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Abstract
The vaccines developed in 2020-2021 against the SARS-CoV-2 virus were designed to
prevent severity and deaths due to COVID-19. However, how effective this vaccination
campaign was at saving lives remains a methodological challenge. In this work, we developed a Bayesian statistical model to estimate the number of deaths and hospitalizations
in individuals above 60 years old in Brazil. Using the actual number of hospitalized and
deaths from the Brazilian database, and also the coverage of second dose according to the
National Immunization Program, we rebuilt the realized scenario as well as the hypothetical scenario without vaccination in Brazil in order to perform a counterfactual analysis.
By computing the difference between the hypothetical and realized scenarios, we were able
to estimate the direct effect of COVID-19 vaccination in Brazil. We also evaluated two
other hypothetical, but not impossible, scenarios considering earlier vaccination roll-outs.
We estimated that more than 165 thousand of 60+ years old individuals were not hospitalized due to COVID-19 until August 28, 2021, and other approximately 100 thousand
individuals could not have been hospitalized if the immunization started as soon it was
approved in Brazil. We also estimate that more than 75 thousand lives were saved in the
period analysed for the same age group, and additional 48 thousand lives could have been
saved if the Brazilian Government started the immunization 8 weeks earlier.

Introduction
Since March 15 2020, SARS-CoV-2 has been declared in community transmission in Brazil,
by the
Ministry of Health. During the first year of the pandemic, the epidemic spread fast in
NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
Brazil but with different timings and burdens between regions, because of regional differences
in health assistance, income and local mitigation policies. On top of that, by January of 2021,
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Brazil’s epidemics saw a strong increase in the number of notified cases and deaths due to
SARS-CoV-2, specially in the northern region of Brazil [2]. The new burst quickly spread to
the rest of the country, synchronizing the waves in each region, reducing by the end of May.
This wave was later associated with the appearance of the VOC P.1, also known as Gamma,
whose origin was identified as November of 2020, in Manaus [20, 26]. Brazil also had community
transmission of Alpha VOC, however, it was not capable of overcoming Gamma, because the
later was found more transmissible and with a potential immunity escape [3, 21, 26]. Gamma
variant was eventually substituted by the Delta variant in frequency, although the majority of
Brazilian COVID-19 cases and deaths in 2021 were during the Gamma dominance [7]. The
country did not suffer, so far, another marked increase in cases and deaths as other countries
and such difference is attributed to the vaccination campaign in Brazil.
Brazil has an outstanding history of successful government policies for mass vaccination,
which include coordinated vaccination campaigns at country level, effective communication
strategies, free availability of doses and the capillarity of the Brazilian’s Unified Health System
(SUS). For instance, in 2010, the SUS was able to vaccinate 89 millions of individuals [4] in
response to the 2009 H1N1 influenza pandemic. However, due to several cuts in fundings to
SUS and widespread misinformation, the later vaccination campaigns were not able to fulfill the
coverage objectives [22]. The COVID-19 vaccination campaign in Brazil suffered with a poor
coordination and logistic at the federal level [6], which delayed and slowed down the pace of
vaccine rollout. Vaccination eventually started in January 17, 2021, first covering institutionalized and indigenous individuals, and health professionals. After that, the vaccination rollout
was structured considering age groups, from older to younger individuals, in a at-risk basis [18,
11]. Currently, Brazil has 88.9% of the adult population and 66.7% of the total population with
one and two doses by the date of December 22, 2021 [17], with an ongoing campaign of booster
inoculation, a coverage that surpass richer countries who had earlier availability of vaccines.
However, we still lack the information of how effective this vaccination campaign was in
preventing hospitalizations and deaths countrywide, the main objective of the developed vaccines. The only estimates available are for Sao Oaulo State, the most populous State and higher
GDP in Brazil [9]. Around 24 thousand hospitalizations and 11 thousand deaths averted by
vaccination in São Paulo state in the age group of 65+ between February 8 and May 28 of
2021, reducing hospitalization costs in US$ 287 millions. Thus, our objective is to expand these
results for the whole country, also accounting for other possible scenarios of vaccination rollout.
We developed an statistical model to predict the number of deaths and hospitalizations
by COVID-19 in elderly age groups from the time series of deaths and cases in younger age
groups. The model takes into account the reduction in relative risks of older age groups as
vaccine coverage progressed in the elderly population over time. We then used the estimated
effect of vaccine coverage on reducing relative risks in a counterfactual analysis to estimate
the direct effect of vaccination in averting hospitalizations and deaths by COVID-19 in Brazil.
Since the model directly accounts for vaccination, we were also able to provide estimates or
potential number of hospitalizations and deaths averted if vaccines were available earlier to the
population. The analysis was conducted considering the age group of 60+ years old with a
time series that goes until August 28, 2021.

Methods
We built a Bayesian statistical model to infer and predict the number of hospitalizations
and deaths due to COVID-19 in age classes above 60 years as a linear function of number of
hospitalizations and deaths in the age class 20-29 y.o. and of the vaccine coverage in each age
class. First, we retrieved the number of hospitalizations and deaths due to COVID-19 initially
notified as Severe Acute Respiratory Illness (SARI) in each age bracket from the Influenza’s
2
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Epidemiological Surveillance Information System (SIVEP-Gripe [19]). We also used the coverage of second dose (counting after 14 days from inoculation) of each vaccine v ={AZD1222,
CoronaVac, BNT162b2}, produced by AstraZeneca/Oxford/Fiocruz, Sinovac/Butantan and
Pfizer/BioNTech, respectively, from the National Plan of Vaccination’s Information Database
(SI-PNI [17]). Besides these three vaccines, Ad26.COV2.S (Janssen) was also used in Brazilian
territory, however, we considered that the number of inoculated doses was too low to have
statistical significance in this analysis. The model is given by:
Y (t) ∼ Normal(µ(t) , σ), σ > 0, t = 1, 2, . . .
X
(t)
µ(t) = β0 + β1 X (t) +
βv X (t) covY,v + γ (t) ,

(1)

v

where Y (t) denotes the number of hospitalizations/deaths at time t expected in the age bin
being studied, X (t) the number of hospitalizations/deaths at time t of the age bin being used as
(t)
reference, covi,v denotes the coverage of vaccine v in age bin i at time t, and γ (t) for t = 1, 2, . . .
are temporal Gaussian random effects, modelled as a first-order autoregressive process, AR(1),
as the following
γ (t) ∼ Normal(ργ (t−1) , φ),
γ (1)

φ > 0,

∼ Normal 0, (φ(1 − ρ2 ))−1 ,

|ρ| < 1,

t = 2, 3 . . .
(2)

ρ is a temporal correlation and φ is the random effects precision.
The model assumes a linear relationship between Y and X in absence of vaccination. The
third term in equation 1 express that the difference between X and Y when vaccination is
present is linearly related to the coverage of each vaccine (notice that a different β is fitted
to each vaccine). Finally, the latter term accounts for temporal dependence among hospitalizations/deaths (common in epidemiological modelling). Notice also that µ(t) could be written
compactly as:
X
(t)
(3)
βv covY,v ) + γ (t)
µ(t) = β0 + X (t) (β1 +
v

making explicit the role of vaccination in the model, but we stick to the first definition for the
sake of understanding, and to improve convergence of the numerical method.
Finally, our prior distributions are given (in terms of precision) by:
p(β0 ) ∝ 1,
β1 ∼ Normal(0, 0.001),
βv ∼ Normal(0, 0.001),
σ ∼ Gamma(1, 0.00001),

(4)

and the prior distributions of the AR(1) random effects (following the notation of [24]) are
given by:
κ = φ(1 − ρ2 ) ∼ Gamma(2, 100)


1+ρ
∼ Normal(0, 0.15).
θ = log
1−ρ

(5)

The inference is done using the integrated nested Laplace approximation (INLA) approach
[24] implemented in R [23] using R-INLA package [25] and was fitted independently for each
target age group (here 60-69, 70-79 and 80+) and state using 20-29 as age group of reference
(X variable) between March 1, 2020, and August 29, 2021. The posterior trajectories of fitted
3
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and simulated time series were drawn from 1000 samples for each simulation set and added to
generate an aggregated posterior sample to the whole of Brazil, also providing a 95% Credible
Interval (hereafter, 95% CI).
To estimate the effect of vaccination, we set the values of coverage to zero and predicted
the number of hospitalizations/deaths expected in the absence of the explanatory variables of
coverage. We then compare the cumulative number of hospitalizations/deaths of this hypothetical trajectory with their equivalent when vaccine coverage is considered from January 1, 2021
up to August 29, 2021. We also estimated the effect of vaccination on COVID-19 dynamics if
vaccines were available earlier in 2021. We thus created two simple counterfactual scenarios of
earlier vaccination but the same rollout by shifting the time series of observed vaccine coverage
to begin 4 and 8 weeks earlier, for each age target age group. In these scenarios the coverage
of the last 4 or 8 weeks was those observed in the following weeks in the true time series.

Results
The model provided an excellent fit to the all observed time series (orange lines and black
points in Fig. 1, also see Fig. 1 in the Supplementary Material, hereafter SM), showing that
the risk of hospitalizations and deaths in the target groups relative to the reference group were
little affected during the first half of 2021, when vaccine coverage was still small. The good
fit did not changed after this point, and thus the model is providing a realistic estimate of the
reduction of relative risks of casualties in the target groups, as coverage increases (see Fig. 2
from SM).
By making this reduction equal to zero, we have projected the number of hospitalizations
and deaths caused by COVID-19 until August 29, 2021 in the absence of vaccination (Fig. 1).
We see that, whilst the vaccination was not able to suppress the wave of cases and deaths due
to the Gamma variant (February-March 2021), it was decisive to preclude the following wave of
the deaths and hospitalizations that at the time of the introduction of the Delta variant (MayJuly 2021). As expected, the counterfactual time series diverges from the observed time series
earlier for the eldest age groups, which were vaccinated first. Therefore, the model estimates a
decrease in deaths and hospitalizations that would be caused by the Delta VOC wave only for
the 80+ y.o. age group.
If the vaccination rollout started 4 weeks earlier, it would strongly reduce the number of
hospitalizations and deaths due to COVID-19 in the 80+ age group, whereas 60-69 and 70-79
groups would also be considerably positively affected Fig. 2). When we consider an earlier
vaccine deployment of 8 weeks, we see that the deaths and hospitalizations of the Gamma wave
would be almost completely avoided in the 80+ age group, with a marked reduction in the
other age groups.
If we compare the cumulative number of hospitalizations and deaths between January 1,
2021, and August 29, 2021, with the counterfactual estimates, we estimate that vaccinating
against COVID-19 directly accounts for reducing at least 166,780 (95% CI: 157,198-176,309)
hospitalizations and 76,503 (95% CI: 71,832-80,714) deaths in the target age groups. These
figures increase to 219,006 (95% CI: 205,903-232,651) and 101,416 (95% CI: 95,079-107,091),
respectively, if we assume that the same vaccination rollout was done 4 weeks earlier. if the
vaccination rollout had been done 8 weeks earlier, the number of hospitalizations and deaths
averted would increase further to 268,614 (95% CI: 248,858-289,034) and 124,962 (95% CI:
116,573-132,234), respectively (Fig. 3 and Table 1).
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Figure 1: Estimated number of hospitalizations (top) and deaths (bottom) by epidemiological
week with (orange) or without (blue) vaccination rollout, by age group (panels). The observed
number of hospitalizations and deaths are given by the black points.

Discussion
In this work we used a Bayesian model approach to estimate the number of hospitalizations
and deaths in the most vulnerable population to COVID-19 (60+ y.o.) in Brazil. We predicted
accurately the decrease in the number of hospitalizations and deaths in the age groups more
vulnerable to COVID-19 as a function of the increasing vaccine coverage in the first eight months
of vaccination in Brazil. Such good fit was provided by assuming only that the risks relative to
a reference group decreases as vaccination coverage increases in the target groups. Our additive
model allowed to sort out the estimated effect of vaccination, and thus to simulate counterfactual
scenarios of no vaccination (that is, constant relative risk) and also earlier vaccination rollout.
Therefore, we are able to show the number of lives which were directly saved, and the amount
that could have been saved if hypothetical, but not impossible, starting dates were accomplished
in Brazil.
We highlight some points that we discuss in the next paragraphs: (i) we only considered
direct effect of vaccination, therefore no herd immunity and no secondary morbidity or mortality
effects were considered here; (ii) we performed analysis considering only the most vulnerable
age population (60+ y.o.), which was responsible for the 42.5% of hospitalizations and 62.8%
of deaths in Brazil during the period analysed; and (iii) we considered exactly the same pace
of vaccination in our hypothetical scenarios that was realized, which is very small if compared
to the speed capacity and organization Brazil had during previous vaccination rollouts. All the
three points, alone and combined, allow us to affirm/state that our estimates are a lower bound
for the saved lives in the most critical period of COVID-19 epidemics in Brazil.
Our estimates show that more than 165 thousands of individuals were not hospitalized due
5
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Figure 2: Estimated number of hospitalizations (top) and deaths (bottom) due to COVID-19
by epidemiological week with the realized (orange), 4 (blue) and 8 weeks earlier vaccination
rollout, by age group (panels). The observed number of hospitalizations and deaths are given
by the black points.

Figure 3: Posterior distribution of hospitalizations (left) and deaths (right) due to COVID-19
potentially averted by vaccination between January 1, 2021, and August 29, 2021, by age group,
with the realized (orange), 4 (blue) and 8 weeks earlier (green) vaccination rollout.
to COVID-19, and other approximately 100 thousands individuals would not be hospitalized
if the immunization started as soon it was approved in Brazil. If we consider the mean cost
of US$12,000.00 per admission in hospital [14], Brazil did not paid out more than 2 billion
dollars as a direct effect of vaccination. Starting 8 weeks earlier it would mean saving other
1 billion dollars. We also estimate that more than 75 thousand lives were saved in the period
6
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Table 1: Estimated reductions in hospitalizations/deaths by age group and vaccine rollout.
60+ is the aggregate of the other age groups.
Outcome

Age Group Vaccine rollout Estimated reduction (95% CI)
60+

Realized
4 weeks earlier
8 weeks earlier

166,780 (157,198–176,309)
219,006 (205,903–232,651)
268,614 (248,858–289,034)

60-69

Realized
4 weeks earlier
8 weeks earlier

70,987 (65,238–76,641)
99,425 (90,605–107,850)
126,102 (111,585–141,016)

70-79

Realized
4 weeks earlier
8 weeks earlier

55,957 (50,158–61,945)
69,774 (61,846–78,351)
84,721 (74,065–96,134)

80+

Realized
4 weeks earlier
8 weeks earlier

39,837 (34,861–44,874)
49,806 (43,109–56,685)
57,791 (49,327–66,424)

60+

Realized
4 weeks earlier
8 weeks earlier

76,503 (71,832–80,714)
101,416 (95,079–107,091)
124,962 (116,573–132,234)

60-69

Realized
4 weeks earlier
8 weeks earlier

22,518 (20,370-24,564)
31,849 (28,648–34,863)
43,158 (38,122–47,858)

70-79

Realized
4 weeks earlier
8 weeks earlier

26,637 (24,440–29,027)
35,518 (32,511–38,783)
43,916 (39,993–48,055)

80+

Realized
4 weeks earlier
8 weeks earlier

27,348 (23,830–30,440)
34,049 (29,765–38,110)
37,888 (32,962–42,515)

Hospitalizations

Deaths

analysed, and additional 48 thousands lives could be saved if the Brazilian Government started
the immunization 8 weeks earlier, i.e. at least 20% of the actual deaths in 60+ y.o. individuals
during the period analysed could be avoided. These numbers reflect only the direct protection
of the vaccines, because our Bayesian model approach does not include a mechanistic model
of disease transmission, that would require the use of SIR-like models [10]. Therefore, herd
immunity by vaccines is not considered, and it is one of the most important effects of vaccines:
protection of the community. This effect is expected to become more prominent when a large
amount of individuals were immunized, although effects can be detected before the theoretical
herd immunity threshold (based on the reproduction number) is reached if the epidemic is
under control and especially when superspreaders are reached by the immunization [12, 13].
Moreover, Brazil is a large country with very different realized paces of immunization due to
regional wealth (e.g. more poor states in the north and northeast regions), age distribution,
and geographical difficulties (as the Amazon rain forest and large rivers) [2]. Differences among
states and regions can be observed how earlier the orange curve (the scenario with vaccination)
detaches from a scenario without vaccination, i.e., how earlier we observe the positive results
of vaccination (see Figs in the SM). Therefore, a controlled epidemic in other states, especially
the most populous ones, would have allowed the Federal government to increase the vaccination
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rate, channel efforts and resources to the states under complicated situations. This effect can
also be understood as an indirect effect of vaccination, and it is also not accomplished by the
model in any hypothetical scenario.
During the period analysed, Brazil was hit by the emergence of the VOC Gamma, first
detected in Manaus, capital of Amazonas state, in January. Later, all Brazilian states were
seriously affected, with outrage of oxygen and hospital beds in the most complicated cases.
Our scenario starting immunizations 2 months earlier presents a big gap in hospitalizations and
deaths compared to the realized case, especially above 70 y.o.. When analysing the Amazonas
state for any scenario, we do not detect an important difference if vaccination was started
earlier (see SM – AM state). This can be due to two different reasons: (i) the Amazonas
people is young, with a large concentration of individuals in the basal part of the pyramid age
structure, surpassing the Brazilian age groups in ages below 25 y.o. [8]. Because in Brazil
the vaccination obeyed a priority [18, 11] according to decreasing ages (the most important
category), comorbidity, and working role, the young population of Amazonas state had a big
delay related to the rest of country; (ii) the first samples of Gamma variant date on the
beginning of December, 2020 and its emergence is estimated in November, 2020 [5, 21]. Starting
vaccination in Brazil in 2020 was not a possible scenario because vaccines were not approved
at that time [1]. Therefore even eight weeks of earlier vaccination would not have avoided the
emergence of Gamma variant. Notwithstanding the vaccines would not prevent the emergence
of a VOC in this region, if vaccination had started 8 weeks earlier, this scenario could avoid
hospitalizations if a speed up of the vaccination in the region was carried due to the emergency.
As a consequence, other states could have experienced a lower wave due to the Gamma variant.
It is also interesting to highlight that in the earliest start possible scenario (eight weeks), the
most populous states (São Paulo, Minas Gerais, Rio de Janeiro and Bahia states) show a
clear advantage during the beginning of the Gamma wave, which can be observed when the
the hypothetical curve detaches from both the realized and no vaccination curves (see SM).
Finally, we highlight that non pharmacological interventions (NPI) would still be necessary to
avoid the catastrophic situation Brazil faced from January to August, 2021.
In most of the Brazilian states, adults below 60 y.o. started their immunization in June, 2021
[17]. In this sense, the herd immunity effects take an important role since then. About 88.9%
of the adult Brazilian population (18+ y.o.) concluded their full vaccination in December, 2021
[17]. In this case, we believe further analysis accounting the positive effects in the Brazilian
population as a whole for the hypothetical scenarios presented here require a model such as
ours combined with a SIR-like compartmental model. Brazil has a high death number in
pediatric mortality due to COVID-19. For the 5-11 y.o. group the COVID-19 was the cause of
3302 and 3317 hospitalizations in 2020 and 2021 (until November 29, 2021), respectively [19],
whereas looking at the 5-11 y.o. group 156 and 142 deaths occurred in 2020 and 2021 (until
November 29, 2021), respectively, as a consequence of COVID-19 [19]. Additionally, deaths
due to SARI consequences were 450 and 292 in 2020 and 2021 (until November 29, 2021),
respectively [19]. In order to compare the magnitude of these numbers, we can look at the
main mortality cause of children in the 5-9 y.o. group: disregarding external causes (such as
violence), nervous system diseases and neoplasms, the greatest cause of mortality between 2015
and 2019 was the sum of all respiratory system diseases, which in average caused 283 deaths
[16]. These numbers put an evident importance of the role COVID-19 is playing in children
mortality. The BNT162b2 pediatric vaccine was approved by the Brazilian Health Regulatory
Agency (ANVISA) in December 16, 2021 [15] and the starting date is not yet set in the National
Immunization Program (PNI). Unfortunately, using only the present model approach we can
not make forecasts of how many hospitalizations and deaths among children could be avoided
if immunization had started as soon as it was approved in the country. A combined approach
between this and a SIR-like model would allow us to estimate the indirect effects of adults
8
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vaccination on children and also to understand how many children lives could be saved directly
since the vaccine approval. Based on the present model results, in which we observe the direct
effect of saved lives comparing to a scenario with no vaccination, we can say, in advance, that
postponing children vaccination is allowing avoidable suffering and deaths.
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