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ABSTRACT

Background: A number of estimates of the infection fatality ratio (IFR) of SARS-CoV-2 in different coun-
tries have been published. In Brazil, the fragile political situation, together with socioeconomic and ethnic
diversity, could result in substantially different IFR estimates.

Methods: We infer the IFR in Brazil in 2020 by combining three datasets. We compute the prevalence
via the population-based seroprevalence survey, EPICOVID19-BR. For the fatalities we obtain the abso-
lute number using the public Painel Coronavirus dataset and the age-relative number using the public
SIVEP-Gripe dataset. The time delay between the development of antibodies and subsequent fatality is
estimated via the SIVEP-Gripe dataset. We obtain the IFR for each survey stage and 27 federal states. We
include the effect of fading IgG antibody levels by marginalizing over the test detectability time window.

Results: We infer a country-wide average IFR (maximum posterior and 95% CI) of 1.03% (0.88-1.22%) and
age-specific IFRs of 0.032% (0.023-0.041%) [< 30 years], 0.22% (0.18-0.27%) [30-49 years], 1.2% (1.0-1.5%)
[50-69 years], and 3.0% (2.4-3.9%) [> 70 years]. We find that the fatality ratio in the country increased
significantly at the end of June 2020, likely due to the increased strain on the health system.

Conclusions: Our IFR estimate is based on data and does not rely on extrapolating models. This estimate
sets a baseline value with which future medications and treatment protocols may be confronted.

© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

The infection fatality ratio (IFR) - the ratio between the number
of deaths from a disease and the number of infected individuals
(irrespective of developing symptoms) - is one of the most impor-
tant quantities of any new disease. An accurate estimate of the IFR
is usually a challenge before the end of a pandemic, being sub-
ject to many possible sources of biases [24,26]. Nevertheless, the
IFR has direct implications on the amount of resources and effort
that should be allocated to prevent the spread of the disease and
on steering policymaking in general. For instance using the United
States as a reference, [35] concluded that an IFR below 1% makes
school closures and social distancing cost-ineffective.

In order to estimate the IFR, one needs an estimate not only of
the number of deaths but also of the total infected population, and
then to compare both within the same time period. It is, therefore,
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a difficult task, as many cases are asymptomatic or develop only
mild symptoms and are often unaccounted for. It is also hampered
due to the lack of testing in many countries [37].

The total number of deaths during an epidemic can be biased
by the mislabeling of undiagnosed fatalities. To circumvent this
possibility, one can rely on statistical estimates from the study of
excess deaths in a given period of time. In the case of COVID-19
this method is being pursued by many groups [2,43,45], includ-
ing the mainstream media, as a method which is complementary
to the officially reported numbers. However, this approach invari-
ably suffers from important modeling uncertainties [45]. This may
be especially true during the current pandemic, which has seen
an unprecedented amount of disruption to economic activity and
social behavior, which includes a large fraction of the population
undertaking social distancing measures.

One of the first detailed analyses of the IFR of COVID-19 was
based on around 70,000 clinically diagnosed cases in China. After
adjusting for demography and under-ascertainment, [44] arrived at
the estimate of 1.38% (95% ClI: 1.23-1.53%). In France, a study re-
cently modeled both death and hospital data and estimated the
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IFR to be 0.5% (95% CI: 0.3-0.9%) [39]. Another model-based in-
vestigation arrived at an IFR of 0.8% (95% Cl: 0.45-1.25%) [38]. A
meta-analysis of 25 IFR studies found an IFR of 0.68% (95% CI:
0.53-0.82%) [31]. A compartmental model for the IFR in China and
Europe using surveillance data resulted in the following estimates:
Hubei, China 2.9% (95% CI: 2.4%-3.5%); Switzerland 0.5% (95% CI:
0.4%-0.6%); and Lombardy, Italy 1.4% (95% ClI: 1.1%-1.6%) [19]. Fi-
nally, relying on antibody screening of Danish blood donors, the
IFR was estimated to be less than 0.21% at a 95% CI [10], although
one must keep in mind that the patients were healthy and under
70 years of age, and that age is well established as the dominant
determinant of mortality [8,13,32]. These results hint at the pos-
sibility of large variation in IFR values around the globe, although
data from different countries were reported to be highly heteroge-
neous.

In Brazil, the focus of this work, the IFR was recently estimated
with models. Results varied substantially between two different
groups. A Brazilian team found that it should be much lower than
the first estimates, at around 0.3% [7]. On the other hand, a re-
port by a group at Imperial College London estimated much higher
values for the 16 Brazilian states they considered [30], which, com-
bined, suggest an overall IFR of 0.9%.

The incompatible estimates above highlight the need for care-
ful consideration of the biases in the IFR estimates for COVID-19. A
possible solution to mitigate biases is to base the estimation of the
IFR on a large representative random serology study in the popu-
lation. One such study - conducted in Geneva, Switzerland, with
2766 participants - found that for every reported COVID-19 case
there were another 10.6 unreported ones [41], a large discrepancy
which again stresses the difficulties that models have to deal with.
The same group reported an IFR of 0.64% (95% CI: 0.38-0.98%) [34].
A much larger survey with 61,075 participants was conducted in
Spain, but IFR estimates were not reported [36].

A large random seroprevalence study was performed in Brazil
by the EPICOVID19-BR team [16,17] which aimed to test 250 indi-
viduals in each of the 133 selected large sentinel cities. It was an
extension to the whole country of a smaller regional set of surveys
in the Rio Grande do Sul state [40] and has so far been carried out
in four stages using the Wondfo lateral flow test for immunoglob-
ulin M and G antibodies against SARS-CoV-2. Here, we consider
data relative to the first three stages. The first stage was conducted
between May 14 and 21, 2020, but did not reach its target num-
ber of samples, and in only 90 of the 133 cities at least 200 tests
were performed. The total number of tests in all cities was 25,025.
Round 2 was conducted from June 4 to 7 and reached over 200
tests in 120 cities. Considering all cities, a total of 31,165 individu-
als were tested. Round 3 was performed between June 21 and 24
and made over 200 tests in all 133 cities for a total of 33,207 tests.
The total number of tests in all rounds was 89,397.

The COVID-19 pandemic has strongly affected Brazil [6]. The
federal government response has been heavily criticized [22], and,
at the time of writing, the number of confirmed deaths passed half
a million, second only to the USA, and among the largest in deaths
per capita in the world [46]. Furthermore, strong ethnic and re-
gional variations in hospital mortality were found, casting doubt
on the availability of public healthcare for the sections of society
that cannot afford private care [3,4]. This challenging situation mo-
tivates even further the need for the IFR to be estimated as accu-
rately as possible in order to trigger an adequate political response
to the crisis.

Methods
Figure 1 summarizes how the three datasets used in this work

are combined in order to estimate the IFR. We compute the per-
centage pq(t) of Brazilians that have been infected by SARS-CoV-2
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Fig. 1. Flowchart of data used in this study.

at the city, state, and country levels via the EPICOVID19-BR data.
We robustly correct for false positive and negative rates [14] and
combine prevalences from different cities without neglecting the
non-Gaussian nature of the distributions (for details, see Supple-
mentary Materials, Section S1).

We obtain the absolute number of fatalities via the public
Painel Coronavirus dataset. Painel Coronavirus is a Brazilian refer-
ence for tracking the pandemic at the federal level and provides
the deaths by COVID-19 with their geographic location. We only
consider deaths in the 133 sentinel cities in which EPICOVID19-BR
took place. We smooth the data from Painel Coronavirus accord-
ing to a forward 20-day moving average that assigns to the time t;
the average number of deaths in the interval [tg, to + 19 days] (no-
tifications can only be delayed and not anticipated), which corre-
sponds to shifting on average the time of deaths by 10 days earlier.
This forward 20-day window makes Painel Coronavirus consistent
with SIVEP-Gripe during the first months of the pandemic, when
one expects that deaths at hospitals, tracked by SIVEP-Gripe, dom-
inate the overall count (a direct comparison and details are given
in Supplementary Materials, Section S2). It is also justified by esti-
mates of the delay between time of death and notification. Indeed,
for many reasons, deaths that happen at time t, are reported at a
later time that we estimate according to a flat distribution in the
above-mentioned interval [9,42].

As Painel Coronavirus does not provide age information, we
adopt the public SIVEP-Gripe dataset for the relative number of
fatalities for the various age bins. We split the total population
into four age groups (in years): < 30, 30-49, 50-69, and > 70.
The SIVEP-Gripe dataset (“Sistema de Informacdo da Vigilancia
Epidemiolégica da Gripe”) is a prospectively collected respiratory
infection registry dataset that is maintained by the Ministry of
Health since 2009 for the purposes of recording cases of Severe
Acute Respiratory Syndrome (SARS) in general (and of COVID-19
in particular) across both public and private hospitals. During the
current pandemic both Painel Coronavirus and SIVEP-Gripe became
major sources of information on the impact of COVID-19 in Brazil.

Reports from [28] and more recently by [15,21] show that IgG
levels fade in recovered patients on a timescale of a few months,



V. Marra and M. Quartin

Table 1

Time scales used in the analysis (in days).
Time scales for SARS-CoV-2 Mean  Std. dev.  Ref?
Tcs (contagion — symptoms) 5.5 2.4 (1)
Ts (Symptoms — antibody) 5.8 4.6 (2)
7. (contagion — antibody) 11.5 5.2 (3)
Ta (sympt. — severe sympt.) 2 1 (4)
Time scales specific to Brazil Mean  Std. dev.  Ref.?
r;;"e" (severe sympt. — death)  15.5 11.5 3)
Tsq (Symptoms — death) 17.5 11.5 3)
T4 (contagion — death) 23.2 11.7 (3)
T, (antibodies — death) 9.7 10.5 3)

@ The labels correspond to: (1): Lauer et al. [23]; (2): Long et al.
[27]; (3): see Supplementary Materials, Section S2; (4): Gaythorpe
et al. [12].

which was also suggested by the results relative to the first two
rounds of EPICOVID19-BR [17]. Moreover, preliminary results from
the recent fourth round of EPICOVID19-BR exhibit a large decrease
in seroprevalence in the country [11], which is consistent with a
limited window of detectability by the rapid test employed. For
this reason we here consider a detectability window T and thus
the number of fatalities relative only to such a window, which is
equivalent to assuming a sharp drop of IgG levels after T days. As
the IFR correlates with T, the fact that T is not precisely known
could introduce an important bias in the analysis.

In order to robustly overcome this issue we treat T as a nui-
sance parameter to be integrated over. Specifically, based on the
results of Hallal et al. [18], we adopt a prior on T which is based
on how the test sensitivity decays with time so that the marginal-
ized distribution on the IFR is
Tmax ~

Pirr(T) £ (T)dT, (1)
where Py is the distribution of IFR conditional on T, 7 (T) is
the prior on the detectability window T, and Tyax is the time be-
tween the beginning of the pandemic in Brazil and the correspond-
ing EPICOVID19-BR round (for details, see Supplementary Materi-
als, Section S3). Eq. (1) can be interpreted as if the conditional
distribution is averaged over T with the weight given by 7 (T).

The fraction py of the population that died due to COVID-19 in
a given geographical region is defined as the ratio of the number
of COVID-19 deaths to the total population in that region. For the
latter we use the 2020 projections based on the 2010 census [20].
We cannot, however, compute the IFR directly from the ratio of py
and p, because, at a given time £, there are patients that devel-
oped antibodies but would only die later from the disease [5]. In
order to estimate the time delay 7,4, between the development of
antibodies and subsequent fatality we use the SIVEP-Gripe dataset.
The SIVEP-Gripe dataset contains the dates of the onset of symp-
toms and death for patients with a SARS-CoV-2-positive RT-PCR
test, together with their geographic location and age. This infor-
mation allows us to estimate the time delay t,; between the de-
velopment of symptoms and subsequent fatality for a given subset
of patients. We also make use of an empirical distribution between
the first symptoms and the development of antibodies [27] to esti-
mate the mean time delay 75, between both events. Together, these
estimates allow us to obtain the time delay 7,4 >~ T,y — Tsq. For the
whole Brazil we find 7,4 ~ 9.7 days. Table 1 summarizes all the es-
timated time delays which are used in our calculations (for details,
see Supplementary Materials, Section S2).

Using this combined information we can then finally compute
the IFR at the state and country levels and for different age bins:

(t + Taq)

Patt + Tad , 2)
Pa(t)

where { is the time of a given EPICOVID19-BR phase.

Pirr

IFR =
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Fig. 2. Prevalence of COVID-19 antibodies in each of the 27 Brazilian states in
the three rounds of the EPICOVID19-BR survey. The maximum posterior and 95%
CI are shown. The state acronyms are AC: Acre, AL: Alagoas, AM: Amazonas, AP:
Amap4, BA: Bahia, CE: Ceard, DF: Distrito Federal, ES: Espirito Santo, GO: Goids,
MA: Maranhdo, MG: Minas Gerais, MS: Mato Grosso do Sul, MT: Mato Grosso, PA:
Pard, PB: Paraiba, PE: Pernambuco, PI: Piaui, PR: Parand, R]: Rio de Janeiro, RN: Rio
Grande do Norte, RO: Rondonia, RR: Roraima, RS: Rio Grande do Sul, SC: Santa Cata-
rina, SE: Sergipe, SP: Sdo Paulo, TO: Tocantins.

Table 2
Cumulative IFR for Brazil (maximum of probability distribution and 95% CI) for
each age group.

Age group Round Antibody prevalence (%)  IFR (%)
All ages 1 2.62 (2.04-3.23) 0.97 (0.76-1.27)
2 3.79 (3.22-4.41) 1.02 (0.68-1.22)
3 3.81 (3.27-4.39) 1.31 (0.66-1.53)
combined - 1.03 (0.88-1.22)
< 30 years 1 3.9 (2.8-5.1) 0.022 (0.018-0.036)
2 3.6 (2.7-4.7) 0.035 (0.023-0.048)
3 3.7 (2.8-4.6) 0.044 (0.020-0.058)
combined - 0.032 (0.023-0.041)
30-49 years 1 4.6 (3.4-6.0) 0.20 (0.15-0.28)
2 6.0 (4.9-7.3) 0.23 (0.14-0.28)
3 4.9 (3.9-5.9) 0.34 (0.15-0.43)
combined - 0.22 (0.18-0.27)
50-69 years 1 5.0 (3.8-6.4) 0.97 (0.74-1.3)
2 5.5 (4.2-6.9) 1.3 (0.8-1.7)
3 6.3 (5.0-7.8) 1.4 (0.7-1.8)
combined - 1.2 (1.0-1.5)
> 70 years 1 8.5 (6.2-11) 2.3 (1.7-3.2)
2 9.0 (6.3-12) 3.2 (2.1-4.8)
8.2 (6.0-11) 4.7 (2.5-6.4)
combined - 3.0 (2.4-3.9)
Results

Figure 2 and Table 2 show the SARS-CoV-2 antibody prevalence
at the state and country levels (the full numerical tables can be
found in Supplementary Materials, Section S7). We note a sharp
increase in prevalence between Rounds 1 and 2, and a subsequent
stabilization between Rounds 2 and 3 (the state of Pard (PA) ex-
hibits a strong downward fluctuation).

Our estimations of the IFR for Brazil are given in Table 2 and
Figure 3; those for the individual states are given in Figure 4.
Figure 5 also shows the combined IFR but in a choropleth map. The
maps for the individual rounds are shown in Supplementary Ma-
terials, Section S4. The numerical results for all the states and for
the three rounds separately can be found in Supplementary Mate-
rials, Section S7. From Figure 4 one sees that, in most states, there
is a small increase of the IFR in Round 2 and a large one in Round
3. The evolution of the IFR is more clearly seen in Figure 3. The
most likely explanation for this rapid evolution of the IFR is the
increased strain on the health system. We note significant statis-
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Fig. 3. IFR posterior probability distribution function (PDF) for Brazil for each
of the three rounds and all rounds combined. We note a small increase of the
IFR in Round 2 and a marked one in Round 3, possibly due to the increased strain
on the health system.
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Fig. 4. IFR estimates for each state (maximum posterior and 95% CI). The hori-
zontal lines are the estimates for the whole country in the appropriate round. Top:
separate estimates in each round. Bottom: combined estimate using all three rounds,
with the black dots representing the model-based results by the Imperial College
COVID-19 Response Team [30]. Higher statistics lead to smaller uncertainties when
compared to the top panel.

tical tension in the data of Roraima (RR). Therefore, we consider
its IFR estimate unreliable, but due to its small population, it has
an insignificant impact on the IFR estimates at the country level.
The confidence intervals are computed by combining the statisti-
cal sources of error and including the non-Gaussian nature of the
distributions.

Table 2 also shows the prevalence and IFR for the four age bins
we consider. We confirm that the IFR increases rapidly with age, in
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Fig. 5. Choropleth map for the combined IFR using all three rounds. See
Fig. 4 for the corresponding 95% CI.
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Fig. 6. Effects of the IgG fading time T(the test detectability time window). IFR
for Brazil for all rounds combined as a function of age and T assuming a fixed value
for T. The 95% Cls are shown using a logarithmic scale. For T > 80 days the results
converge and the IFR remains unchanged.

agreement with previous analyses [8,13,32]. Furthermore, we find
that not only the IFR but also the prevalence increases with age,
and this pattern is common to all three rounds. Note that, contrary
to the IFR case, it does not make sense to combine in Table 2 the
prevalence measurements in all rounds.

In Figure 6 we show the Brazilian IFR as a function of T. For
T > 80 days, the results converge and the IFR remains unchanged.
This is due to the fact that the present analysis addresses the early
stages of the pandemic in Brazil (May and June 2020) and there
were no deaths before March 2020. Studies using serosurvey data
of subsequent months are expected to show a stronger dependence
on T, as became clear in the fourth round of EPICOVID19-BR, con-
ducted at the end of August 2020.

We also find that the effect of neglecting the time delay 7,4
between the development of antibodies and subsequent fatality
has a large impact. It results in an underestimation of the IFR of
around 0.19%, roughly a 2.2 standard-deviation shift. For instance,
the country-wide IFR for all ages changes from 1.03% (0.88-1.22%)
to 0.84% (95% ClI: 0.75-0.98%).

Discussion

Our overall estimate of the IFR of 1.03% (95% ClI: 0.88-1.22%)
is in agreement with some, but not all, of the previous world es-
timates discussed above. In particular, at the country level, our
combined estimate agrees with the one by the Imperial College
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COVID-19 Response Team [30], even though at the state level we
find several disagreements between their values and our 95% Cls,
see Figure 4. It is worth stressing that our IFR estimate is ex-
clusively based on data and does not rely on models, while the
analysis by Mellan et al. [30] employs a sophisticated model that
does depend on external data and assumptions. The fact that we
find qualitative agreement is an important cross-check of the two
methods.

Our estimate features a small 8% standard deviation, includ-
ing the uncertainty on the IgG fading time T, but it may suf-
fer from the following systematic biases. First, not all COVID-19-
related deaths may be registered in Painel Coronavirus. One ex-
pects this to happen for out-of-hospital fatalities and for it to be
more common in the poorest areas with less healthcare infrastruc-
ture. Some reports indeed claimed a non-negligible number of un-
diagnosed respiratory deaths in 2020 [29]. However, because we
analyzed the 133 large sentinel cities that entered the EPICOVID19-
BR survey, this bias is not expected to be significant. The effect of
under-reporting deaths is, nonetheless, an underestimation of the
IFR.

Regarding the computation of the IFR as a function of age, a
potential bias could arise from the fact that the age distribution
of the SIVEP-Gripe dataset may not be representative of the over-
all population, as some age groups may have a higher tendency
to present themselves at the hospital and enter the SIVEP-Gripe
dataset. The trend of a rapid increase of the IFR with age agrees
well with previous findings [8,13,25,32,33]. This, combined with
the fact that prevalence also increases with age, suggests that el-
derly people are particularly susceptible to COVID-19 in Brazil and
urges authorities to promote measures to protect them from SARS-
CoV-2 exposure.

Another potential bias comes from the fact that the time in
Painel Coronavirus is not the actual time of death but rather the
time of notification. In order to alleviate this issue and to average
out oscillations due to weekends, as noted above, we smoothed the
dny/dt data according to a forward 20-day moving average which
corresponds to shifting on average the time of deaths by 10 days
earlier. While this correction should account for most of the delay
in notification, one cannot exclude regional and temporal variabil-
ity, which would affect the estimation of p; and, consequently, of
the IFR.

Next, the SIVEP-Gripe dataset is biased towards cases with se-
vere symptoms. Indeed, a significant number of cases are hospi-
talized when symptoms are notified (see Supplementary Materi-
als, Section S2). We took this into account via a delay parameter,
To =Ty — T, 7 =2+ 1 days (see Table 1), which models the time
that a patient takes to go from the onset of symptoms to severe
symptoms (for details, see Supplementary Materials, Section S2).
Had we set to =0, we would have obtained a relative 2% lower
estimate.

Finally, the participants of the study may not be fully repre-
sentative of the whole population of Brazil. The EPICOVID19-BR
survey took several measures to mitigate enrollment bias, as dis-
cussed by [17]. For instance, for each city, 25 census tracts were
selected and, in each one, 10 households were selected at random.
In each one, a resident was also selected at random from a list-
ing of members. If the selected individual refused to participate,
another resident was selected at random and if they too refused
(or if the residents were absent), the team moved on to the neigh-
boring household on the right. As discussed in Supplementary Ma-
terials, Section S6, the age and ethnic distribution of the partici-
pants follow well the distributions in Brazil, with a small under-
sampling of those under 20 years old and people of white ethnic-
ity. Nevertheless, since the survey considered only 133 large sen-
tinel cities, the overall IFR we computed is relative to these cities,
which amount to 35.5% of the Brazilian population, and one may

194

International Journal of Infectious Diseases 111 (2021) 190-195

nevertheless speculate that the IFR could be different in smaller
cities and rural or poorer areas.

The IFR of COVID-19 depends not only on the patient’s age, as
discussed earlier, but also on their health [1]. Our IFR estimate
should, therefore, be contextualized to the Brazilian population. To
this end, a reasonable proxy for the overall health of a country
is life expectancy, and the lower socioeconomic development of
Brazil is reflected by a lower life expectancy than, for example, Eu-
rope - 76.0 years in Brazil, as compared with 80.9 years in Europe,
as of 2017.

As shown in Baqui et al. [4], in Brazil, socioeconomic and struc-
tural factors are as important as biological factors in determining
the outcome of COVID-19. The following were found to be partic-
ularly important factors: the state of residence and its develop-
ment index, distance to the hospital, level of education, and hos-
pital funding model and strain. Our analysis considered the first
phase of the pandemic: the third EPICOVID19-BR round happened
between June 21 and 24, 2020, when Brazil suffered about 50,000
deaths, a relatively small figure compared to the present 10-fold
increase. Consequently, we expect that our IFR estimation is less
affected by socioeconomic and structural factors, although we do
find that the IFR increased substantially in late June 2020. Also, we
find no significant correlation between the IFR and life expectancy
in the various states, and the choropleth map does not seem to in-
dicate a clear regional trend in the IFR values. It is hoped that the
IFR will decrease as new medications and treatment protocols for
the disease are discovered and become available and as the vac-
cination campaign progresses, although the rise of new variants
may counteract this progress. Since our data come from the first
months of the pandemic, our results therefore also set a baseline
for future comparisons of the fight against COVID-19 in Brazil.

We hope that our careful evaluation of the IFR in Brazil will
help reinforce, at the federal, state, and municipal levels, the seri-
ousness of the COVID-19 pandemic and the urgency of taking the
proper actions to reduce its societal and economic impact.
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