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Abstract

Objectives—This study aimed to examine the previously unknown long-term spatio-temporal
patterns in diarrheal morbidity and mortality across age groups and geography in Brazil under the
light of evolving socioeconomic factors and interventions.

Methods—Nationwide mortality (1979-2014) and hospitalization (1998-2014) data were
obtained from the Brazilian Ministry of Health. Analyses of long-term secular trends and
seasonality of diarrheal morbidity and mortality were performed in EPIPOI (www.epipoi.info).

Results—For most states, the primary peak in mortality risk among children under 5 years
occurred from December-April (summer/early autumn) from 1979-1988. From 2000-2005
(before the 2006 implementation of rotavirus vaccination), the pattern switched to June—October
(winter/early spring). By 2007-2014, the peak in mortality shifted back towards summer/early
autumn. A similar pattern was observed for hospitalizations. These patterns were particularly
apparent in non-equatorial regions of the country. In contrast, the risk of diarrhea-related death
among older children (5-19 years) did not demonstrate well-defined seasonality or spatial
patterns.

Conclusions—Rotavirus vaccination policies were associated with a shift in the timing of
seasonal peaks in children under 5, reminiscent of the summer diarrhea period common decades
prior. Additionally, young children were shown to have distinct disease patterns compared to other
age groups, suggesting different etiologies.
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INTRODUCTION

Considerable progress has been made in understanding diarrheal disease, yet it remains a
serious public health challenge globally, responsible for up to 1.5 million deaths in 2012.[1]
While research in the field commonly focuses on children under 5 years of age due to their
particularly high burden of disease, diarrheal illness is an important cause of morbidity and
mortality throughout the lifespan.[2] Global estimates suggest that 4.5 billion episodes of
diarrhea may occur annually with more than 1.7 billion episodes among children less than 5
years of age and 2.8 billion episodes among older children and adults.[3], [4] Although
moderate and severe diarrhea comprise a relatively small proportion of episodes, such illness
represents nearly 620 million cases each year.[5] Diarrheal morbidity and mortality remain a
significant global health issue, and progress in reducing diarrheal disease morbidity among
older children and adults has been relatively stagnant over the last three decades,
highlighting the need for further research and interventions.[4], [6]

Distinct seasonal patterns of diarrheal disease have helped to elucidate different etiologies
(such as bacterial vs. viral) in certain populations and in specific environments, however,
inconsistencies across regions and age groups have left unanswered questions about trends
seen in a broader variety of settings.[6],[7], [8] Rotavirus is the leading cause of severe
diarrhea and diarrhea-related deaths in young children globally.[3], [9] The virus is typically
considered a winter disease in non-equatorial, temperate climates although it often
demonstrates less pronounced seasonality in tropical climates and among adults.[6], [7]
Conversely, bacterial diarrhea occurs more often during warm, rainy months.[10],[11],[12],
[13] Among older children and adults in low- and middle-income countries, the most
common causes of diarrhea-related hospitalization are often bacterial, chiefly £. coli, while
in high-income countries, Campylobactor spp. and Salmonella spp. are of primary concern.
[6]1.,[4].[14].[15], [16] Additional factors such as region, level of development, temperature,
rainfall and humidity have also been implicated with patterns of infectious diarrhea.
[8,15,17,18]

Diarrheal disease continues to afflict the Brazilian population. Brazil provides a unique
context in which to examine the spatial and seasonal patterns in diarrheal disease due to its
large size, socioeconomically diverse population and heterogeneous climate. Existing
literature on diarrheal disease trends in the country are typically short-term,[18] limited to
young children,[18,19] or limited to certain regions of Brazil.[19,20] In this paper we
examined the evolution of diarrheal morbidity and mortality risks across age groups and
geography in Brazil, discussing the previously unknown long-term spatio-temporal patterns
under the light of evolving socioeconomic factors and interventions.

MATERIALS AND METHODS

Brazil occupies a large area (8.5 million square kilometers) representing almost half of the
South American continent. It has a population of 206.1 million (in 2014), concentrated
mostly in the Southeast and Northeast regions (Figure 1). The country encompasses varied
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landscapes from the Amazon rainforest and arid regions of the equatorial region, to the
savannas, rainforests and temperate climates of the non-equatorial regions. Brazil is a
middle-income country with an average GDP per capita of $11,172.52 in 2015 (69th in the
world).[21] It consists of 26 states and the Federal District. For spatial analyses, states are
represented by the latitudes and longitudes of their respective capitals.

Mortality data for the period between 1979 and 2014 was obtained from the System on
Mortality Information of the Brazilian Ministry of Health (SIM/MS). These datasets are
uniformly and systematically collected throughout the year and cover approximately 90% of
the population. Regional differences in coverage ranged from 83.1% in the North region to
96.7% in the Southeast region (data available for 2008).[22] The only state in which
coverage was 100% was the Federal District, located in the Central West region of Brazil.

We used hospitalization data from 1998 to 2014 from the nationwide administrative database
of the Unified Health System (Sistema Unico de Satde, SUS), which records all
hospitalizations paid by the public sector. Data are publicly available, from which we used
primary and secondary level record information on cause of hospitalization (ICD-9 and
ICD-10 coded), patient age, state of residence and admission dates. These data include
hospitalizations occurring in public hospitals at the federal, state and municipal levels and
those occurring in private and non-profit hospitals under contract to the SUS. Visits and
treatments occurring at outpatient settings (e.g., health clinics, medical offices and
emergency wards) are not included in this database. See supplemental information for more
details.

The records of deaths/hospitalizations coded as diarrhea were filtered using codes ICD-9
codes of 001-009 (1979 — 1994) and ICD-10 codes of A00—AQ9 (1995 — 2014). The count
of records which fulfilled the criteria above were aggregated and organized in a 3-D matrix,
containing the following units in each one of the "dimensions" of the matrix: Time: monthly
counts; Geography: 27 geographic units (the 26 states plus the Federal District); Age:
aggregated into groups as shown in Figure 2 and Figure 3. Only records which contained
information for all variables were considered; only 0.1% and 0.06% mortality and
hospitalization records, respectively, were found to be missing data and thus excluded from
the analysis

In order to obtain risk estimates, we divided the age-, state-, and month-specific case data by
relevant population sizes and calculated disease rates per 100,000. The population dataset
was structurally identical to the death/hospitalization-related counterparts and was obtained
through temporal interpolation of data for each age group and state of the Brazilian decadal
censuses (Alonso et al, /n press). Since the age- and state-specific populations in each month
were used, risk (or incidence proportion) was calculated and is referenced throughout the
paper.[23] The reference period for calculating the mortality and hospitization risks was the
entire study time period used for each at a monthly resolution (and for each state and age

group).
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Data Analyses

Visual inspection of cases coded as diarrhea by month and state (sorted by latitude) was
performed using the heat-grid graphic,[24] displayed for the under 5 population in Figure
2A (for deaths) and Figure 3A (for hospitalizations) and the 5 and older population in
eFigurelA (for deaths) and eFigure2A (for hospitalizations). Visual inspection of the relative
contribution of each age group to deaths/hospitalizations per month was likewise performed
(Figures 2C and 3C).

Subsequently, in the mortality dataset we identified different periods that were relatively
homogenous (stationary): "Transition period" (1979 to 1988), "Modern pre-rotavirus vaccine
period" (2000 to 2005) and "Modern post-rotavirus vaccine period"” (2007 to 2014). The
years between these periods were transitional and were avoided to minimize noise in the
comparison of stationary periods enabling us to better characterize the amplitude and timing
of peaks. For each stationary period and for each dataset (mortality and hospitalization), we
built a periodic annual function from which timing and amplitude of the primary and
secondary peaks were extracted.[24] To detect the relevant periods of increases or decreases
in cases, a spline model was built for each mortality risk and hospitalization risk time series
and the monthly gradient of those models were inspected.

Software
Excel (Microsoft©, Redmont, WA) was used to archive data once they were aggregated from
the original source. Data processing was conducted using scripts written in Matlab R2007
(MathWorks©, Natick, WA). Finally, data analyses were performed and figures generated
using the freely available software Epipoi (www.epipoi.info).[24]

RESULTS

The analyzed dataset contained nearly 519,000 deaths (1979 to 2014) and over 8.5 million
hospitalizations (1998 to 2014) due to diarrhea. Of the deaths, two thirds (67.0%) occurred
among children under 1 year of age and 9.5% among children aged 1 to 4 years.
Hospitalizations were similarly distributed with a majority of hospitalizations among the
young, however, children aged 1 to 4 years made up the largest proportion with 28.0%.

Brazil experienced tremendous declines in the risk of diarrhea-related death during the 36
year period, as shown in Figure 2A and especially apparent among children under age 5 in
Figure 2B (see Supplemental Digital Content eFigure 5 for examples of state-specific time
series). A majority of the decline in death from 1979 through 2014 can be attributed to the
reduced risk among children less than 1 year of age (Figure 2C). Children under 1 year of
age accounted for 84.4% of diarrheal deaths in 1979 and only 12.3% by 2014. Consequently,
the age group responsible for the largest proportion of diarrheal deaths shifted from young
children to those 70 years old and older (Figure 2C) though this age group simultaneously
saw a gradual decline in risk of diarrhea-related death over the time period. As shown by the
gradients of change in the spline model (Figure 2D), the most dramatic decline in risk of
death for children less than 5 years of age occurred until 1992 (except the years of 1983 and
1985-6, separated by a particularly strong brief period of reduction of risk). This was
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followed by a more gradual decline in risk through the remainder of the 1990s before it
leveled off and remained relatively stable throughout subsequent years. The nineties were
punctuated by interruptions of this decrease in the years of 1992 and 1997-8.

Risk of hospitalization demonstrated a similar pattern to that seen in the risk of mortality for
the corresponding timeframe, including a mild decline from the late 1990s onward. Even
though the period of data available for hospitalization spans only the last 17 years of the
mortality series, it also showed that the decline in hospitalization risk was mainly among
children less than 1 year of age, though this shift was more subtle (Figure 3C).

The risk of death and hospitalization caused by diarrhea, as well as the seasonality of such
events, differed by region. The highest risks for both death and hospitalization occurred in
the North and Northeast regions whereas the southern regions faced the lowest risk - not
only historically, but also in recent years (Figures 2A). This can be observed in the scatter
plot of Figure 4, which compares average risk with the linear trend of hospitalizations for the
period 2007-2014. This graphic shows, for most states, a direct relation of progress toward
less diarrhea in places where hospitalization incidence was higher. Nevertheless, in one state
(Maranh@o) the situation remains less optimistic, as the higher average risk of diarrhea
hospitalization was not matched by strong progress in its reduction.

Seasonality

When analyzing the aggregated mortality risk data for the whole country, the first two
decades were characterized by single annual high amplitude summer peaks that typically
occurred early in the year, corresponding to summer and early autumn months, with no
visually noticeable change in timing of the peak. In contrast, beginning in 2000, more subtle
annual peaks appeared. This was generally true by region as well, though the North and
Central West regions had less pronounced peaks.

Nationally, among children less than 5 years old, single annual peaks in mortality risk
(Figure 2B) and bimodal peaks in morbidity (Figure 3B) were apparent. Children and
adolescents ages 5 to 19 as well as adults ages 20 and older had less discernable seasonality
for diarrheal mortality throughout the same period, often with bimodal peaks at the
beginning and middle of the year (eFigure 1). Older children ages 5 to 19 presented, as
expected, a transitional pattern between the younger children (with a more dramatic decline
in risk) and adults but with no clear change in pattern. Bimodal peaks in morbidity were
generally observed for older children and adults throughout the period (eFigure 2).
Nevertheless, such generalizations at the national level miss the socioeconomic and
climatologic diversity across the Brazilian geography. Therefore, nuanced analyses at a finer
resolution (state level) were performed, as below.

Children under 5 years of age—Mortality among children less than 5 years of age
exhibited the most dramatic changes in seasonality as well as mortality and hospitalization
frequency over the study period. Details on the seasonal patterns of risk of diarrheal deaths
among children under 5 years of age are highlighted in the scatterplots shown in Figure 5
comparing three specific time periods. During the first decade for which data were available,
1979 - 1988, a time of economic transition and development for the country (the “transition
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period”), the primary peak in the risk of mortality most frequently occurred from December
through April (summer and early autumn), regardless of latitude, with few states showing
peaks elsewhere during the year. By 2000 — 2005, a “modern pre-rotavirus vaccine period”
just prior to the 2006 implementation of the rotavirus vaccine for children under 1 year of
age, a very different pattern was observed. During this time, the highest risk of mortality for
most states within the non-equatorial (South, Southeast, and Central West) regions had
shifted towards the winter season, clustering between June and October. In contrast, the
primary peaks for several states in the equatorial (North and Northeast) regions of the
country, remained similar, occurring throughout the year, with many remaining early autumn
peaks. The strong tendency for winter peaks for the non-equatorial states shown in the
previous period had dissipated by 2007 — 2014 (a “modern post-rotavirus period”), when
nearly no states experienced their highest risk of diarrheal deaths within the winter season.

A similar relationship between time period and highest risk was seen for hospitalizations
among this age group (Figure 5). From 2000 — 2005, the highest risk of hospitalization for
non-equatorial states occurred most commonly between July and September (winter) while
the equatorial states generally demonstrated peaks between January and early march
(summer). As with mortality, the highest risk of hospitalization from 2007 — 2014 occurred
outside the winter season for a majority of non-equatorial states.

Older children, adolescents, and adults—The risk of diarrhea-related death among
children and adolescents ages 5 to 19 years displayed nearly no pattern in regard to timing of
peak by geographic location (see Supplemental Digital Content eFigure 3). Throughout a
majority of the study period, the highest risk of death for individual states ranged throughout
the year. Diarrhea-related hospitalization for this age group tended to have the highest
incidence clustered in February (for all regions except the Central West) and September (for
the Central West region), which spread slightly over time. Similar patterns in deaths and
hospitalizations were observed among adults aged 20 years and older (see Supplemental
Digital Content eFigure 4).

DISCUSSION

Like many other developing countries,[5,25] substantial changes in health and diarrheal
disease have occurred in Brazil in the past few decades[26] (additional information available
from the recent Global Burden of Disease analysis at http://ihmeuw.org/3z6r [27]). Primarily
a killer of Brazilian children under 1 year of age in the late 1970s and 1980s, the populations
with the highest burden of diarrhea deaths today are those 70 years of age and older — and
even so with lower levels of risk than before — showing the success of many public health
interventions and technological advances in recent decades. Our study not only confirmed
those uplifting trends, but also uncovered two very interesting and novel phenomena, which
are scientifically and operationally valuable.

The first is that we can observe the evolution of diarrheal disease patterns and identify the
success of rotavirus vaccination policies by looking at seasonal patterns. This is detected not
only quantitatively by the change in risk of death over the 36-year period but, because some
pathogens have defined seasonal patterns, also qualitatively, with important changes in the
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seasonal components. We show that Brazil, although with significant deficiencies in basic
sanitation,[28] has not only surpassed the pre-sanitation era (which, as previously shown, is
characterized by strong summer seasonality), but also the pre-rotavirus vaccination era
(which featured winter peaks) when examining trends in diarrheal morbidity and mortality
among children under 5. This can be detected in non-equatorial Brazil, where the colder
winter season demonstrates a viral diarrhea signature when the predominantly summer
bacterial diarrhea signal is removed in the pre-rotavirus vaccination era. In the current post-
sanitation and post-rotavirus vaccination era, the seasonality of diarrhea in non-equatorial
regions still resembles the pre-sanitation era qualitatively (summer peaks), but not
quantitatively, with the risk in 2014 being only a fraction of that of 1979. This analytical
approach can be applicable to similar epidemiological inquiries in other settings.

The second notable finding is the seasonality of diarrheal deaths and hospitalizations among
the different age groups, showing that young children have distinct annual patterns
compared to other age groups, probably due to different pathogens to which, somehow, older
ages are less sensitive. Interestingly, for both older children and adults, a seasonal pattern in
hospitalizations but not mortality was observed. These findings ma y suggest that the
pathogens responsible for severe diarrheal disease among these age groups may cause
seasonal peaks in hospitalizations on top of an underlying burden of especially severe diease
(causing mortality) that remains relatively constant throughout the year.

The sustained transition among the under 5 year-old population away from primarily winter
peaks, a potential signature of rotavirus-dominated diarrheal disease, is suggestive of a shift
in pathogen-specific disease burden and supported by etiologic data. Prior to vaccination,
rotavirus among hospitalized children was seen most commonly during the winter months.
[29] In contrast, after the nationwide initiation of the vaccine, the prevalence of rotavirus
among hospital-treated children with diarrhea was substantially reduced[19] and, in some
areas, was not the predominant virus during the winter season.[9,20] Vaccine coverage
increased rapidly after its introduction in the country with some models suggesting that
coverage was as high as 70% by the end of 2007 and nearly 90% by 2014.[30] This shift in
seasonality among the young Brazilian population supports existing evidence of the
vaccine’s success in various settings.[9,31]

Evaluation of long-term spatial and temporal trends across age groups hints at differential
etiology and potential effects of vaccination across the age groups. In the immediate pre-
vaccination era, peak risk in diarrheal disease mortality among Brazilians ages 5 to 19 and
20 and older demonstrated little seasonal pattern. This can be distinguished from the more
well-defined pattern observed in the 20 and older populations after the 2006 initiation of
rotavirus vaccination among infants when most states experience peak mortality risk from
January through June (mid-summer through early winter). Both populations experienced a
shift in peak hospitalization from the summer months towards autumn months, mimicking,
though to a lesser extent, the exclusion of winter peaks seen among the vaccinated
population. Specifically examining hospitalizations, the immediate post-vaccination period
for children under 5 included a substantial decline in the rate of hospitalizations (Figure 3B
and Figure 3D; regression slope: 0.50; 95% C.1.: —0.64 to —0.36; see eTable 4 for state level
data). A similar decline was not apparent among the 5 and older population (eFigure 2B and
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eFigure 2D; regression slope: —0.06; 95% C.1.: —0.07 to —0.05; eTable 4 for state level data),
potentially suggesting limited indirect effects of the rotavirus vaccine among the older
population shortly after its introduction. This contrast adds to existing evidence of the
limited effects of vaccination among non-vaccinated populations in the county.[18] In-depth
questions regarding indirect effects, the role of accumulation of immunity or waning
effectiveness of vaccination require further investigation and microbiological analysis.[32],
[33]

It is important to note that the analyses of the impact of a specific intervention are blurred by
the set of complementary, but statistically competing, factors. This is especially important
for trends, which reflect not only effectiveness of vaccinations, but improvements in living
conditions and medical services.[34] Recent studies aiming to ascertain more about the
existing burden and mechanisms of diarrheal illness in Brazil have identified several
determinants of disease, including socioeconomic status, sanitation conditions, and prenatal
care, among other factors.[35] Specifically for Brazil, a nationwide program called ‘Pact for
Health’ was introduced in 2006, with one of its goals being to reduce diarrhea and
pneumonia deaths among young children. The program created local committees to monitor
child mortality and trained medical staff in proper treatment and eduation about these
diseases.[34] These measures likely added to the effect of immunization programs, including
the introduction of the rotavirus vaccine in the same year, potentially by reducing the
severity of disease and alterning transmission patterns..

The analysis described here is not without limitations. Mortality data captured cause of
death for a vast majority of the population around the country; however, coverage differed
slightly by region and may have potentially varied by year if collection methods were
modified over time. As mentioned previously, the hospitalization data included in the
analysis is limited to illness diagnosed in hospital discharge records. These data exclude
individuals with less severe disease that may have sought treatment at outpatient clinics or
private offices, and those for which no medical treatment was sought. Further constraints
result from the geographic analysis which was limited to state-level data, linked with
latitudinal values for each state’s capital. This level of detail allows for identification of
high-level geographic associations but does not enable detailed analysis within states and
may not represent within state patterns related to population density or distribution. Over
time, shifts in proportion of people seeking care in the private versus public sector likely
occurred and potentially occurred differentially by state. Fortunately, such differences are
not expected to impact the results as neither seasonality nor diarrheal admission trends are
expected to be sensitive to the type of hospital. Finally, it is important to note limitations
related to the ICD coding in this analysis. Several issues should be considered, including
possible changes in how healthcare providers coded rotavirus and other gastroenteritis
diseases with the shift in ICD coding, changes in rotavirus testing patterns that may have
accompanied the introduction of the vaccine, and unknown validity of the ICD coding for
gastroenteritis in Brazil. This analysis attempted to minimize these challenges by including
all ICD-9 codes specific to infectious causes of gastroenteritis (excluding gastrointestinal
illness presumed to be non-infectious) and the corresponding ICD-10 codes.
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The analysis presented here analyzes data from three and half decades during which Brazil
experienced substantial changes. In fact, the country was still a military dictatorship when
the series began (the transition to democracy occurred in 1985) and the country later went
through a severe economic crisis.[36] It is encouraging to realize that, despite these changes,
the trends in infant diarrhea (an important indicator of social progress) had been declining
almost without interruption. This study is limited in its ability to detangle the weight of a
multitude of factors that contributed to this trend. Nevertheless, we believe that, with an
original approach, we were able to demonstrate the role of one of those factors (rotavirus
vaccination).

Analysis of the long-term, monthly mortality and hospitalization data across all ages from
each state in Brazil provided an opportunity to discern spatial and seasonal patterns in
diarrheal illness throughout the country. Such analysis contributes to the growing body of
literature and a better conceptual understanding of the burden of diarrheal disease, its
drivers, and value of certain interventions across age groups. Substantial reductions in
diarrheal disease have occurred over time and following the nationwide introduction of a
rotavirus vaccine to children under 1 year of age. Along with these changes were shifts in
the distribution of disease burden by age group and geography.

Supplementary Material
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HIGHLIGHTS
Diarrheal pathogens have distinct regional seasonal signatures in Brazil.

Infant seasonal diarrheal disease signature shows rotavirus vaccination
success.

Diarrheal disease burden in Brazil shifted by age group and geography.
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Figure 1.
Map of 26 administrative states plus the Capital District ("DF"). The location of each capital

is represented by circles, where the size of the symbol is proportionate to the population size
of each state (log10 scale). The colors refer to the five Brazilian administrative regions:
North (green), Northeast (yellow), Central West (red), Southeast (dark blue), and South
(light blue)
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Figure 2.
Monthly diarrhea deaths. (A) Risk by state per 100,000 children under 5, sorted by the

latitude of their capitals (The state of Tocantins is included beginning in 1988, the year of its
secession from the state of Goias) (B) Risk per 100,000 children under 5 (C) Proportions of
deaths per age group (D) Trend of risk of death per 100,000 children under 5.
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Figure 3.

Monthly diarrhea hospitalizations. (A) Risk by state per 100,000 children under 5, sorted by
the latitude of their capitals (B) Risk per 100,000 children under 5 (C) Proportions of
hospitalizations per age group (D) Trend of risk of hospitalization per 100,000 children
under 5.

J Infect. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Baker and Alonso

Linear trend

Page 16
0.2
O MARANHAO
0+
@ SAO PAULO N—
ACRE
-0.2 Ouinas GERAIS PR
o ?ESPIRWO SANTO
DISTRILO FEDERAL MAPA
-04+ gmo GRAND&DO SuL
€SAN CATARINA™ RIO GRANDE DO NORTE
OPAI?NA
RIO DE JANEIRO -
MATO GROSSO © RONDONIA

- PER AMBUCO‘

0.6 © SERGIPE SOl © TOCANTINS

@ MATO GROSSO DO SUL
-0.81 O CEARA
=11 O BAHIA
O PIAUI
-1.2+
-1.4+ O PARAIBA
PARA
-1.61 O ALAGOAS °
-1.81
0 50 100 150 200 250 300
Mean

Figure 4.
Average risk per 100,000 and the linear trend of hospitalizations in children under 5 caused

by diarrhea in Brazil per state for the period 2007-2014. Colors represent the different
regions of Brazil (see map in Figure 1).
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Figure 5.

Month primary peak

Month primary peak

Primary peak in risk of diarrheal mortality (first row) and hospitalizations (second row) per
100,000 children under 5 years in Brazil by state for three periods: "Transition period™ (1979
to 1988), "Modern pre-rotavirus vaccine period"” (2000 to 2005) and "Modern post-rotavirus
vaccine period"” (2007 to 2014). The size of circles are proportional to the amplitude of the
seasonality. Colors represent the different regions of Brazil (see map in Figure 1).
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