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The mathematical expression of the constrained optimization (CO) model is presented by an 

objective function with its constraints if present:  

Objective to minimize = ∑ (𝐵௜ ∗  ଶ୧ୀଵ 𝑋௜) + 𝑁𝐵 ∗ 𝑋ே஻    

Constraint = predefined healthcare budget per person of 𝑌௣ ≤ 𝑌௠௔௫ 

𝑌௣ =  ෍(𝐵௜ ∗  𝐶௜ଶ
௜ୀଵ +  𝐵௜ ∗  𝐶ெோ௎௜) + 𝑁𝐵 ∗ 𝐶ெோ௎௡௕ 

where, 𝐵௜ represents the market share of different booster products (i=1,2, or NB), 𝑋௜ represents 

the per person bed-days due to each booster option (i=1,2, or NB), 𝑁𝐵 represents no-booster, 𝑌௣ 

represents the average healthcare cost per person, which includes booster and MRU costs for 

COVID-19 disease, 𝑌௠௔௫ represents the maximum healthcare cost allowed per person, 𝐶௜ 
represents the total booster cost for the different booster products (i=1,2), and 𝐶ெோ௎௜ represents 

the average per person medical resource use (MRU) for recovering with COVID-19 after 

receiving the booster (i=1,2, or NB). 

2. Table S1. Population Size for Vaccinated (primary series) Adult Population in Brazil. 

Age Group Population Size [1,2] Vaccine Coveragea 
(%) [3] 

Vaccinated 
Population Size 

(Calculated) 

Age Group 
Distribution % 

(Calculated) 
0–5 yearsa 17,741,118 0.00 0 0.00 
6–12 yearsa 17,715,603 10.00 1,771,560 1.34 
13–17 yearsa 18,434,263 20.00 3,686,853 2.80 
18–29 years 40,682,952 70.00 28,478,066 21.61 
30–39 years 34,380,858 80.00 27,504,686 20.87 
40–49 years 29,384,258 80.00 23,507,407 17.84 
50–59 years 23,983,678 85.00 20,386,126 15.47 
60–69 years 16,797,080 85.00 14,277,518 10.83 
70–79 years 9,057,666 90.00 8,151,899 6.19 
≥80 years 4,465,046 90.00 4,018,541 3.05 

Total 212,642,522  131,782,657 100 
aVaccine coverage was estimated by calibration for the different age groups, so that the overall coverage is representative of 

Brazil during November 2020–April 2021 (the duration of the cross-sectional study). Overall coverage of primary series 

vaccination in Brazil during that time was assumed to be 62% [3]. The model only utilizes the values for age groups ≥18years. 
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3. COVID-19 Case Distribution, Mortality, and Costs  

The total COVID-19 cases by severity were based on a local cross-sectional study in Brazil, 

which reported the distribution of the COVID-19 hospitalized cases to intensive care unit (ICU) 

admissions, non-invasive respiratory, and invasive respiratory requirements in the second wave 

of infections (predominantly P.1 and P.2 Gamma variants) from November 2020 to April 2021, 

by population age groups [4]. Using the definitions from the World Health Organization (WHO) 

[5], the case distribution of the hospitalized cases was categorized into moderate, severe, and 

critical infections. All hospitalized patients with invasive respiratory support were classified as 

critical, ICU admissions without invasive respiratory support were severe, and all hospitalized 

cases without ICU admissions were considered as moderate cases. The proportion of moderate, 

severe, and critical cases were recalibrated to represent the probability of severity for Omicron 

infection, the dominant ongoing SARS-CoV-2 variant [6]. This was done as the Omicron variant 

(and sub-variants) causes less severe disease than its predecessor variants and limits the benefits 

that can be achieved by boosters [7,8]. The relative risk of hospitalizations, ICU admission, and 

mechanical ventilation (MV) cases from literature were used to recalibrate the severity of 

COVID-19 due to Omicron [9], as compared with the Delta variant, which was dominant during 

the cross-sectional study. As existing severe comorbidities also significantly impact the severity 

of COVID-19, the case distribution was calculated separately for patients with COVID-19 with 

or without comorbidities using published hazard ratio for hospitalizations/death and ICU 

admissions/death for such patients in Australia [10]. The total mild cases were computed by 

subtracting the hospitalized cases from the overall reported COVID-19 cases in Brazil from 

November 2020 to April 2021 [11]. Mild COVID-19 were assumed to have the same distribution 

as moderate cases among population age groups. The case distributions are not specific to the 

patient vaccination status due to data unavailability. 
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Cases of COVID-19 mortality by age groups was estimated from the same local cross-sectional 

study used to determine case distribution [4]. Our model considered mortality rates to be 

dependent on disease severity only and did not account for the influence of existing 

comorbidities on the mortality risks. This assumption was taken to avoid double counting as the 

increased risk of developing symptomatic COVID-19 and severe/critical cases due to existing 

comorbidities has already been accounted for in the case distribution.  

The model considers MRU costs for the treatment of COVID-19 infection that includes the cost 

of diagnosis, treatment, and monitoring. The MRU costs for mild infections were assumed to be 

equivalent to one general practitioner consultation. The cost of moderate, severe, and critical 

cases has been taken as reported in a local report from CONITEC, the national commission for 

the incorporation of technology in the health system in Brazil [12].  

4. Table S2. Epidemiological and Clinical Inputs for the Decision Tree Model.  

COVID-19 Attack Rate Value Assumption Source 
COVID-19 3-month attack 
rate among vaccinated 
population 

1.8% An unvaccinated population is 3 times 
more likely to get an infection 
compared to the population vaccinated 
with a primary series [13] 

Calculated based on 
information from 
ourworldindata.org [14];  
aha.org [13]; 
worldometers.info [1]  

Case Distribution by COVID-19 Severity Levela 
 Mild Moderate Severe Critical Source 
No Booster 92.9% 4.8% 2.0% 0.3% Zeiser 

2022 [4] 
Case Distribution by Age Groups – (Population with Comorbidities) 
COVID-19 
Severity 
Level 

0–9 
Years 

10–17 
Years 

18–29 
Years 

30–39 
Years 

40–49 
Years 

50–59 
Years 

60–64 
Years 

65–69 
Years 

70–79 
Years 

80+ 
Years 

Source 

Mildb 94.4% 94.4% 94.4% 94.1% 94.1% 94.0% 93.9% 93.7% 93.7% 93.7% Zeiser 
2022 
[4], Liu 
2021 
[10], 
Wang 
2022 [9] 

Moderate 4.2% 4.2% 4.2% 4.2% 4.2% 4.2% 4.2% 4.2% 4.2% 4.2% 
Severe 1.3% 1.3% 1.3% 1.5% 1.5% 1.6% 1.7% 1.8% 1.7% 1.8% 
Critical 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.3% 0.3% 0.4% 0.3% 

Case Distribution by Age Groups – (Population without Comorbidities) 
COVID-19 
Severity 
Level 

0–9 
Years 

10–17 
Years 

18–29 
Years 

30–39 
Years 

40–49 
Years 

50–59 
Years 

60–64 
Years 

65–69 
Years 

70–79 
Years 

80+ 
Years 

Source 

Mildb 91.0% 91.0% 91.0% 90.6% 90.6% 90.4% 90.2% 89.9% 89.9% 89.9% 
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Moderate 6.5% 6.5% 6.5% 6.4% 6.4% 6.4% 6.4% 6.4% 6.4% 6.4% Zeiser 
2022 
[4], Liu 
2021 
[10], 
Wang 
2022 [9] 

Severe 2.3% 2.3% 2.3% 2.7% 2.7% 2.8% 3.0% 3.1% 3.1% 3.1% 
Critical 0.3% 0.3% 0.3% 0.4% 0.4% 0.4% 0.5% 0.6% 0.6% 0.6% 

Mortality Risks by Age Groupsc 
COVID-19 
Severity 
Level 

0–9 
Years 

10–17 
Years 

18–29 
Years 

30–39 
Years 

40–49 
Years 

50–59 
Years 

60–64 
Years 

65–69 
Years 

70–79 
Years 

80+ 
Years 

Source 

Mild 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% Zeiser 
2022 [4] 
 

Moderate 4.9% 4.9% 7.9% 7.9% 11.7% 16.9% 26.8% 38.3% 52.8% 24.6% 
Severe 4.1% 4.1% 15.2% 15.2% 21.2% 28.0% 41.6% 53.2% 64.2% 37.6% 
Critical 52.2% 52.2% 65.1% 65.1% 71.6% 78.4% 85.9% 90.9% 93.9% 83.2% 
Prevalence of Serious Comorbidities by Age Groups 
Age Group (years) Value (%) Source 
0–9  2 Clark 

2020 
[15] 

10–17  3 
18–29  4 
30–39  7 
40–49  14 
50–59  23 
60–64  35 
65–69  51 
70–79  67 
80+  78 

aAs the incidence of COVID-19 cases was not available by the vaccination status, the case distribution was calculated for the 
overall population and assumed to be valid for the primary series-vaccinated population. Also, the case distribution by the 
severity of infections was calculated for the Omicron variant, given it is the latest variant of infection and causes less severe 
disease than its predecessor variants. 
bMild cases are calculated as 1- (moderate + severe + critical disease cases). 
cMortality risks are assumed to be dependent on the severity of disease and not on the presence/absence of comorbidity or the 
variant of the infection. It is assumed that no patients die due to mild COVID-19. 
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5. Table S3. Medical Resource Use Duration and Cost Inputs for the Decision Tree Model.  

Median LOS (days) by Hospital Ward Type for COVID-19 by Severity 
COVID-19 Severity Level Length of Stay/Bed-Days Data Source 
Mild (no hospital admission) 0.00  
Moderate (Admission requires General Ward ICU/MV) 8.00 Vlachos 2021 [16] 
Severe (Admission requires ICU without MV) 20.00 
Critical (Admission require Mechanical ventilation) 20.00 
Overall MRU for Treatment of COVID-19 by Severitya 
COVID-19 Severity Levels Overall MRU Costs (2021 $) Source 
Mildb 28 Expert opinion 
Moderate 1,144 CONITEC Brazil 

[12] 
 

Severec 9,264 
Criticalc 9,264 

aMRU costs are inclusive of the cost of diagnosis, treatment, and monitoring.  
bThe MRU costs for treatment of mild infections is assumed to be similar to the cost of one GP visit.  
cThe MRU cost of severe and critical infections are a weighted average cost of both these infections. 
LOS, length of stay; MRU, medical resource us; ICU, intensive care unit; MV, Mechanical ventilation. 

 

6. Table S4. List of Scenario Analyses.  
 

The total booster cost was inclusive of acquisition, administration, and logistics. Scenario 

analysis was conducted for B2 cost of $2.5, to account for any additional costs due to logistics 

such as cold-chain storage, transportation, and administration (Scenario 2 & 3). Scenario 1 

considers a higher budget constraint.  

 
 Booste

rs 
Booster Effectiveness Booste

r Cost 
(US$) 

Budget 
Constrai
nt Per 
Person 
(US$) 

Justification 
Against 
Mild and 
Moderate 
COVID-
19 

Against 
Severe 
and 
Critical 
COVID-
19 

Base 
Case 

B1 55% 90% $1 $2.1 The booster that has a higher cost also 
has a higher effectiveness for mild and 
moderate cases, but both have similar 
effectiveness for severe infections B2 75% 90% $2 

Scenario 
1 

B1 55% 90% $1 $2.1 Booster effectiveness for mild and 
moderate infections have been varied 
between 60%–75% based on the range 
of effectiveness reported by the UK 
vaccine effectiveness expert panel 

B2 60% 90% $2 
Scenario 
2 

B1 55% 90% $1 $2.1 
B2 65% 90% $2 

Scenario 
3 

B1 55% 90% $1 $2.1 
B2 70% 90% $2 

Scenario 
4a 

B1 55% 90% $1 $2.7 Along with varying the effectiveness for 
B2, the per person budget constraint has 
been increased by 30% to understand 
the influence of increased budget 

B2 75% 90% $2 
Scenario 
5 

B1 55% 90% $1 $2.7 
B2 60% 90% $2 
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Scenario 
6 

B1 55% 90% $1 $2.7 constraint with varying booster 
effectiveness on the best BAS B2 65% 90% $2 

Scenario 
7 

B1 55% 90% $1 $2.7 
B2 70% 90% $2 

Scenario 
8a 

B1 55% 90% $1 $2.1 The cost of B2 has been increased from 
$2 to $2.5 for all the other scenarios 
considered to account for any additional 
costs due to logistics such as cold-chain 
storage, transportation, and 
administration. 

B2 75% 90% $2.5 
Scenario 
9 

B1 55% 90% $1 $2.1 
B2 60% 90% $2.5 

Scenario 
10 

B1 55% 90% $1 $2.1 
B2 65% 90% $2.5 

Scenario 
11 

B1 55% 90% $1 $2.1 
B2 70% 90% $2.5 

Scenario 
12* 

B1 55% 90% $1 $2.7 
B2 75% 90% $2.5 

Scenario 
13 

B1 55% 90% $1 $2.7 
B2 60% 90% $2.5 

Scenario 
14 

B1 55% 90% $1 $2.7 
B2 65% 90% $2.5 

Scenario 
15 

B1 55% 90% $1 $2.7 
B2 70% 90% $2.5 

aScenario explored in section 7. 
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7. Selected Scenario Analysis Results  

Figure S1. Scenario 4 (Budget Constraint: $2.7/Person; B2 Booster Cost: $2). 

Budget constraint is higher than the best BAS. B2 costs the same as in the best BAS. In this 
scenario, because B2 is less expensive, it becomes more cost effective to vaccinate more age 
groups with B2. 
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Figure S2. Scenario 8 (Budget Constraint: $2.1/Person; B2 Booster Cost: $2.5). 

Budget constraint is equal to the best BAS. B2 costs 25% more than in the best BAS. In this 
scenario, because B2 is more expensive, it is not possible to vaccinate all of the group aged 70–
79 years with B2 due to budget constraints, so only part of this age group is vaccinated. 
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Figure S3. Scenario 12 (Budget Constraint: $2.7/Person; B2 Booster Cost: $2.5) 

Budget constraint is higher than the best BAS. B2 costs 25% more than the best BAS. The effect 
of an increased cost B2 is overcome by the increased budget constraint, and there is budget 
capacity to vaccinate more of the population. It is more cost effective to vaccinate those in higher 
age groups, allowing vaccination with B2 in all those aged 40 years and above. 
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Table S5. Cost-effectiveness and COVID-19 Health Outcomes of Using No Booster, Only 
B1 or Only B2 for All Adults 

 Total 

Costs 

per 

individ

ual 

Incrementa

l Costs 

(compared 

with B1) 

Expecte

d 

COVID-

19 Cases 

over 3 

months 

Expecte

d 

COVID-

19 

Deaths 

over 3 

months 

Mild 

COVID

-19 

Cases 

Hospitalization

s (not including 

ICU 

admissions and 

MV cases) 

ICU 

Admission

s 

MV 

Cases 

Bed-

Days 

No 

Booster 

$ 5.23 -$ 3.19 0.0180 0.0003 0.0167 0.0013 0.0004 0.000

1 

0.015

0 

Booster 

1 

$ 2.04 - 0.0080 0.0001 0.0075 0.000430 0.0000 0.000

0 

0.003

9 

Booster 

2 

$ 2.74 -$ 0.71 0.0044 0.0001 0.0042 0.000257 0.0000 0.000

0 

0.002

5 

ICU = intensive care unit; MV = mechanical ventilation  
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