). The gray vertical lines indicate the starting dates for different vaccination phases
(Table 1). The maximum coverage for age group of [0,20), [20,50), [50,80), and 80+ is 0%, 75%, 85%, and 90%,
respectively. The relaxation scenarios are shown in Supplementary Figure 10. For comparison, in the main text the
maximum vaccination coverage for age group of [0,20) and 20+ is 0% and 90%, respectively (Figures 5, 6 and 7).

Supplementary Table 6. Cumulative median hospitalizations and cases from 1 April 2021 till 24
June 2022.

Sensitivity analyses to V E∗
I Hospitalizations Cases in vaccinated Cases in unvaccinated

V ES = 94%, V EI = 0%, V EH = 67% 4,088 40,892 708,353
V ES = 94%, V EI = 50%, V EH = 67% 3,767 36,054 663,226
V ES = 94%, V EI = 100%, V EH = 100% 3,492 31,461 619,910
V ES = 55%, V EI = 0%, V EH = 0% 30,028 1,200,810 1,390,640
V ES = 55%, V EI = 50%, V EH = 0% 12,815 509,925 941,670
V ES = 55%, V EI = 100%, V EH = 100% 6,410 215,768 620,192

Notes: ∗The plots are shown in Supplementary Figure 11.
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Supplementary Figure 10. Impact of the maximum vaccination coverage. Scenarios 1, 2, 3 and 4
(Figures 6 and 7 in the main text) but with the maximum vaccination coverage decreasing with age (see
Supplementary Figure 9). The maximum coverage for age group of [0,20), [20,50), [50,80), and 80+ is 0%, 75%,
85%, and 90%, respectively. The hospitalization data are shown as red dots. The solid lines are the median
trajectories estimated from the model. The gray shaded regions correspond to 95% credible intervals. The blue
vertical lines indicate the mid-points of relaxation steps (1 April, 1 June, 1 October 2021). The gray vertical lines
indicate the starting dates for different vaccination phases (Table 1). The cumulative median number of
hospitalizations between 1 April 2021 and 1 January 2022 is practically the same for Scenarios 1, 2, 3, and 8%
higher for Scenario 4 than in Figures 6 and 7.
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Supplementary Figure 11. Sensitivity analyses for VEI. We considered Scenario 4 (top row corresponding
to optimistic and pessimistic assumptions about vaccine efficacies with V EI = 0%) and two additional values of
V EI (Supplementary Table 1): V EI = 50% that corresponds to 50% infectivity of vaccinated persons relative to
infectivity of unvaccinated persons and V EI = 100% that is a best-case scenario implying that breakthrough cases
in vaccinated individuals are not infectious at all. The hospitalization data are shown as red dots. The solid lines
are the median trajectories estimated from the model. The gray shaded regions correspond to 95% credible
intervals. The blue vertical lines indicate the mid-points of relaxation steps (1 April, 1 June, 1 October 2021). The
gray vertical lines indicate the starting dates for different vaccination phases (Table 1). The cumulative median
number of hospitalizations and cases in vaccinated and unvaccinated are summarized in Supplementary Table 6.
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Supplementary Figure 12. Sensitivity of total hospitalizations to key epidemiological parameters.
Scatter plots of the cumulative number of hospitalizations from 25 February 2020 till 24 June 2022 and the
estimated probability of transmission per contact, the latent period and the infectious period for Scenario 4 and
pessimistic assumptions about vaccine efficacies. Pearson correlation coefficients between the three parameters
and the cumulative hospitalizations are in the range of 0.09 to 0.14.
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