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Abstract

OBJECTIVE To evaluate the magnitude of under-reporting the number of deaths due to COVID-19 in
Brazil in 2020, previously shown to occur due to low rate of laboratory testing for SARS-CoV-2,
reporting delay, inadequate access to medical care, and its poor quality, leading to the low sensitivity
of epidemiological surveillance and poor outcomes, often without laboratory confirmation of the
cause of death.

METHODS Excess mortality due to COVID-19 was estimated directly based on various data sources,
and indirectly, based on the difference between the observed and expected number of deaths from
serious acute respiratory infection (SARI) and all-natural causes in 2020 had there been no COVID-
19. The absence of laboratory testing for SARS-CoV-2 was adjusted based on the proportion of those
who tested positive among the tested individuals whose death was attributed to COVID-19. Least
absolute shrinkage and selection operator (lasso) were used to improve prediction of likely mortality
without COVID-19 in 2020.

RESULTS Under-reporting of COVID-19 deaths was 22.62%, with a corresponding mortality rate per
100 000 inhabitants of 115 by the direct method, 71-76 by the indirect methods based on the excess
SARI mortality and 95-104 by excess mortality due to natural causes. COVID-19 was the third cause
of mortality that contributed directly with 18%, and indirectly with additional 10-11% to all deaths

in Brazil in 2020.

coNcLUSIONS Underestimation of COVID-19 mortality between 1:5 and 1:4 is likely its lower
bound. Timely and accurate surveillance of death causes is of the essence to evaluate the COVID-19

burden.
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Introduction

The first deaths from Coronavirus disease 2019 (COVID-
19) in Brazil were reported in March 2020, followed by
a steady rise and prolonged plateau, then by slow decline
towards the end of the year, only to give way to the sec-
ond wave in the last weeks of 2020 [1]. Despite consider-
able local variations in timing and intensity of the
epidemic, as well as the type and duration of the mitiga-
tion efforts, it was clear by the end of 2020 that the
country was approaching 200 000 deaths related to
COVID-19, second only to the USA [2].

Monitoring of severe acute coronavirus 2 (SARS-CoV-
2) infection and COVID-19 was included within an
already existing epidemiological surveillance of respira-
tory viral agents [3], set up in 2009 by the Brazilian Min-
istry of Health because of the influenza A(H1NT1)
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pandemic. In parallel, death certificate information on
the natural causes of death has been assembled by a non-
governmental organisation (NGO) [4], and federal states
release the statistics on COVID-19 on their websites. All
these sources have provided daily updates and summaries
regarding important epidemiological characteristics.
Brazilian Ministry of Health also publishes its special bul-
letin on COVID-19 and serious acute respiratory infec-
tions (SARI) on regular basis [5].

Media coverage and much of the scientific debate in
Brazil have used reported numbers of COVID-19 deaths
and cases, despite obvious limitations of such data for
comparing states of different population sizes. Also, the
impact of the sources of under-notification was rarely
included in most of the estimates presented. This paper
aims to compare the results of various statistical methods
and data sources to evaluate the under-reporting of the
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COVID-19 deaths in Brazil in 2020 and related mortality
rates.

Material and methods

Excess mortality due to COVID-19 was estimated
directly based on various data sources on its mortality,
and indirectly, based on the difference between the
observed and expected number of deaths from SARI and
all-natural causes in 2020. Three important methodologi-
cal issues were addressed in this work: delay in and
absence of laboratory testing for SARS-CoV-2 among
those who died of SARI, estimation of the expected num-
ber of SARI deaths in the absence of COVID-19 epidemic
in 2020, and accounting for confounding in estimating
the time trend before COVID-19 epidemic in 2020.

Direct method: adjustment for the lack of laboratory
testing

Reverse transcription-polymerase chain reaction (RT-
PCR) and serological testing are essential in confirming
COVID-19 as a cause of death. However, in Brazil, many
health facilities are ill-equipped to collect the specimen
for such testing, and the delay in receiving the test results
may pass the date of death. Nevertheless, the proportion
of positive test results (p,) among those tested for SARS-
CoV-2 can be multiplied by the number of patients
awaiting their test results (N,) or without a chance of
having this result (Ny,), and summed up to those with
positive test result (N,,) to estimate the total number of
deaths from COVID-19 (No,):

Niot =Ny + [ (Na+Ny,)] (1)

All individuals considered here are those who died, so
they all had severe disease, and case severity was unlikely
to bias the probability of SARS-CoV-2 testing.

Indirect methods: estimation of the number of expected
deaths

Another issue is the number of deaths that would have
occurred had there been no COVID-19 epidemic — a
hypothetical value known as a potential outcome or
counterfactual [6]. Time series extrapolation and fore-
casting have been the most popular approaches but these
do not account for (often unknown) confounding vari-
ables. To address this issue, the synthetic cohort (SC)
method has been proposed and implemented in econo-
metric end epidemiological studies [7-10]. In a regression
trend analysis, substantive requirements of the SC
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method are no causal relationship between control
cohorts and the outcome of interest, a stable temporal
relationship between the control cohorts and the outcome
of interest, and the predictive value of the cohorts to the
outcome [10]. However, COVID-19 has profoundly
affected the whole health system, such as hospital admis-
sions from other causes, availability of health profession-
als and healthcare supplies. It is therefore difficult to
imagine that any cohort characteristic remained stable
regarding an outcome related to COVID-19, such as
SARI, and the SC method assumptions are likely violated
[11].

In the present study, inferential lasso (least absolute
shrinkage and selection operator) [12] was used to adjust
for confounding in estimating the time trend prior to the
COVID-19 epidemic. Lasso selection of control cohorts is
more robust against the violation of the SC method
requirements because its optimisation method selects
strong and stable trend predictors, especially with cross-
validation [13,14]. This method was applied to the 2009-
2019 annual data to estimate a likely number of SARI
deaths in 2020, against which the observed SARI mortal-
ity in the same year should be compared.

Three estimation methods were used to predict the
likely number of deaths from SARI and natural causes:
double-exponential moving averages (DEMA), linear
regression on the natural logarithm of the number of
deaths, hereafter called log-normal model (LNM) and
Poisson regression. DEMA was chosen to forecast one
year because exponential distribution covers a wide range
of non-linear models and gives more weight to more
recent values [15]. Poisson and linear regression on the
natural logarithm of the SARI deaths were applied to pre-
dict one year ahead with and without lasso adjustment.

Control variables used to adjust for confounding in
inferential lasso were hospitalisation rates per 10 000
inhabitants over the 2009-2019 period for the following
chapters of the tenth revision of the International Classifi-
cation of Diseases (ICD-10): I-VI (Certain infectious and
parasitic diseases; Neoplasms; Diseases of the blood and
blood-forming organs and certain disorders involving the
immune mechanism; Endocrine, nutritional and meta-
bolic diseases; XI-XVII (Diseases of the digestive system;
Diseases of the skin and subcutaneous tissue; Diseases of
the musculoskeletal system and connective tissue; Dis-
eases of the genitourinary system; Pregnancy, childbirth,
and the puerperium; Certain conditions originating in the
perinatal period; Congenital malformations, deformations
and chromosomal abnormalities) [16]. The main criterion
for the control variable selection was their statistical
independence regarding the outcome. For example, the
hospitalisation rates due to respiratory diseases and those
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of the circulatory system did not fulfil this criterion
because moderate and severe COVID-19 manifestations
are primarily associated with these symptoms.

To calculate the impact of COVID-19 on mortality on
a yearly basis, it is necessary to adjust for the actual
duration of the epidemic in 2020. In Brazil, this period
was ten months, so the formula below puts it on the
same scale as other annual statistics used and provides
the risk of death attributable to COVID-19 in 2020:

AR = {[EMRR (12/10) — 1]/JEMRR(12/10)}100  (2)

where AR is the attributable risk and EMRR stands for
an excess mortality rate ratio of observed versus expected
deaths in 2020. This is just a variation of a well-known
formula AR = (RR-1)/RR, only EMRR is a monthly
average over ten epidemic months, multiplied by 12 to
get per year basis.

The COVID-19 case definition followed the Brazilian
Ministry of Health criteria: RT-PCR and serological test-
ing, based on both clinical and epidemiological criteria,
both clinical and medical imaging (X-ray, tomography),
and only clinical criteria [5]. The case definition of SARI
used in the present study was that of the Brazilian Min-
istry of Health: body temperature >37.8°C, and breath-
ing difficulty or dyspnoea or O, saturation <95% in
blood, and cough or sore throat, and the need for hospi-
talisation or death after having presented the aforemen-
tioned symptoms [3]. Natural causes of death include all
ICD-10 chapters except chapter XX (external causes).

Data sources

Only primary cause of death was available from the data
sources. The number of deaths from COVID-19 and
SARI, as well as the data necessary to correct the total
number of deaths from COVID-19 (N,,), was extracted
from tables 7 and 11 in a specialised bulletin [5]. The
causes of death provided by the NGO [4] were grouped
as COVID-19, SARI (included COVID-19), all respira-
tory, sepsis, all other and undetermined.

The federal states” data on COVID-19 and SARI are
assembled on the OpenSUS website maintained by the
federal government [17]. However, no data cleaning such
as eliminating duplicates and inconsistent records is pro-
vided. The present study excluded duplicates and some
records with inconsistencies in the order of dates (birth,
first symptoms, hospitalisation and death).

Population data were taken from the Brazilian Institute
of Geography and Statistics (acronym IBGE) [18].

All data were aggregated at the state level. Stata soft-
ware [19] was used for all statistical analyses.
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Results

On average, 91.5% of the people whose death was
attributed to COVID-19 were laboratory tested for
SARS-CoV-2, and 92.93% of these were positive to
RT-PCR or serological testing (Table 1). Multiplying
these percentages indicates about 85% of COVID-19
deaths confirmed by laboratory testing. After correcting
for the absence of testing data (see Formula 1 in the
methods section), the Ministry of Health data produced
the highest estimate of the number of COVID-19
deaths compared to the death certificates and the data
reported by the federal states. The corrected data
showed an average underestimation of 21.62%, with
the range of 10.51-26.07% between the states

(Table 1).

Among five estimation methods for the expected num-
ber of SARI deaths in 2020 had it been no COVID-19
epidemic, the estimates ranged between 83 873 with lasso
LNM and 94 040 with Poisson regression (Table 2). The
smallest root mean square error for these methods was
0.052 for the lasso LNM, so it was considered the best
model and used in subsequent analysis.

In 2020, the average observed COVID-19 MR per
100 000 inhabitants was 115 (Table 3) and reached the
highest values in the states of Rio de Janeiro (178), Ama-
zonas (155), Federal District (153), Ceara (144), Pernam-
buco (137, Sdao Paulo (137) and Roraima (134). COVID-
19 was by far the largest cause of SARI deaths, as indi-
cated by a considerable overlap between their mortality
rates. Overall, about 3 of 4 (115/152 = 0.76) SARI
deaths were due to COVID-19, with the range of 68-
89% across the federal states. In terms of the relative risk
of dying from SARI in 2020 compared to the expected
(counterfactual) value in the absence of COVID-19, the
former increased 2.25 (2.05, 2.46) times on average with-
out and 2.08 (1.73, 2.51) times with lasso adjustment
(Table 3).

By applying Formula 2, the excess SARI mortality
attributable to COVID-19 was 63% (59%, 66%) for the
unadjusted and 60% (52%, 67%) for the lasso-adjusted
LNM estimates (bottom line in Table 3), with consider-
able variation between the states. These estimates trans-
late into excess SARI MR of 96 and 91 per 100 000
(0.63 x 152 and 0.60 x 152) attributable to COVID-19
(Table 3).

LNM produced a similar excess of mortality from the
natural causes in 2020 for both lasso-adjusted (18.4%)
and unadjusted (16.1%) estimates (Table 4). This is
equivalent to 28-29% of excess mortality due to
COVID-19 regarding the natural causes (formula 2).
Dividing the difference observed-expected by the
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Table 1 COVID-19 and SARI deaths in Brazil, 2020: Laboratory confirmation rate, unadjusted reports and adjustment for testing

delay

Sources Brazilian Ministry of Health Delay-adjusted Death certificates Federal states

Federal N deaths N deaths N deaths N deaths N N N deaths
states, LT LCR COVID- N deaths no COVID-  Bias COVID-  deaths deaths COVID-
district (%) (%) 19 investigated laboratory 19 (%) 19 SARI SARI 19
Rondénia 81 90 1723 298 9 1965 -12.31 1675 39 1680 329

Acre 97 98 602 85 0 673 -10.51 901 33 600 85

Amazonas 88 88 5415 1502 15 6560 -17.46 3296 879 5409 1709
Roraima 72 73 634 122 2 733 -13.51 768 18 614 120

Pard 91 93 7615 2690 56 9576 —-20.48 6093 977 7345 2783

Amapa 64 66 663 106 7 755 -12.18 887 22 696 102

Tocantins 93 95 1195 264 6 1408 -15.10 989 28 1215 419

Maranhio 87 90 3599 1289 27 4534 -20.62 3102 971 3319 1266

Piaul 92 95 2390 595 68 2887 —-17.21 1858 92 2434 664
Ceard 95 98 10 538 3682 133 13 255 -20.50 11017 784 10299 3858
Rio Grande 93 97 2373 834 111 3029 -21.65 2561 274 2382 958
do Norte

Paraiba 95 96 3754 1444 40 4786 —-21.57 3450 340 3677 1625

Pernambuco 99 100 10 008 4801 87 13 215 —-24.27 8602 5301 9750 4731

Alagoas 84 90 2612 966 31 3314 -21.18 2657 355 2554 946

Sergipe 96 98 2566 366 2 2871 -10.62 2369 93 2781 402

Bahia 92 96 8560 3577 68 11 042 -22.47 9733 544 8483 3894

Minas 97 98 12 345 7440 283 16 978 -27.29 16 044 1013 12 552 8408
Gerais

Espirito 97 98 3633 660 10 4172 -12.92 6027 387 3603 676
Santo

Rio de 72 73 25 851 4794 549 30 105 -14.13 31 831 2232 26 946 5151
Janeiro

Sio Paulo 96 97 47 525 23 463 626 63 088 —-24.67 58 190 2708 48 363 28 317

Parand 99 99 7747 4415 22 10 479 -26.07 11 050 390 7982 5679

Santa 95 97 5227 1473 63 6378 -18.05 6089 129 5166 1921
Catarina

Rio Grande 97 97 9054 4087 48 11 819 -23.40 10 527 421 9166 4569
do Sul

Mato 97 97 2442 917 18 3094 -21.08 2715 97 2379 1082
Grosso do
Sul

Mato 87 90 2085 346 46 2400 -13.13 3521 64 2008 342
Grosso

Goids 90 93 7238 2252 206 9010 -19.67 8086 238 6676 2257

Distrito 95 96 4140 1016 28 4941 —-16.22 4457 75 4502 1322
Federal

Total 91 93 191 552 73 494 2561 244 396 —-21.62 218 493 18 502 192 581 83 615

LT, Laboratory tested by RT-PCR and/or serological tests; LCR, Laboratory confirmation rate; N, Number of events; SARI, Serious

Acute Respiratory Infection (excluding COVID-19).

population results in MR per 100 000 of 105 and 95,
respectively.

The MR for natural causes increased about 1% per
year over the 2009-2019 period but the 2020 increase
significantly exceeded the expected upper bound (Fig-
ure 1).

The lasso coefficients for the hospitalisation rates in
adjusting for SARI mortality trend by lasso LNM were
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the following: congenital malformations/deformations
and chromosomal abnormalities (—1.42), diseases of the
blood and blood-forming organs and certain disorders
involving the immune mechanism (0.61), diseases of the
musculoskeletal system and connective tissue (—0.23),
neoplasms (0.15), endocrine, nutritional/metabolic dis-
eases (—0.11), certain infectious and parasitic diseases
(0.04), and certain conditions originating in the perinatal
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Table 3 Estimated impact of COVID-19 on the mortality due to serious acute respiratory infection in Brazil, 2020

Expected by log-normal regression

Observed MR

SARI, no lasso

SARI with lasso

Federal states, district COVID-19 SARI EMRR LB UB EMRR LB UB

Rondénia 106 126 4.77 4.56 4.98 3.34 3.19 3.48
Acre 78 88 2.56 2.37 2.75 2.66 2.46 2.86
Amazonas 155 191 6.90 6.73 7.06 4.80 4.68 4.91
Roraima 134 158 4.92 4.56 5.28 6.37 5.91 6.84
Para 111 143 3.84 3.76 3.92 3.12 3.06 3.18
Amapa 90 103 3.89 3.61 4.17 3.12 2.90 3.34
Tocantins 88 105 4.41 4.18 4.64 2.71 2.57 2.85
Maranhio 64 82 2.79 2.71 2.87 1.83 1.78 1.89
Piaui 89 111 2.23 2.15 2.31 2.65 2.55 2.75
Ceard 144 187 2.96 2.91 3.01 3.91 3.85 3.98
Rio Grande do Norte 84 111 2.05 1.98 2.13 2.30 2.21 2.38
Paraiba 117 154 2.74 2.66 2.82 3.30 3.21 3.40
Pernambuco 137 188 3.95 3.88 4.02 3.56 3.50 3.62
Alagoas 97 126 2.89 2.79 2.99 2.85 2.75 2.94
Sergipe 122 138 3.94 3.80 4.09 3.61 3.48 3.74
Bahia 71 95 3.17 3.11 3.23 1.81 1.77 1.84
Minas Gerais 79 116 1.69 1.66 1.71 1.86 1.83 1.89
Espirito Santo 101 118 2.81 2.73 2.90 2.63 2.55 2.71
Rio de Janeiro 178 210 2.53 2.50 2.55 4.33 4.28 4.38
Sio Paulo 137 190 2.21 2.20 2.23 3.10 3.07 3.12
Parand 91 130 2.21 2.17 2.25 2.07 2.03 2.11
Santa Catarina 88 109 2.68 2.61 2.74 2.25 2.19 2.30
Rio Grande do Sul 104 140 2.19 2.15 2.23 2.40 2.36 2.45
Mato Grosso do Sul 110 145 2.47 2.39 2.56 3.24 3.13 3.35
Mato Grosso 69 81 2.52 2.42 2.62 2.07 1.99 2.16
Goids 128 164 3.46 3.39 3.53 3.37 3.30 3.44
Distrito Federal 153 187 7.32 7.12 7.52 4.36 4.24 4.48
Total 115 152 2.79 2.73 2.85 2.90 2.84 2.95

MR, Mortality rate per 100 000 inhabitants; SARI, Serious Acute Respiratory Infection including COVID-19 and adjusted for SARS-
CoV-2 testing delay; lasso, least absolute shrinkage and selection operator; EMRR, Excess Mortality Rate Ratio of the number of SARI
deaths in 2020, corrected for SARS-CoV-2 testing delay, to the number expected by Poisson regression; LB, Lower bound of the 95%

confidence interval; UB, Upper bound of the 95% confidence interval.

period (0.012). For the mortality trend due to the natural
causes, the coefficients were 0.09 for neoplasms, 0.03 for
endocrine, nutritional/metabolic diseases and —0.09 for
certain conditions originating in the perinatal period.

In summary, across different data sources and statisti-
cal methods, the following COVID-19 MR per 100 000
were calculated: 115 by the direct method adjusted for
the testing delay, 91-96 by five regression methods esti-
mating the excess SARI deaths in 2020, 104 by LNM
with and 95 without lasso adjustment for excess mortal-
ity from natural causes.

Discussion

To the best of the author’s knowledge, this is the first
paper on the under-reporting of COVID-19 deaths in
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Brazil and its federal states for the whole year of 2020
based on comparison of various methods and data
sources. Other papers on this topic used the data as of
June [20, 21], July [22], October [23] and September
[24]. Except for the latter, all other used historical time
series forecast [19], or 3-year average prior to the epi-
demic [21], or the last year before the epidemic [22] as a
reference to estimate the EM due to COVID-19. Only
two publications provided results for all federal states, as
well as for the whole country [23, 25] but did not com-
pare the results by multiple methods and data sources.
The indirect method results based on SARI were 17—
21% lower than the MR of 115 per 100 000 obtained by
the direct method. Excess mortality from the natural
causes is a less specific indicator of COVID-19 deaths

© 2021 John Wiley & Sons Ltd



Tropical Medicine and International Health

VOLUME 26 NO 9 PP 1019—-1028 SEPTEMBER 2021

E. Kupek COVID-19 under-reporting in Brazil

Table 4 Observed versus expected mortality from natural causes
in Brazil, 2020

Lasso-adjusted

Not lasso-adjusted LNM'

Diff Diff
Year Observed Expected (%) Expected (%)
2009 964 391 970 909 -0.67 976 509 -1.24
2010 993 691 991 920 0.18 996 222 -0.25
2011 1024 656 1013655 1.09 1018 106 0.64
2012 1029153 1035859 -0.65 1038 638 -0.91
2013 1058791 1059161 -0.03 1060 328 -0.14
2014 1070097 1082370 -1.13 1082 525 -1.15
2015 1112039 1106 078 0.54 1 104 496 0.68
2016 1153913 1130299 2.09 1127 856 2.31
2017 1154006 1155040 -0.09 1151103 0.25
2018 1165905 1180235 -1.21 1174 376 -0.72
2019 1205432 1206079 -0.05 1198 384 0.59
2020 1434838 1232520 16.42 1214 500 18.14

Diff, Difference observed vs. expected.
"Inferential lasso used for adjustment in linear regression with
log-normal model and 10-fold cross-validation.

than the excess SARI mortality, and even more so regard-
ing the direct method. The latter was double-checked for
duplicated records and inconsistencies [5], thus consid-
ered the most accurate estimate of COVID-19 mortality
and a benchmark against which other estimates are com-
pared. The variation between these estimates across

different data sources and statistical methods is not sur-
prising given large uncertainties in diagnosing and report-
ing deaths from COVID-19 [26].

An earlier Brazilian study used excess mortality by nat-
ural causes up to mid-October 2020 and estimated the
COVID-19 MR at 118 per 100 000 [23], not far from
the present study results. Another study found the mor-
tality by natural causes in Brazil 22% higher than
expected as of early June 2020 compared to the 2015-
2019 period [27], which is equivalent to the excess MR
of 125 per 100 000. The most recent publication on this
topic [25] estimated 57 070 undisclosed COVID-19
deaths in 2020, corresponding to about 23% downward
bias and COVID-19 MR of 117 per 100 000 compared
with the Ministry of Health data [5]. As COVID-19
treatment advanced, its case fatality reduced and brought
about lower mortality by the end of the year, as sug-
gested in the present study.

In the first months of the epidemic, excess all-cause
mortality was suggested as a means to evaluate the
impact of COVID-19 on mortality [28] and applied in
some studies [29, 30]. In the Italian province of Lom-
bardy, a 50% under-reporting of COVID-19 deaths was
found [31], a value similar to that of five Brazilian state
capitals with the highest incidence of COVID-19 [30].
On the other hand, the corresponding value for the USA
was estimated at 26.3% [32]. However, all-cause mortal-
ity has at least two components: a direct influence of
COVID-19 (e.g. respiratory failure) and an indirect influ-
ence (e.g. by delaying necessary treatment for other

700 A
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MR per 100000

5004 "
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Figure | Observed (dotted) and Poisson-expected (dashed line) mortality rate (MR) from natural causes in Brazil, 2020. Note: Shaded
area represents 95% confidence interval for the MR predicted by lasso Poisson regression that accounted for confounding.
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diseases). Therefore, excess all-cause mortality is the least
specific indicator of the direct impact of COVID-19 on
mortality and is applicable in the countries with timely
and accurate notification of the causes of death.

About 3 of 4 SARI deaths were caused by COVID-19,
with respective MR per 100 000 of 115 and 152
(Table 3). On the country level, both unadjusted and
lasso-adjusted estimates pointed to a similar contribution
of COVID-19 to increased SARI mortality in 2020, but
less so on the state level.

The present study finding of 21.62% under-reporting
of COVID-19 deaths in Brazil in 2020 by the direct
method is close to the 19.7% found for the USA by mid-
November 2020 [33]. However, an Indian study esti-
mated a six times larger number of COVID-19 deaths
than official reports [34], which amounts to almost 86%
under-reporting. Many studies on the under-reporting of
COVID-19 focused on the number of cases [35-38] as
these are important for predicting future transmission
rates. However, mortality remains the key parameter
from the burden-of-disease perspective.

The 21.62% underestimation of COVID-19 mortality
is very close to the 22% [23] and not far from 28% [25]
excess mortality from natural causes and SARI, respec-
tively. Two other studies found an average under-
reporting of 40.68% (range 25.9-62.7%) for six large
metropolitan areas in Brazil [20], and 30-57% in the
state of Minas Gerais by mid-June 2020 compared with
2017-2019 mean [22]. The lower bound of these studies
was close to the present study mean under-reporting esti-
mate. The states with higher mortality rates are geo-
graphically scattered over the northern, northeastern and
southeastern regions of Brazil, with Rio de Janeiro lead-
ing the ranking, in line with the findings of a nationwide
SARS-CoV-2 antibody survey [39].

On the technical side, the SC method requires at least
a moderate sample size relative to the number of vari-
ables in the model and may be vulnerable to overfitting
regression models with many control cohorts [40]. Lasso
regression is more flexible in fulfiling these requirements
as it can fit a large number of variables, including poly-
nomials and interactions of the control cohorts, thus
achieving large predictive power regarding the outcome
even with sparse data such as annual counts per state,
whereas principal component analysis proposed to reduce
sparsity for synthetic control method [10] is still limited
to a linear combination of cohort variables. Lasso is less
prone to overfitting, consistent and has good finite-
sample properties, especially when combined with cross-
validation [13, 14].

Although COVID-19 affected virtually all aspects of
health care on a global scale and thus made it extremely
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difficult to apply instrumental variables and/or SC
method in pre—post epidemic trend analysis [11], the pre-
sent study used methods that do not depend on trends
and covariates before COVID-19 epidemic, in addition to
those that do, to evaluate the COVID-19 mortality
underestimation. Unadjusted SARI trend analysis

(Tables 2 and 3) with various statistical methods all
pointed out the number of deaths significantly above the
level before the epidemic. A difference of <8% (2.25 vs.
2.08) was found between the lasso-adjusted and unad-
justed excess SARI MR ratio (Table 3). The key finding
of 22.62% underestimation and corrected COVID-19
MR in Brazil in 2020 was based on the direct method,
thus independent of the pre-epidemic data and eventual
bias in the adjustment methods. Finally, a reasonable
agreement between this result and that from the other
two studies with the same scope [23, 25] provides some
reassurance as to the validity of the conclusion.

Several limitations of the present study should be kept
in mind. First, an important repository of respiratory
viral infection data in Brazil was not included in the anal-
ysis because of significant delay in receiving SARI/
COVID-19 notifications [3], despite a mathematical
adjustment developed before the COVID-19 epidemic
[41]. Second, the bias reporting COVID-19 deaths anal-
ysed here does not account for misdiagnosis of the causes
of death, false-negative SARS-CoV-2 test results, or the
unavailability of such tests [26], so that true downward
bias is certainly larger. To illustrate the magnitude of
misdiagnosis, it is worth noting an in-depth investigation
of respiratory failure as causes of death nationwide in
2017 that found only 46.2% of these should be main-
tained as such [42]. Likely, intervening and intermediate
causes of death are often reported where COVID-19
should be stated as the underlying cause [26]. Third, the
imprecision of reported data was underestimated by the
confidence intervals used but could be more adequately
expressed with sensitivity analysis to be added in future
research. For example, in 2017 the under-notification of
death certificates based on civil registries in Brazil varied
between 27.9% in the state of Maranhio to 0.5% in the
Federal District, whereas the range reduced to 5.3% in
Amapid to 0.3% in the Sdo Paulo state when the Ministry
of Health data were verified [43] [IBGE technical note].
No attempt was made to explain the reasons for state-
wise variation in the present study as it was beyond its
scope. The same goes for the lasso coefficients whose
direct substantial interpretation is not supported due to
their machine learning nature.

In 2019, the all-cause MR in Brazil was 642 per
100 000 inhabitants (1 348 232/210 147 125) [44] and
could be a reasonable estimate for the year 2020 without

© 2021 John Wiley & Sons Ltd
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COVID-19 after correcting for the 1% annual increase in
the last decade [43], thus resulting in the expected MR of
648 on the same scale. According to the direct method
that focused solely on the direct impact of COVID-19 on
mortality, the latter contributed almost 18% (115/

648 = 0.177) of all-cause mortality, second only to cere-
brovascular and ischaemic heart diseases. However, when
the effect of COVID-19 included its total impact on the
deaths from the natural causes (e.g. by aggravating pre-
existing co-morbidities), the contribution of this disease
reached a stunning 28-29%. It is therefore imperative
that already available anti-COVID-19 vaccines are
applied without delay.

Conclusion

In Brazil, under-reporting of SARI, and especially SARS-
CoV-2, is due to a low laboratory testing rate, reporting
delay, inadequate access to medical care, and its poor
quality, leading to the low sensitivity of epidemiological
surveillance and poor outcomes, often without laboratory
confirmation of the cause of infection and death. Based
on the comparison of various statistical methods (expo-
nential moving average, log-normal and Poisson regres-
sion with and without lasso adjustment), outcomes
(COVID-19 alone, SARI, the natural causes of death)
and data sources (Ministry of Health, nationwide death
registries, state health authorities’ on-line data), the best
yet a still conservative estimate of under-reporting of
COVID-19 deaths in 2020 was 22.62%. After correcting
for this bias, the corresponding MR per 100 000 was
115 by the direct method and somewhat lower by two
indirect methods based on the excess mortality of SARI
and the natural causes in 2020. COVID-19 was the third
cause of mortality that contributed directly to almost
18%, and indirectly with an additional 10-11%, to the
death total in Brazil in 2020.
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