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One sentence summary

COVID-19 in-hospital fatality rates fluctuate dramatically in Brazil, and these fluctuations are primarily associated
with geographic inequities and shortages in healthcare capacity.

Summary

The SARS-CoV-2 Gamma variant spread rapidly across Brazil, causing substantial infection and death wa ves. We
use individual-level patient records following hospitalisation with suspected or confirmed COVID-19 to document
the extensive shocks in hospital fatality rates that followed Gamma'’s spread across 14 state capitals, and in which
more than half of hospitalised patients died over sustained time pe riods. We show that extensive fluctuations
in COVID-19 in-hospital fatality rates also existed prior to Gamma’s detection, and were largely transient after
Gamma'’s detection, subsiding with hospital d emand. Using a Bayesian fatality rate model, we find that the geo-
graphic and temporal fluctuations in Brazil’'s COVID-19 in-hospital fatality rates are primarily associated with geo-
graphic inequities and shortages in healthcare capacity. We project that approximately half of Brazil’'s COVID-19
deaths in hospitals could have been avoided without pre-pandemic geographic inequities and without pandemic
healthcare pressure. Our results suggest that investments in healthcare resources, healthcare optimization, and
pandemic preparedness are critical to minimize population wide mortality and morbidity caused by highly trans-
missible and deadly pathogens such as SARS-CoV-2, especially in low- and middle-income countries.

1. Introduction

Since late 2020, emerging variants of concern of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) have led to substantial e pidemic waves and marked increases in COVID-19 deaths [1, 2, 3, 4, 5 ]. In Brazil,
the SARS-CoV-2 Gamma variant of concern (also known as P.1, 20J/501Y.V3, GR/501Y.V3, VOC-21JAN-02 or VOC-
202101/02) was first detected in December 2020 in Manaus, Amazonas state, north Brazil [3,6, 7 ]. Gamma is
defined by 17 unique mutations, including the N501Y, E484K and K417N in the spike protein that have been as-
sociated with increased transmissibility and immune escape [3, 8, 9]. Three weeks after its detection, Gamma
was the dominant lineage circulating in Manaus as measured by variant frequency [3], and by the end of March
2021, SARS-CoV-2 sequence data belonging to the Gamma variant were available from 14 of 27 Brazilian federal
states (Figure 1A). Gamma'’s rapid spread through the country was followed by death waves suggesting increased
disease severity following infection with Gamma [10], but these data have not been examined in the context of
extensive inequities in baseline development and healthcare capacity across Brazil, which are common in low-
and middle-income countries [11]. Here, we use individual-level patient histories following hospitalisation with
suspected or confirmed COVID-19 (Figure 2) [12, 13] to describe how Gamma'’s expansion was followed by shocks
in COVID-19 fatality rates in Brazilian hospitals, and show that in-hospital fatality rates also fluctuated extensively
before Gamma’s emergence. We introduce pandemic healthcare pressure indices that measure and monitor mis-
matches between healthcare demand and available resources. We find that these pandemic healthcare pressure
indices are strongly correlated with variations in COVID-19 fatality rates. Using a Bayesian model, we then assess
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the factors driving the extensive fluctuations in COVID-19 in-hospital fatality rates, from pre-pandemic geographic
inequities in economic development, healthcare resources and vulnerable populations [14, 15, 16, 17, 18], to pan-
demic healthcare pressures [15, 19, 20], and variant-specific disease severity as measured by in-hospital fatality
rates [21, 22].

2.1 Gamma’s expansion across Brazil was followed by transient shocks in in-
hospital fatality rates

To assess the spatio-temporal expansion of Gamma in each of the 14 cities, we analyze publicly available SARS-CoV-2
genome sequences from GISAID [23] along with confirmed lineage assignments (Supplementary Text, page 6) [24].
We considered that the sequence data, which is labeled by federal unit or state, primarily captures SARS-CoV-2
spread in the corresponding state capitals (Supplementary Text, page 19). Figure 1B and Supplementary Figure
S1 show Gamma’s variant frequency over time, and highlight Gamma’s swift expansion in all 14 state capitals.
Concurrently, COVID-19 attributable hospital admissions and deaths rose in tandem with Gamma’s expansion in
each city (Supplementary Figure S2, S3).

Over the full study period, from 20 January 2020 to 26 July 2021, 655,882 patients with PCR-confirmed, clinically
diagnosed, or suspected COVID-19 infection, in short COVID-19 attributable infection [16], were admitted to hospi-
tals across the 14 cities (Figure 2 and Supplementary Text, page 10). To match these data to city-level transmission
dynamics, we here focus on the 507,315 COVID-19 attributable hospital admissions among residents in each state
capital. We further excluded 27,158 resident patients who were administered at least one vaccine dose before
hospitalisation to avoid confounding of time trends in fatality rates with vaccine rollout, which occurred during
the same period. Thus, our study population comprised the remaining 480,157 COVID-19 attributable hospital
admissions among residents. Among those, 119,395 (24.87%) outcomes were fatal. However, 56,441 (11.8%)
admissions had unreported clinical outcomes, which occurred primarily after Gamma’s detection (Supplemen-
tary Figure S2), and so it is important to account for under-reporting of COVID-19 deaths [16, 25, 26]. We esti-
mate 16,319 additional fatalities by considering the proportion of deaths among patients with known outcomes,
stratified by age and observation week (Supplementary Text, page 23). Figure 1C shows for Manaus the result-
ing, empirical COVID-19 in-hospital fatality rates, defined as the proportion of under-reporting adjusted deaths
in weekly COVID-19-attributable hospital admissions among residents with no evidence of vaccination prior to
admission. We observe marked increases in COVID-19 in-hospital fatality rates after Gamma was first detected
in Manaus, a pattern that is consistent across all age groups considered, 0-15, 16-29, 30-39, 40-49, 50-59, 60-69,
70-74, 75-79, 80-84, 85-89 and 90+, and across the other 13 state capitals (Supplementary Figure S4) [21]. Yet,
importantly, we find COVID-19 in-hospital fatality rates also fluctuated markedly prior to Gamma’s first detection,
and that increases after Gamma’s detection were transient, declining in tandem with fewer admissions in Manaus
(Figure 1C).
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Figure 1: Spatio-temporal expansion of SARS-CoV-2 Gamma in Brazil and associated shocks in COVID-19 fatality
rates in hospitals. (A) The 14 states and state capitals in which Gamma was detected by March 31, 2021 and
which were included in the analysis. (B) Time evolution of SARS-CoV-2 Gamma variant frequencies in three loca-
tions, suggesting rapid expansion. Data from GISAID [23] (dots) are shown along with the number of sequenced
SARS-CoV-2 samples (text), and posterior median model fits (line) and associated 95% credible intervals (Crl) (grey
ribbon). (C) Weekly COVID-19 in-hospital fatality rates among hospitalised residents in Manaus with no evidence
of vaccination prior to admission (dots), by age group (facets). Posterior median estimates (line) of the Bayesian
multi-strain fatality model are shown along with 95% Crls (grey ribbon), and the expected in-hospital fatality rates
of non-Gamma variants (dotted line). The date of Gamma’s first detection in each location is indicated as a vertical
dotted line.
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2,674,606 hospital admissions with severe
acute respiratory infection as of September 20,2021

other locations or
not in observation period,
2,010,825

663,781 during the observation period in
14 state capitals where SARS-CoV-2
Gamma was detected by March 31,2021

infection confirmed with
other respiratory pathogens,
y 7,899

655,882 COVID-19 attributable hospital admissions
(PCR-confirmed, clinically diagnosed COVID-19
infection, unknown or unreported cause)

non-residents,
148,567

A

507,315 in residents of each state capital

at least one vaccine dose prior to
hospital admission 27,158

4

480,157 patients with no evidence of at
least one COVID-19 vaccine dose before
hospital admission

Y A
Deaths 56,441 patients with Discharged
119,395 observed unknown outcomes 304,321 observed

16,319 estimated 40,122 estimated

Fgure 2: Analysis flow chart. Individual-level records on hospital admissions with severe acute respiratory infec-
tion across Brazil are mandatory to report to the SIVEP-Gripe (Sistema de Informagdo da Vigilancia Epidemioldgica
da Gripe) database [12, 13], and publicly available records between 20 January 2020 and 26 July 2021 were down-
loaded on 20 September 2021. Data used to derive COVID-19 in-hospital fatality rates are shown in blue, and data
used to derive the healthcare pressure indices are shown in yellow.

2.2 In-hospital fatality rates fluctuated extensively also prior to Gamma’s
emergence

The observed, age-dependent patterns in COVID-19 in-hospital fatality rates are consistent with earlier
observa-tions that COVID-19 fatality rates increase with age [27]. Moreover, the within age band variation
reveals stark geographical differences and temporal fluctuations since the beginning of the pandemic, and

reinforces previ-ous findings on geographical heterogeneity in the first three months of the pandemic [17]. For
example, in Belo
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Figure 3: Time trends in age-standardised COVID-19 in-hospital fatality rates and pandemic healthcare pres-
sure.(A) Detailed time evolution for the index of ICU admissions over three weeks per ICU bed. The non-parametric
estimates of age-standardised COVID-19 in-hospital fatality rates (black, right hand side axis) are shown against
the healthcare pressure index (colour, left hand side axis) and the date of Gamma’s first detection as vertical
dashed line. (B) Heatmap of Pearson correlation coefficients between age-standardised in-hospital fatality rates
and each pandemic healthcare pressure index. In Macapa, ventilators were particularly scarce at the beginning of
the pandemic, resulting in overall poor correlations of all other healthcare pressure indices except those involving
ventilators.
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Location Observation Period | COVID-19 attributable Age-standardised weekly Estimated, avoidable COVID-19
hospital admissions COVID-19 in-hospital deaths in hospitals assuming
in unvaccinated residents | fatality rate (HFR) the lowest HFR
in each city across all 14 cities
Total Deaths™ Lowest™ HighestJf Fold Percent* percent?
increase’
Belo Horizonte | 06/04/20-26/07/21 | 43,763 7,842 7.7% 12.2% 1.59 26.0% 26%
(21.7%-30.5%) | (21.7%-30.5%)
Curitiba 02/03/20-26/07/21 | 32,972 7,466 8.1% 18.2% 2.25 40.3% 45.8%
(35.2%-45.2%) | (42.6%-49.2%)
Floriandpolis | 09/03/20-26/07/21 | 4,072 916 7.8% 17.1% 2.20 23.6% 44%
(13.5%-33.2%) | (40.7%-47.5%)
Goiania 16/03/20-26/07/21 | 20,881 6,624 11.5% 27.7% 2.42 47.0% 61.2%
(41.8%-52.1%) | (58.9%-63.6%)
Jo&o Pessoa 09/03/20-26/07/21 | 11,476 ~ 3,858 15.2% 29.7% 1.95 19.1% 65.4%
(13.6%-24.8%) | (63.3%-67.5%)
Macapa 30/03/20-26/07/21 | 3,209 1,031 11.2%  41.7% 3.73 41.6% 68.1%
(30.2%-51.5%) | (66.1%-70.2%)
Manaus 24/02/20-26/07/21 | 26,136 10,008 16.3% 32.5% 1.99 37.8% 70.1%
(34.5%-41.1%) | (68.3%-72%)
Natal 16/03/20-26/07/21 | 10,136 3,760 11.5% 31.6% 2.74 34.9% 66.1%
(29.6%-40.3%) | (64.1%-68.2%)
Porto Alegre 02/03/20-26/07/21 | 16,301 5,296 8.6% 27.2% 3.17 41.3% 58.9%
(37.3%-45.3%) | (56.5%-61.4%)
Porto Velho 30/03/20-26/07/21 | 7,189 2,618 11.4% 31.9% 2.78 39.1% 69.8%
(32.6%-45.3%) | (67.9%-71.8%)
Rio de Janeiro | 16/03/20-26/07/21 | 77,020 30,194 20.1% 26.5% 1.32 9.0% 67.2%
(7.4%-10.7%) | (65.3%-69.2%)
Salvador 16/03/20-26/07/21 | 27,396 8,607 9.6% 26.2% 2.74 17.6% 60.5%
(13.0%-22.1%) | (58.1%-62.9%)
S&o Luis 24/02/20-26/07/21 | 9,370 2,867 7.6% 26.8% 3.51 35.2% 60.6%
(28.0%-41.8%) | (58.2%-63%)
S&o Paulo 20/01/20-26/07/21 | 190,236 44,620 8.9% 19.8% 2.23 35.6% 49.4%
(33.4%-37.7%) | (46.4%-52.6%)
All 14 cities 20/01/20-26/07/21 | 480,157 135,714 28.8% 56.55%
(27.7%-29.8%) | (53.95%-59.22%)
* Observed deaths plus expected deaths in hospital admissions with unknown outcome.
t Age-specific COVID-19 attributable in-hospital fatality rates were estimated from paired data on underreporting-adjusted deaths in COVID-19
attributable hospital admissions. Non-parametric loess estimates were obtained and weighted by the population age composition across cities.
Lowest fatality rates were calculated in the period prior to Gamma's first detection in each location, and highest fatality rates were
calculated including the time after Gamma’'s first detection.
# Estimates are based on hypothetical scenarios evaluated under the Bayesian multi-strain fatality model, assuming the lowest observed
in-hospital fatality rates seen in the periods prior to Gamma'’s first detection in each location.

Table 1: Temporal fluctuations in COVID-19 attributable in-hospital fatality rate, and avoidable COVID-19 at-
tributable deaths in hospitals.

Horizonte no age group experienced shocks of COVID-19 in-hospital fatality rates above 50% that lasted at least
four consecutive weeks, whereas in Porto Velho all patients of age 50 or older experienced such fatality shocks
(Supplementary Table S3).

To obtain a simple measure on the extent of spatio-temporal variation, we first estimated smoothed, non-parametric
trends through the weekly, age-specific in-hospital fatality rates (Supplementary Text, page 26). Then we weighted
each age-specific trend in a location by the proportion of the 14 cities’ populations in the corresponding age band,
resulting in an age-standardised estimate of COVID-19 in-hospital fatality rate trends. Figure 3A shows the age-
standardised COVID-19 in-hospital fatality rates since the beginning of the pandemic across locations in black
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lines, and Table 1 reports the minimum and maximum observed values in each location. In Belo Horizonte, the
minimum age-standardised COVID-19 in-hospital fatality rate before Gamma’s detection was 7.7%, and the maxi-
mum value over the entire study period was 12.2%, a 1.59-fold increase. We observed higher fold increases in all
other state capitals, apart from Rio de Janeiro in which age-standardised in-hospital fatality rates were very high
throughout. The minimum rates occurred either at the start of the observation period or between waves of hos-
pital admissions in each location, tend to reach similar baseline values between shock periods in each location,
and were lowest in the South and South East regions of Brazil. The maximum rates occurred in most locations
after Gamma’s first detection, except for Jodo Pessoa, Macapa, and Rio de Janeiro where they occurred preceding
Gamma’s first detection. Overall, rates tended to be highest in the North, North East, and Center West regions of
Brazil.

2.3 Healthcare pressure indices track COVID-19 in-hospital death rates

Since the early phase of the COVID-19 pandemic, investments to avoid a widespread collapse of Brazil’s healthcare
system have resulted in larger availability of equipment such as ventilators or intensive care unit (ICU) beds, as
well as trained health care professionals, but with significant geographic differences [19, 28 ]. Here, in the con-
text of substantial underfunding of Brazil’s unified health system prior to the pandemic [29, 14] and disparities in
healthcare resources across and within Brazil’s states [30], we introduce pandemic healthcare pressure indices to
monitor in-hospital healthcare load at the city level. We obtained healthcare-facility-level microdata on personnel
(nurses, nurse assistants, physiotherapists, physicians and intensive care specialists) and equipment (critical care
beds, ICU beds, ventilators) from Brazil’s National Register of Health Facilities (Cadastro Nacional de Estabeleci-
mentos de Saude (CNES)) [31], which we consolidated into monthly time series for each location (Supplementary
Text, page 13).

We find large inequities in healthcare resources across Br azil. In March 2020 the number of available ventila-
tors per 100,000 population ranged from 21.7 in Macapa to 102.2 in Porto Alegre, and the number of physicians
per 100,000 population ranged from 124.4 in Macapa to 633.2 in Belo Horizonte (Supplementary Table S2 and
Figure S5). As shown in Figure 3, we constructed time-varying healthcare pressure indices by calculating, for ex-
ample, the moving sum of ICU admissions over three weeks per ICU bed (Supplementary Text, page 28). The
healthcare pressure indices thus capture changes in hospital demand per available resource, with demand com-
prising all hospitalised patients with severe acute respiratory infection, including non-residents and individuals
with vaccine breakthrough infections. We find that all healthcare pressure indices are strongly correlated with the
age-standardised, weekly COVID-19 in-hospital fatality rates in most cities (Figure 3, Supplementary Figure S6).

2.4 Decomposing effects of infection severity, location and pandemic
healthcare pressure

We next developed a Bayesian multi-strain fatality model to disentangle the effects of location-specific
inequities, pandemic healthcare pressures and Gamma’s disease severity on fluctuating COVID-19 in-hospital
fatality rates.
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Figure 4: Inferred COVID-19 attributable hospital admissions and deaths among hospitalisations by SARS-CoV-2
variant. (A) Using SARS-CoV-2 variant frequency data, COVID-19 attributable hospital admissions in each age band
and state capital were decomposed by Gamma and non-Gamma variant. Posterior median estimates for each age
band are shown in fill colours, while estimates attributed to non-Gamma lineages are shown in lighter shades, and
estimates attributed to the Gamma lineage in darker shades. The weekly totals of observed hospital admissions
are shown as diamonds, and the date of Gamma'’s first detection is shown as a dotted vertical line. (B) Deaths
among variant-specific hospital admissions were jointly estimated under the multi-strain fatality model. Colours
and shades are as in subfigure A, while weekly totals of observed deaths among hospital admissions are shown
as diamonds. Admissions and deaths closely follow infection waves of different SARS-CoV-2 lineages and variants,
for example the initial variant, P.2, and then Gamma in Belo Horizonte.
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Briefly, the model describes Gamma'’s replacement dynamics in each of the 14 state capitals as a logistic function,
that is fitted to the weekly SARS-CoV-2 variant frequency data. To characterise when Gamma'’s expansion started
in each location, we analysed 2,212 Gamma sequences to obtain minimum estimates of Gamma'’s local transmis-
sion in each location (Supplementary Text, page 19). The observed COVID-19 attributable hospital admissions in
the 11 age groups are then decomposed by variant according to the estimated replacement dynamics. We model
age-specific in-hospital fatality rates through a regression equation that captures non-parametric location effects,
fixed effects associated with the healthcare pressure indices, and non-parametric virus variant effects associated
with Gamma’s replacement dynamics. Using the modelled COVID-19 fatality rates, we first calculate the expected
deaths in patients attributed to hospitalisation by variant as shown in Figure 4. Then, we sum the expected deaths
across Gamma and non-Gamma variants, and fit these for each age group to the weekly, underreporting-adjusted
deaths in hospitals (Supplementary Text, page 41). In the model, the non-parametric location effects do not vary
in time and account for a variety of constant social, economic or healthcare related factors that differentiate one
city from another, such as the prevalence of co-morbidities that might modify disease severity or pre-existing
inequities in the both the quality and quantity of available healthcare resources [15, 32]. In contrast, the health-
care pressure effects vary in time, and correspond independently in each location to a linear combination of the
measured pandemic healthcare pressure indices.

Brazil’s rapid vaccination roll-out overlapped with Gamma’s temporal expansion, as well as changes in Brazil’s
age-specific population structure [33], and so changes in the age composition of hospital admissions could re-
flect any of these factors. To account for this, we used deaths records from Brazil’s Civil Registry [34] and vaccine
administration records from the Brazilian Ministry of Health [35] to adjust downwards the population at risk of
hospitalisation per location and age group in the model (Supplementary Text, page 31). Importantly, we observed
substantial variation in the timing of vaccine roll-out, time to second dose, and vaccine type administered (Supple-
mentary Figure S7). After accounting for this variation, the model also provided good fits to age-specific shifts in
hospital admissions and deaths, as well as weekly age-specific COVID-19 hospital admissions, deaths, in-hospital
fatality rates, and Gamma'’s variant frequencies (Figure 4 and Supplementary Figures S1 and $8-514).

In Figure 1C, the solid black line indicates for Manaus the estimated in-hospital fatality rates over Gamma and non-
Gamma variants, and the black dotted line shows the inferred in-hospital fatality rates without Gamma’s estimated
contribution to in-hospital disease severity. In Manaus, we find that the marked increase in COVID-19 in-hospital
fatality rates is better explained by changes in healthcare pressures rather than a direct effect of Gamma on fa-
tality rates in hospitalized patients. This is inferred from the fact that the empirical fatality rates (shown in dots
in Figure 1C) fluctuate in the pre-Gamma period, decrease after the initial shock post-Gamma detection, and are
strongly associated with the pandemic healthcare pressure indices. As of 26 July 2021, in all other state capitals,
the epidemic waves post Gamma’s emergence have also subsided, and in-hospital fatality rates are declining con-
comitantly. However, in Curitiba, Natal, Porto Alegre and S3o Paulo, the empirical weekly fatality rates have to
date remained above levels seen between epidemic waves for some age groups, and there, Gamma's estimated
contribution on in-hospital fatality rates is non-negligible, though not dominant (Supplementary Figures S12). We
also find hospital admissions were more frequent in young adults following Gamma'’s temporal expansion (Sup-
plementary Figures S15), which is expected if Gamma’s disease severity is shifted towards younger adults [36].
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2.5 Location inequities and healthcare pressures drive Brazil’s in-hospital
fatality rates

Figure 5A compares the fitted age-standardised COVID-19 in-hospital fatality rates across Brazil’s
macroregions, the North, Northeast, Central-West, Southeast and South, revealing considerable geographical
heterogeneity. Be-fore Gamma'’s first detection in each location, the fitted age-standardised in-hospital fatality
rate was lowest in Belo Horizonte and highest in Rio de Janeiro (shown as dotted horizontal lines in Figure 5A).
The high estimates for Rio de Janeiro prompted us to compare excess deaths derived from Brazilian’s Civil
Registry to the COVID-19 attributable in hospital deaths, which suggested that a smaller than expected
proportion of hospitalised patients with unknown clinical outcomes may have died. Yet, Rio de Janeiro’s age-
standardised COVID-19 fatality rates remained the highest even when we assume that all patients with
unknown clinical outcomes were successfully treated and survived COVID-19 (Supplementary Text, page 68). We
then calculated the ratio of the lowest achieved rates of all other state capitals relative to that seen in Belo
Horizonte, and interpret these ratios as the contribu-tion of location to in-hospital fatality rates, which measure
non-specific baseline differences in fatality rates across the state capitals that are not captured in our
healthcare pressure indices. Further, we extract from the model, for each location, the multipliers to the
minimum fatality rates that are specifically associated with the pandemic healthcare pressure indices, and
interpret this multiplier as the contribution of healthcare pressure to in-hospital fatality rates. Finally, we
interpret the ratio of fatality rates with and without Gamma’s non-parametric effect as Gamma’s overall
contribution on in-hospital infection severity. We note that the measured Gamma effect merely reflects
associations with fatality rates that are better explained with changes in population-level variant frequen-cies
than with the observed healthcare pressure indices, and so is not capturing a causal relationship.

Figures 5B-D compare the estimated location, Gamma and healthcare pressure contributions. Relative to Belo
Horizonte, the lowest fatality rates were an estimated 2.61 (2.36-2.93) fold higher in all other state capitals,
a location effect that was consistent across all age groups. Whilst we do not explore the exact drivers of this
"lo-cation” effect, it is likely shaped by a combination of socio-economic factors specific to each city, in
conjunction with city-specific, pre-existing inequities in the availability, quality and accessibility of healthcare [37,
38]. At peak times, pandemic healthcare pressures as measured by our indices were associated with a 2.29
(1.37-4.24) fold multiplicative effect across the 14 cities, and this contribution was stronger in places that
already had high in-hospital fatality rates at baseline. Gamma was not associated with a statistically significant
effect on in-hospital fatality rates after controlling for healthcare pressures (1.14 (0.51-1.79) fold increase
among patients aged 40-49, and declining in younger and older ages). Importantly, this suggests that the
COVID-19 fatality rate shocks seen in hospitals can be explained with substantively increased demand on
limited healthcare resources that follow infection waves, and that these shocks are strongest in places where
healthcare resources are lowest. Indeed, we observed fatality rate shocks were recurring prior to the
emergence of Gamma and prior to widespread ac-quired immunity due to vaccination. Following Gamma’s
emergence, are likely the result of Gamma’s increased transmissibility and ability to evade prexisting natural
immunity from previously circulating SARS-CoV-2 lineages - thereby increasing the availability of susceptible
individuals, and leading to a new epidemic wave. We are only able to measure Gamma’s effect following
hospitalisation, and so it is possible that healthcare demand is further amplified through increased risk of
hospitalisation following infection and thus overall higher infection severity, as has been shown for SARS-CoV-2
Alpha [39, 40].
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Figure 5: Estimated contribution of location inequity, Gamma'’s infection severity, and pandemic healthcare pres-
sure on COVID-19 in-hospital fatality rates. (A) Estimated, weekly age-standardised COVID-19 in-hospital fatality
rates, averaged across SARS-CoV-2 variants. Posterior median estimates (line) are shown with 95%Crls (ribbon),
and the lowest estimated fatality rates during the observation period in each state capital (dotted horizontal line).
(B) Estimated ratio in lowest in-hospital fatality rates in each location relative that seen in Belo Horizonte. (C) Es-
timated ratio in in-hospital fatality rates for Gamma versus non-Gamma lineages. (D) Estimated multiplier to the
lowest age-standardised fatality rates shown in subplot A that is associated with the pandemic healthcare pres-
sure indices. In each plot, posterior median estimates are shown as dots, 95%Crls as linerange, and summaries
across locations as boxplots.
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2.6 Projected avoidable deaths in the absence of resource limitations

To quantify the impact that the observed fluctuations in COVID-19 attributable in-hospital rates had on the death
toll in the 14 state capitals, we considered counterfactual simulations where infection waves and resource limita-
tions did not result in surging in-hospital fatality rates (Supplementary Text, page 55). We consider this counterfac-
tual conservative as it assumes for each location achievable in-hospital fatality rates that are based on the lowest
values observed prior to Gamma'’s first detection in each location, and does not account for improvements in clin-
ical management, patient triage, treatments (e.g. D examethasone). Across the 14 state capitals, we find deaths
could have been, in the absence of pandemic resource limitations, reduced by an estimated 28.8% (27.7%-29.8%)
(Table 1), which are highest in patients aged 50-74 due to Brazil’s age pyramid (Supplementary Figures S16-517).
More than one in three deaths could have been averted in Curitiba, Goiania, Macapda, Manaus, Natal, Porto Ale-
gre, Porto Velho, Sdo Luis, Sdo Paulo. Taking the percent reduction across the 14 state capitals as indicative and
generalisable to all of Brazil, we estimate that as of 26 July 2021, 167,194 (160,809-173,000) of Brazil’s observed
580,538 COVID-19 attributable deaths in hospitals could have been avoided in the absence of pandemic resource
limitations.

We further evaluated in counterfactual simulations how many in-hospital deaths could have been avoided in the
absence of location inequities and pandemic resource limitations, i. e. if all 14 state capitals would have expe-
rienced the lowest observed in-hospital fatality rates per age group throughout the pandemic, which were ob-
served in Belo Horizonte. We consider these projections less conservative, since the observed, low in-hospital
fatality rates in Belo Horizonte may reflect a large range of factors that may not be translatable to other locations
in Brazil. We find in-hospital deaths could have been reduced by an estimated 56.55% (53.95%-59.22%) in the 14
state capitals (Table 1 and Supplementary Figures S16-S17). Furthermore, extrapolating Belo Horizonte’s lowest
observed in-hospital fatality rates to all of Brazil, we estimate that as of 26 July 2021, 328,294 (313,200-343,794)
of Brazil’s COVID-19 attributable in-hospital deaths could have been avoided.

3. Limitations

The findings of this study should be considered in the context of the following | imitations. First, Brazil’s line list
in-hospital patient data is limited in that co-morbidity factors, vaccination status or SARS-CoV-2 genotype data
are either frequently missing or not available at the individual level [41], and so it is challenging to comprehen-
sively control for individual-level factors that can modulate fatality rates [39, 42]. Yet, Brazil’s freely accessible line
list data constitutes one of the world’s largest databases to characterise the pandemic impact of COVID-19 in a
middle-income country, and across areas that differ substantially in baseline development and available health-
care resources. In sensitivity analyses we considered SARS-CoV-2 sequence data from alternative sources as well
as alternative patient inclusion criteria, which suggest that our estimates of location and healthcare pressure effect
sizes are robust (Supplementary Text, page 57). Second, we here delineate fluctuations in COVID-19 in-hospital
fatality rates at city level to focus on the extreme spatio-temporal heterogeneity in fatality rates across Brazil. We
recognise this broader geographic focus masks important differences within cities, and thus we cannot identify
the exact factors determining the substantial location effect that we measure. However, these are likely related to
differences in catchment populations as vulnerable populations with poor healthcare access are highly clustered
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across Brazil’s largest cities [30, 43], underfunding of the public healthcare system and emerging discrepancies in
healthcare resources compared to private hospitals [17, 37, 43, 44], or inequities in the quality and capabilities
of healthcare systems which, for example, have been documented pre-pandemic in sepsis survival rates (with
differences particularly marked between private and public hospitals [4 5]). Additional relevant factors could in-
clude differences in demand reflecting variation in epidemic magnitude [37], or the timing and extent of measures
aimed at controlling spread and preventing infection in vulnerable groups [19, 38, 28], suggesting that the loca-
tion effects could also reflect healthcare pressures that are present already at the lowest incidences of COVID-19
hospital admissions in each location. Importantly, we observe substantial fluctuations in in-hospital fatality rates
even in large private hospitals of Sdo Paulo city (Supplementary Text, page 65), suggesting that large effects of
healthcare pressure on in-hospital fatality rates are common, and present even in high-income countries [46].
Third, the pandemic healthcare pressure indices that we derive are based on data reported to CNES, which does
not capture all resource limitations such as the acute shortages in oxygen supply that were experienced in Jan-
uary 2021 in Manaus [47], and is prone to potential reporting biases [2 0]. In our view, the inferred associations
between healthcare pressure indices and fatality rates demonstrate that where resources are limited, real-time
monitoring of available resources is especially important to identify critical resource limitations and avoid the
catastrophic shocks in death rates that we describe for many state capitals across Brazil. Finally, our analyses
start with hospitalisation, which is a limitation because in-hospital fatality rates also depend on who, and under
what circumstances, severely ill patients are admitted to ho spitals. It is possible that Gamma is associated with
increased probability of requiring hospitalisation as other SARS-CoV-2 variants [39, 4 0]. We also find evidence
that in several locations, out-of-hospital deaths have surged at times of peak demand (Supplementary Figure S3),
and that in hospitalised patients with a fatal outcome, the time to death following admission tended to be shorter
during peak demand (Supplementary Text, page 69). These observations indicate that increased healthcare pres-
sure acts to shape in-hospital fatality rates through distinct mechanisms, likely through a combination of both the
reduced ability to provide adequate care and an increase in the average severity of admitted patients (with only
the most severely ill admitted during periods of highest p ressure). In this context, we expect that the projected
proportion of avoidable COVID-19 in-hospital deaths in the absence of healthcare pressure effects would be lower
if less severe COVID-19 cases could also have been admitted. At the same time, the projected numbers are likely
an underestimate of COVID-19 deaths that could have been avoided in the absence of healthcare pressure effects
because we did not account for deaths in severely ill individuals that were not cared for in hospitals.

4. Summary

This study highlights important geographic and temporal variation in COVID-19 in-hospital fatality rates since the
beginning of the epidemic in 14 state capitals across Brazil. This variation is driven primarily by shortages in health-
care capacity, which in turn emerges from a combination of pre-pandemic inequities at city-level and increased
healthcare pressure brought about by epidemic waves of SARS-CoV-2 transmission. The extent and degree of this
mismatch between supply (of staff and equipment) and demand (patients requiring hospitalisation for COVID-
19) is highly dynamic, varying significantly over the course of an e pidemic. The implications of these location
inequities and healthcare shortages are d ramatic. As of 26 July 2021, we project that approximately one quar-
ter of Brazil’'s COVID-19 attributable deaths in hospitals could have been avoided if healthcare pressure had not
exacerbated baseline fatality rates, and we project approximately half of Brazil’s COVID-19 attributable deaths in

DOI: XXX Page 15 of 20



06 October 2021 Imperial College COVID-19 Response Team

hospitals could have been avoided if in addition all hospitals would have had the same baseline COVID-19 fatality
rates as those observed in Belo Horizonte. Our findings are particularly important in calibrating the risk posed by
new SARS-CoV-2 variants of concern. We find that the impact of Gamma in Brazil’s hospitals has predominantly
been indirect and mediated through pre-existing geographic inequities, transient infection waves and concomitant
shocks in healthcare demand. In conclusion, our results suggest that investments in healthcare resources, health-
care optimization, and pandemic preparedness are critical to minimize population wide mortality and morbidity
caused by highly transmissible and deadly pathogens such as SARS-CoV-2, especially in low- and middle-income
countries.
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